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ARTICLE INFO ABSTRACT

Keywords: This paper presents an experimental and numerical investigation into the behaviour of cold-formed concrete-
Concrete'filled dual steel stiffened tube, axial filled dual steel-stiffened tubular (CFDSST) short columns under axial compressive load. This new composite
compression

column is fabricated from four cold-formed lipped angles to make the outer steel tube and a concentrically-
placed steel tube located inside with concrete filled inside both the inner and outer tubes. The lips in the
outer steel section behave as longitudinal stiffeners. To investigate the axial compression behaviour of these
columns, fourteen CFDSSTs were designed and fabricated as well as two concrete-filled stiffened steel tubular
(CFSST) columns and two concrete-filled double steel stiffened tubular (D-CFSST) columns for comparison. The
columns failed due to local buckling of the outer steel tubes. The columns were modelled using finite element
analysis and the accuracy and reliability of the numerical data was determined by comparing the numerical and
experimental results. The validated model was employed to conduct a parametric analysis to investigate the
behaviour of CFDSST columns with different variables and properties. The results show that the ultimate strength
of CFDSST columns is most significantly influenced by the presence and strength of the sandwiched concrete
between the two steel sections. The paper also presents an analysis of the accuracy and reliability of different

Experiment analysis
Finite element, design resistance

international codified methods for predicting the load-carrying capacity of CFDSSTs.

1. Introduction

Concrete-filled steel tubular (CFST) columns, as shown in Fig. 1(a),
are an important structural solution in applications that require high
load-carrying capacity. CFST columns combine the favourable proper-
ties of the constituent materials, steel and concrete, to be able to with-
stand extreme loads. Previous research has shown that CFST columns
exhibit excellent seismic and compressive resistance behaviour [1-6].
Owing to the presence of the outer steel tube, CFST columns tend to have
higher bending stiffness compared with similarly-sized traditional
reinforced concrete columns [7]. The confining effect on the concrete
provided by the outer steel tube adds to their capacity, and the presence
of the concrete core can also prevent or delay local buckling of the steel
tube. Additionally, the construction cost and time can be reduced
because the steel tube acts as external formwork in the concrete pouring
process. For these reasons, CFST columns have become increasingly
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popular in challenging engineering applications in recent years.

Whilst the advantages of CFST columns are clear, there are some
challenges also associated with their use and behaviour. Firstly, in
extremely high-loading scenarios such as in large-span structures and
high-rise buildings, very large cross-sections may be required. For
example, the diameter of the CFST column in the first storey of ShenZ-
hen Saibo Plaza Building in China is 1600 mm which significantly re-
duces the useful interior space [8,9]. In addition, the benefits to the
cross-sectional strength through confinement of the concrete are less
significant in relatively large sections [10,11]. Secondly, the confine-
ment effect is not effective in the elastic stage of CFST columns because
the Poisson’s ratio of steel is greater than that of concrete. This phe-
nomenon reduces until the development of initial cracks in the concrete
and lateral expansion of the concrete becomes larger than that of steel
tubes. This phenomenon can be more pronounced for CFSTs with high
strength concrete and thin-walled steel tubes [12]. Finally, the fire
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resistance and the load-carrying capacity of CFST columns after the peak
load has been reached cannot be guaranteed in some special cases. As a
results of these disadvantages, some innovations have been proposed in
the formation of composite columns [8,9,13-20], such as the use of high
strength concrete (HSC) or ultra-high strength concrete (UHSC), stiff-
eners to the steel tubes and the addition of internal steel tubes.

To date, there has been a considerable amount of experimental and
numerical research studies into the behaviour of concrete-filled dual
steel tubular columns. These are referred to as CFDST herein, as given in
other publications, and a typical cross-section is presented in Fig. 1(b); it
is noteworthy that CFDSTs may or may not have concrete included in the
inner core region, and it is included herein as this is most relevant to the
work presented. These are made using two metallic tubes with different
dimensions concentrically positioned one inside the other, and concrete
filling the entire cross-section. These sections tend to be smaller than
CFSTs to carry comparable loads due to the addition of the inner steel
tubes, resulting in efficient use of floor space and a lighter overall
structure. Additionally, the integrity of these type of composite columns
in some special cases is more reliable than CFSTs because the inner tube
is protected by the infill concrete. The key properties of CFDST columns
include high strength as well as excellent ductility and stiffness [19-27].
Ekmekyapar and Al-Eliwi [20] conducted tests on the repair and
strengthening behaviour of stressed and deformed CFST columns by
converting them into CFDST columns. The test results showed that
CFDST columns can be effectively used to repair CFST columns to in-
crease their compression resistance, ductility and stiffness. Therefore,
CFDST columns can be used as a strengthening solution in critical areas
of the buildings.

Previous research has shown that including stiffeners in the cross-
section can effectively delay local buckling of the outer steel tubes
[28-30]. In addition, lateral expansion of the steel tube can be reduced
by using embedded stiffeners as shown in Fig. 2. In this case, the stiff-
eners enhance the bond between the steel tube and the concrete in the
inelastic stage thus reducing the development of disproportionate de-
formations in the steel tube and concrete due to incompatibilities of the
Poisson’s ratio of steel and concrete. Moreover, using stiffeners can
enhance the resistance of the section against lateral loads [31]. How-
ever, the research into concrete-filled dual stiffened steel tubular
(CFDSST) columns is limited. A schematic of a CFDSST section is shown
in Fig. 1(c). Wang et al. [32] carried out a series of experiments to
investigate the behaviour of CFDSST columns with a square stiffened
hollow (SHS) outer section and a circular hollow inner section (CHS)
under axial loading. The test results showed that the strength and
ductility of the columns were excellent and enhanced by the presence of
the inner steel tube and the stiffeners. The columns failed by local out-
ward buckling of the outer square steel tube only when the sandwiched
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Fig. 2. Buckling modes of steel and composite sections.

concrete was crushed and the stiffeners buckled. Additionally, Wang
et al. [33-35] studied the behaviour of CFDSST columns under eccentric
compression and the flexural and seismic performance of CFDSST col-
umns. Zhang et al. [36] analysed the behaviour of CFDSST columns with
inner circular tubes filled with UHSC through FE analysis.

It is clear that despite the promising performance of CFDSST mem-
bers that there is a lack of experimental or numerical performance data
in the literature, and therefore their behaviour is not fully understood.
Therefore, the current paper presents an experimental and numerical
study into the axial behaviour of CFDSST columns with inner square
tubes. A total of 18 tests were conducted comprising 14 CFDSSTs, as
shown in Fig. 3(a), and four other specimens made up of two CFSSTs
(Fig. 3(b)) and two concrete-filled double-skin steel tubular columns
without core concrete (abbreviated as D-CFSST in this paper, as shown
in Fig. 3(c)) for comparison. The paper proceeds with a description of
the tests and the results are presented and discussed. A finite element
(FE) model was developed and is then described. The accuracy and
reliability of the model were validated by comparison with the test re-
sults. Thereafter, the details of a parametric analysis are presented to
study the behaviour of CFDSST columns with different variables. In the
final portion of the paper, the design resistances calculated by using
international specifications such as Eurocode 4 [37], BS5400 [38] and
DBJ1315-2010 [39] are compared with the experimentally obtained
resistances and design recommendations are provided.

2. Experimental programme
2.1. General
A total of eighteen specimens were designed and fabricated for the

experimental programme, including fourteen CFDSST columns, two
CFSST columns and two D-CFSST columns. The cross-sections of the
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Fig. 1. Typical cross-sections of composite columns including (a) CFST (b) CFDST and (c) CFDSST.
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Fig. 3. Cross-sections of the test specimens.

specimens are shown in Fig. 3. The geometrical and material properties
of the specimens are presented in Table 1. The ultimate axial bearing
capacities of the experiments (Nyjgxp) are also included in Table 1,
where B, is the overall width of steel tube, t, and t; are the thicknesses of
the outer and inner steel tubes, respectively, fy, and fy; are the yield
strengths of the outer and inner steel tubes, f, is the concrete
compressive strength. The height of the longitudinal stiffeners hy was 25
mm for all tests. The first term in the specimen designations is either “S”
or “SS” which refer to the 4 CFSSTs (G1) and D-CFSSTs (G2) included for

comparison and the CFDSST columns (G3-G6), respectively. The next
terms is either 160 or 180 and represents the width of the outer steel
tubes (B,), in mm. The last number (between 1 and 7) refers to an in-
dividual specimen, with individual characteristics (like geometry and
material properties). The symbol “#” is used for the D-CFSST columns.

The main experimental parameters examined in this programme
were (i) the presence, or not, of an inner steel tube; (ii) the inclusion of
core concrete; (iii) the concrete compressive strength; and (iv) the D/B,,
ratio of the cross-section. The height (L) of the specimens was three

Table 1
Parameters and test results of CFDSST columns under axial loading.
Groups Specimens B, to fyo feu B; ti fyi L DI SI Nutexp Nure Nure
(mm) (mm) (MPa) (MPa) (mm) (mm) (MPa) (mm) (kN) (kN) Nuigxp
G1 S-160 160 2.0 281 49.18 - - - 480 1.71 1.136 1617 1502 0.93
S-180 180 2.0 281 49.18 - - - 540 1.55 1.030 1765 1836 1.04
G2 S-160# 160 2.0 281 49.18 80 4 425 480 2.92 0.952 1595 1720 1.08
S-180# 180 2.0 281 49.18 80 4 425 540 1.95 1.050 2064 2049 0.99
G3 SS-160-1 160 2.0 281 49.18 80 4 425 480 1.94 1.106 2090 1970 0.94
SS-160-2 160 2.0 281 53.58 80 4 425 480 2.00 1.042 2066 2070 1.00
SS-160-3 160 2.0 281 70.30 80 4 425 480 1.40 1.182 2770 2435 0.88
G4 SS-160-4 160 2.0 281 49.18 80 4.2 533 480 2.96 1.047 2147 2111 0.98
SS-160-5 160 2.7 329 49.18 80 4.2 533 480 3.10 0.968 2237 2313 1.03
SS-160-6 160 2.0 281 49.18 60 4.2 533 480 3.54 0.996 1878 1940 1.03
SS-160-7 160 2.7 329 49.18 60 4.2 533 480 4.03 0.943 2025 2184 1.08
G5 SS-180-1 180 2.0 281 49.18 80 4 425 540 2.02 1.096 2389 2302 0.96
SS-180-2 180 2.0 281 53.58 80 4 425 540 2.01 1.061 2441 2408 0.99
SS-180-3 180 2.0 281 70.30 80 4 425 540 1.29 1.145 3167 2890 0.91
G6 SS-180-4 180 2.0 281 49.18 80 4.2 533 540 3.62 0.998 2336 2451 1.05
SS-180-5 180 2.7 329 49.18 80 4.2 533 540 2.64 0.925 2447 2718 1.11
SS-180-6 180 2.0 281 49.18 60 4.2 533 540 4.92 0.974 2118 2278 1.08
SS-180-7 180 2.7 329 49.18 60 4.2 533 540 2.01 0.970 2404 2534 1.05
Mean 1.008
cov 0.064
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times the width of the outer steel tube (B,). In addition, the second
moment of area of the longitudinal stiffeners (I;) was defined to meet the
requirement proposed by Tao et al. [40] and given in Eq. (1):

0.5B, — 2, \ >’ fy0 “
f 280 °

I, =3.1x 10*4< 1)

2.2. Material properties

Based on the availability of materials in the market at the time of
specimen preparation, carbon steel grade Q235 was used for the outer
steel tubes and Q355 was used for the inner steel tubes and endplates in
this experimental investigation. The properties of the carbon steel used
for tube specimens were determined by conducting a series of tensile
coupon tests. The coupon dimensions conformed to the Australian
Standard AS 1391 [41] for the tensile testing of metals using 12.5 mm
wide coupons with a gauge length of 50 mm, as detailed in Fig. 4. The
actual yield strength of carbon steels can be seen as Table 1, which is
taken as the average value of at least three repeat tensile tests. Note that
since the width of the inner tubes was around 60-80 mm, the
compactness of the concrete inside the inner tube is very important [42].
Therefore, during the specimen preparation, the concrete was com-
pacted carefully using a vibrator to increase the interlocking between
the steel and concrete components.

Three concrete mixes with target cube compressive strengths of 40
MPa, 50 MPa and 70 MPa were employed in the test programme. The
sandwiched concrete and the core concrete were filled with the same
concrete mix, and the mix designs are presented in Table 2, together
with the concrete cube strengths (f.,). In the table, the w/c ratio refers to
the water to cement ratio. It is also noteworthy that the mix design for
C70 contained fly ash and silica fume, which are cement replacement
products. They replaced 22% (fly ash) and 8% (silica fume) of the
cement, with cement making up the remaining 70% in the mix design.

The CFDSST columns comprised two endplates, four lipped angles to
create the outer steel tube, an inner steel section, sandwiched concrete
between the two steel tubes and core concrete inside the inner steel
section. The manufacturing process of the lipped angles to create the
outer steel section is shown in Fig. 5. The specimens were made by first
welding the inner steel tubes to the bottom endplate, which had a
thickness of 20 mm. The four lipped angles were then welded together
and welded to the bottom endplate. The concrete was filled into the steel
tubes in the laboratory of the Southwest Petroleum University, China,
and compacted by a vibrator. After 14 days of curing, a layer of high-
strength mortar was applied to the top of each specimen to ensure
uniformity of the top surface. 28 days after pouring the concrete,
another endplate with a thickness of 20 mm was welded to the upper end
of each column. This process and the final specimens are shown in Fig. 6.
It is noteworthy that the extended flanges which are in contact between
adjacent angles (i.e. the longitudinal stiffeners) were welded together by
spot welding for positioning purposes only and their contact was
maintained mainly by the pressure of the infilled concrete on their inner
surfaces.

20
123

L

L L.
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Table 2
Concrete mix designs.
Concrete mix Unit C40 C50 C70
Cement kg/m* 400 480 387
Coarse aggregate kg/ m® 1080 1070 1015
Fine aggregate kg/m?® 720 720 677
Water kg/m> 180 175 155
w/c % 0.45 0.36 0.28
Fly ash kg/m? - - 122.10
Silica fume kg/m> - - 44.40
Water reducer kg/m® 0.40 0.48 1.38
Concrete cube strength (f.,) MPa 49.18 53.58 70.30

2.3. Test methodology

The columns were tested in the structures laboratory at the South-
west University of Science and Technology, China using a 10,000 kN
capacity hydraulic testing machine. The columns were instrumented
with a series of strain gauges and dial (displacement) gauges at locations
as shown in Fig. 7 and Fig. 8, respectively. There were two strain gauges
on each side (labelled A-D) of the columns, with one in the longitudinal
(L) and another in the transverse (T) direction. Fig. 8 shows a schematic
view of the test set-up. The strains at the contact between the steel
section inner surface and the concrete infill were not measured during
the experiments, as they have been shown previously to be identical
[43]. All columns were positioned in the testing machine to ensure
perfect alignment and verticality. Previous research [44] found that
premature local crushing phenomena was observed at the end of short
columns and researchers suggested using clamping devices on at ends of
the columns to prevent localized crushing in this region. Accordingly,
similar clamping devices were used in this programme as shown in
Fig. 8. Additionally, the ultimate axial resistances (Nyjgxp) of the test
specimens were predicted numerically, using the finite element model
described in this paper, before testing. Before the axial load reached a
value equal to 0.5Ny gxp, load control was adopted with a load interval
of 0.25Ny) kxp and a loading rate of 5 N/s initially, and at each level the
load was held for about 2 min. After that, displacement control was
employed with a displacement rate of 0.5 mm/min until the axial force
in the column in the descending branch of the response reached
approximately 60% of the ultimate load capacity. This testing protocol
was adopted following observations from other research programmes.
Tao et al. [45-46] showed that the response in the ascending branch of
the load-displacement curve can be controlled appropriately by load-
control, while this is more challenging during the softening phase,
post- peak load. It was found that to achieve the most accurate response
in the softening phase, displacement-control should be employed with a
slow rate of displacement applied. Accordingly, in the current tests, load
control was employed up to 50% of the peak load and then the controller
was switched to displacement control to measure the ultimate load and
the post-peak behaviour. This approach was also adopted by many other
researchers (e.g. [47-49]).

20
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Fig. 4. Dimensions of test coupon.
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Fig. 5. Process of making the outer steel tube from steel plate to final tubular section.
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Fig. 6. Images of the CFDSST columns including (a) schematic of the layout (all units in mm) and (b) final specimens after preparation.

3. Test results and discussion

The test results are presented in tabulated form in Table 1, and are
discussed in the following sub-sections. The table presents the ultimate
load in each test Ny xp, as well as the ductility index DI and the strength
index SI. The ductility index DI is determined as given in Eq. (2), which
was proposed by Tao et al. [40]:

€85%
- I 2
875%/0.75 ( )
where egsy, is the axial strain corresponding to 0.85Nygxp in the
descending response of the load-axial strain response, and &7s9, is the
axial strain corresponding to 0.75Ny exp in the ascending response of the

load-axial strain curve. On the other hand, the strength index SI is
calculated as given in Eq. (3):

SI = Ny /Nus (3)

where Ny represents the maximum axial load (either in the experiments,
in which case it is equal to Ny gxp, or through other means such as finite
element analysis, as discussed later in this paper) and Ny s is determined
as:

Nul,s = Asy.efffyo +Assf;/s +Aslfyl +Acsﬂs +Acif;i ()]

In this expression, Ag, Agj, Acs and A are the cross-sectional areas of
the stiffeners, the inner steel tube, the sandwiched concrete and the core
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Fig. 7. Locations of the strain gauges on the specimens including a (a) plan and
(b) elevation view.
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Fig. 8. Experimental test setup and clamping device.
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concrete, respectively; fyo, fys and fy; are the yield strengths of the outer
steel section, the stiffeners and the inner steel tube, respectively; and fs
and f.; are the compressive strengths of the sandwiched concrete and the
core concrete, respectively. The relationship between the concrete
compressive strength (fs and f;) and the concrete cube compressive
strength (fu) is determined as given in Eq. (5):

Jes orfoi = |0.76 +0.2log1 Jou feu )
19.6
Asgy eff is the effective cross-sectional area of the outer steel tube as
given in Eurocode 3 Part 1-1 [50] which accounts for local buckling
which may take place in thin-walled steel tubes, and is given as:

Asy,eff = pAso (6)

where p is the reduction factor for plate buckling, as defined in Eq. (7):

1.0 1, <0.673

={7,-00553 _ @
PT) R 0056 W) g 75 0.673, where (34 ) > 0
j'I’

and y is the stress ratio which it is taken as unity for symmetrical cross-
sections, while ,is given by Eq. (8):

Y .f;/o Bu/2to
Tp =4[22 =0 (8)
P o 28.4ev/ks
In this expression, ¢ is taken as , / %5 and k; is taken as 4 when y = 1.

3.1. Ultimate loads and failure modes

The maximum loads carried by each specimen Ny, gy is presented in
Table 1. It is clear that the CFDSSTs generally reached greater loads
compared with the CFSST and D-CFSST members. The strongest member
of those examined was SS-180-3 which had the largest cross-section of
those examined (B, = 180 mm), was filled with concrete with a
compressive strength of 70.30 MPa. Interestingly, this member did not
necessarily contain steel sections with the highest yield strengths or
thicknesses of those examined in this programme, and the concrete
strength was clearly the most important material parameter in terms of
the overall load-carrying capacity. This is explored in more detail later
in this paper, together with an analysis of other important parameters to
the overall load-displacement response.

The failure modes of all columns are shown in Fig. 9 and Fig. 10. It
can be seen that all CFDSST columns failed due to local outward buck-
ling of the outer steel tubes. However, although local buckling occurred
at a number of locations along the columns length, as shown in the
images, these did not occur in the same cross-section, which prevented
the whole cross-section from failing with a sudden loss in load capacity.
This may be a reason that the CFDSST columns had a greater post-failure
bearing capacity compared with the CFSSTs or D-CFSST members.
Additionally, no steel fracture was observed in the corner regions or
welds of the test specimens. The prevention of corner fracture in
particular, which may occur if the welds were in the corner regions,
ensured good deformation capacity of the composite columns.

Additionally, it can be seen in Fig. 9 that local failure of the outer
steel tube was more obvious with an increase in the concrete strength.
This is because the higher strength concrete had less ductility and
stiffness compared with lower strength concrete. Fig. 10 shows the
failure modes of CFDSST columns with variation of t, or B;, and it can be
seen that local failure of the outer steel tube was more obvious for
members with a relatively thin outer tube and small width of the inner
tube B;. This phenomenon highlights that specimens that employed a
relatively thick outer tube and large inner tube width had greater per-
formance owing to the confinement provided to the sandwiched
concrete.
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SS-160-2 SS-160-3

SS-180-1 SS-180-2

SS-180-3

Fig. 9. Failure modes of test CFDSST columns with varying concrete
strengths f.

After testing, the outer steel tube was removed from the columns
where possible to observe the failure modes in the sandwiched concrete;
the images from a typical specimen are presented in Fig. 11(a). The
crushing in the sandwiched concrete occurred largely at the buckling
location of the outer steel tube. This is because there was no confinement
after buckling of the outer steel tube. Additionally, the deformation of
the inner square steel tube is shown in Fig. 11(b) and it is observed that
there was no obvious deformation owing to the effective restraint pro-
vided by the outer and inner concrete. This ensured that the CFDSST
columns had higher post-failure bearing capacity and energy absorption
capacity compared with the CFSST and D-CFSST columns.

3.2. Axial load versus axial strain responses

Fig. 12 presents the outer steel strain distribution of typical speci-
mens, where the symbols L and T are used to denote longitudinal strain
and transverse strain, respectively, and negative and positive values of
the strain readings denote compression and tension, respectively. From
the Fig. 12, it is observed that the outer steel tube was fully under
compression due to the negative longitudinal strains measured during
the tests. Additionally, the strain developed slowly until the ultimate
resistance was reached, and relatively low levels of deformation
occurred in the outer steel tube until the ultimate resistance was ach-
ieved. On the descending branch of the response, after the peak values
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were reached, the deformation of the outer steel tubes developed much
more rapidly, especially in the transverse direction. This illustrates that
the lateral confinement provided to the sandwiched concrete maximises
after reaching the ultimate resistance.

3.3. Effect of the inner steel tube and core concrete

In order to comprehensively understand the behaviour of the
CFDSST columns and their advantages, the effects of the inner steel tube
and concrete are analysed in this section. Fig. 13(a) and (c) present a
comparison of the CFDSST axial load-shortening responses with those
from the CFSST and D-CFSST columns. The following observations are
drawn from this comparison:

(1) In general, the axial load bearing capacity of CFDSST columns
was higher than that of comparable CFSST and D-CFSST mem-
bers. This is because the cross-section of the steel tube and con-
crete was higher than for CFSSTs and D-CFSSTs, respectively.
This is further verified by examining Fig. 13(b) and (d) which
present the normalised axial load versus axial shortening re-
sponses, whereby the loads on the y-axis are normalised against
Nuys, as given in of Eq. (4).

The residual bearing capacity of CFDSST columns was much
higher than that of CFSST columns. Additionally, CFDSST col-
umns showed better ductility than CFSST columns. This is also
demonstrated in the normalised load graphs given in Fig. 13(b)
and (d).

(3) The initial stiffness of CFDSST columns was greater than that of

CFSST and D-CFSST columns.

(2

—

3.4. Effect of concrete strength

The axial compressive behaviour of CFDSST columns with different
concrete strengths is analysed in the current section. As observed in the
axial load versus axial shortening results given in Fig. 14(a) and (c), the
axial compressive bearing capacity of CFDSST columns tended to be
greater for columns containing relatively higher strength concrete.
Fig. 14(a) presents the data from group G3 as given in Table 1 and
Fig. 14(c) presents the corresponding results for group G5. In these
specimens the —1, —2 and — 3 terms of the designations represent
members with f., values of 49.18 MPa, 53.58 MPa and 70.30 MPa,
respectively. It is clear that the bearing capacity of the CFDSST columns
increased by 32.5% for identical specimens with f., values which
increased from 49.18 MPa (SS-160-1 and SS-180-1) to 70.30 MPa (SS-
160-3 and SS-180-3). On the other hand however, the ductility of the
same members was greatly reduced. This is evidenced by the ductility
index (DI) as presented in Table 1, which reduced from 1.94 to 1.40 for
$S-160-1 to SS-160-3, and from 2.02 to 1.29 for SS-180-1 to SS-180-3.
With reference to Fig. 14(b) and (d), which present the normalised
axial load versus axial shortening responses, similar conclusion can be
drawn.

3.5. Ductility

In order to determine the effect of the inner steel tube on the ductility
of the section, the ductility coefficient DI is used to evaluate the ductility
of the columns, as presented in Table 1 and graphically presented in
Fig. 15. It is observed by comparison of the DI for S-160 and SS-160-1,
SS-160-4 and SS-160-6 that the ductility of the CFSST column S-160
was significantly improved by adding the inner steel tube to create the
CFDSST sections. The same result was also observed for the columns
with B, = 180 mm. Additionally, the DI value decreased when the
strength of the concrete increased, as previously discussed.
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SS-160-4 SS-160-5 SS-160-6 SS-160-7
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Fig. 10. Failure modes of test CFDSST columns with varying values of t, or B.

Outward buckling

No obvious inward
deformation

Concrete crushing

(@) (b)

Fig. 11. Examination of the failure modes for a typical specimen including (a) concrete crushing and local buckling of the outer steel tube and (b) image of the inner
steel tube with no obvious deformations.
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Fig. 12. Strain versus axial load responses for typical specimens.

3.6. Compressive strength

The axial compressive strength of CFDSSTs is made up of the sum of
the five individual components which form part of the cross-section (i.e.
the outer steel tube, inner steel tube, stiffeners, sandwiched concrete and
core concrete) as well as any contribution made through composite
action (e.g. additional strength in the concrete due to confinement).
With reference to the data presented in Table 1, it is clear that the

concrete strength f., was a very influential property in terms of the
overall load-carrying capacity, as well as the overall geometry. As stated
before, all of the CFDSSTs resisted greater axial loads compared with the
comparable CFSSTs and D-CFSST columns examined.

To evaluate the influence of the stiffeners and the inner steel tube on
ultimate strength, as well as the effect of composite action on the overall
load-carrying capacity, the strength index (SI) as given in Eq. (3) was
determined for each test specimen and the results are presented in



J.-H. Zhang et al.

2500
20001 7
—~~ / N .
9 1500 + I/' .. _
s f S-160
£ 1000 i — . S-160#
< ! ~88-160-1
500 SS-160-4
o / $S-160-6
0 3 6 9 12 15
Axial shortening (mm)
(a) Bo=160 mm
2500
Lo,
20001 7l
~ N
5 1500k ——
g /! S-180
— it
€ 1000 | — . S-180#
< ¢ ~ .SS-180-1
500 $S-180-4
0" SS-180-6
0 3 6 9 12 15

Axial shortening (mm)

(c) B,~=180 mm

Journal of Constructional Steel Research 213 (2024) 108381

1.2
7\
1.0 [SEAN
I-/ ' \. i
5 081 |7 o=
= f
Fo6t ) S-160
z } — . S-160#
= 04) )
y - -SS-160-1
02+ SS-160-4
/ SS-160-6
OO L 1 1 1 1
0 3 6 9 12 15
Axial shortening (mm)
(b) Bo—160 mm
1.2
L /:.‘
1.0 ey \
AR
;. 0.8 l! *-\‘T_“_—‘_‘s
g ¥
A 0.6 S-180
= I . S-180#
04+,
. — -SS-180-1
0.2 4’ SS-180-4
:I SS-180-6
0.0 L L L L L
0 3 6 9 12 15

Axial shortening (mm)

(d) Bo—180 mm

Fig. 13. Comparison of the axial load versus axial shortening responses for CFDSST, CFSST and D-CFSST short columns.

Table 1. For the fourteen CFDSST columns, the SI values range from
0.925 to 1.182 and the average SI value is 1.032. SI values which are
greater than unity indicate that the composite action, largely through
confinement of the sandwiched concrete, is playing a role in the load
capacity. On the other hand, the average SI value for the two CFSST
columns is 1.083 with a corresponding value of 1.001 for the two D-
CFSST columns examined. From Table 1, it is observed that the SI value
for specimens with a side width of 160 mm is generally greater than for
those with a width of 180 mm. This indicates that there was greater
confinement provided to the sandwiched concrete by the outer steel
tube for the smaller specimens.

4. Finite element (FE) analysis

The experimental study was designed to understand the influence of
some key parameters on the behaviour of CFDSSTs. This study is sup-
plemented in the current section by the development of a finite element
analysis model, which is validated against the test data and then
employed to conduct a more detailed parametric study than was possible
with the physical tests. The model was developed using the ABAQUS
software [51] as described hereafter.

4.1. Description of the FE model

4.1.1. Initial model conditions

The numerical models were initially developed based on the material
and geometrical properties of the test programme as described in
Table 1. Fig. 16 presents schematic views of the FE columns and mesh.
Both the sandwiched concrete and the concrete core were modelled
using solid elements, known as C3D8R in the ABAQUS library, and the
endplates were also simulated using C3D8R elements. On the other

10

hand, shell elements (S4R) were employed to simulate the outer and
inner steel tubes; these were selected because they can capture local
buckling modes in the steel tubes due to lateral expansion of the infilled
concrete [52]. To ensure computational convergence of the model and
to reduce the computational time without compromising the accuracy of
the results, the overall element size was taken as B,/10 following a mesh
sensitivity study. The end conditions of the columns are as shown in
Fig. 16, where reference points were located at the centre of both end-
plates. Except for the axial direction displacement at the loading end
(U,), all other translational degrees of freedom (Uy and Uy at the top end
and Uy, Uy and U, at the bottom end) were restrained. Additionally, all
rotational degrees of freedom (URy, URy and UR,) at both ends of the
column were restrained against movement. The columns were loaded in
displacement control at the top of each member through the defined
reference point.

The four lipped angles were restrained using a “tie” constraint be-
tween the contact faces of the stiffeners. Both endplates were set as rigid
bodies and were effectively tied to the steel tube. A ‘surface to surface
contact” was defined at the interfaces between the concrete and steel
elements and a ‘hard contact’ and ‘penalty constraint algorithm’ were
selected to simulate the normal and tangential behaviour of the in-
teractions between the interface of the steel tube and concrete as well as
the interface of the concrete and the endplates. The bond and friction are
important factors which influence the composite response. Liu et al. [43]
studied the effect of the friction on axially loaded concrete filled steel
tubular stub columns. It was shown that at the interface between the
concrete and the steel tube, there was essentially no sliding between the
two materials, indicating that the behaviour of CFST short columns is
insensitive to the friction coefficient. In accordance with this study, the
friction coefficient (1) employed in the FE model developed herein for
CFDSSTs was varied between 0.0 and 1.0 to explore its influence on the
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Fig. 15. Comparison of DI for test specimens.

axial capacity. The results for two of the specimens selected for illus-
tration are presented in Table 3, where Ny g is the ultimate resistance
obtained using the FE model. It is clear that 4 has a negligible effect on

11

Applied axial displacement

C3D8R

Fixed end

(a) (c)

Fig. 16. Schematic of the FE model including (a) overall view with applied
load-displacement, (b) the steel elements and (c) the concrete elements.

(b)

the results and therefore, the value of the friction coefficient was taken
as 0.6 in this study as recommended by Liu et al. [43] and Han et al.
[53].
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Table 3
Effect of friction coefficient on the axial resistance of CFDSST columns.

Specimens Ultimate resistance obtained by the FE model Ny g (kKN)
u=0 u=0.2 n=0.4 n=0.6 n=0.8 u=10

SS-160-7 2180 2181 2180 2184 2169 2191

SS-180-7 2540 2537 2532 2534 2549 2544

4.1.2. Initial imperfections and residual stresses

Residual stresses develop in steel sections during the fabrication
process, and may play a role in the performance of CFDSST columns.
Previous studies show that tensile residual stresses oy are typically near
or equal to the material yield stress fy [54] and the residual compressive
stresses oy are generally taken as 0.2f, [55]. The idealized residual stress
distribution adopted in the current study is shown in Fig. 17. The effect
of residual stress on the axial load-deformation curve for specimen SS-
160-1 (selected for illustration) is shown in Fig. 18. Although it is
believed that residual stresses are influential to the behaviour of thin-
walled hollow tubes, this effect is not significant for thin-walled con-
crete-filled composite columns, as most the column’s strength is due to
the concrete core [45].

The effects of initial imperfections on the axial resistance of thin-
walled stiffened composite columns were analysed by Tao et al. [45].
Since short columns are not affected by global instability failure during
loading, only local imperfections were considered in this study. The
results demonstrate that although initial imperfections slightly reduce
the overall capacity of composite columns, the influence is relatively
small. Hence, the effect of initial imperfections and residual stresses on
the ultimate resistance of CFDSST columns was neglected in the current
study. It is noteworthy that similar conclusions were also determined
elsewhere [56], when only axial compression behaviour was considered
as in the current paper.

4.1.3. Material modelling

In this sub-section, the simulation of both the steel components and
the concrete infill is described. All of the steel in the CFDSSTs is
modelled using an identical material model, and this is also true for the
concrete. For the steel sections, it is widely accepted that local buckling
is more likely in square hollow sections compared with circular hollow
sections, and also the benefits of concrete confinement can be less
effective. Therefore, square CFST columns seldom demonstrate signifi-
cant levels of strain hardening as they typically remain within the elastic
region of the response [46]. Hence, in the current analysis of CFDSSTs,
an elastic-perfectly plastic material model was employed to simulate the
steel material in both the inner and outer steel tubes. Additionally, to
accurately describe the change in cross-sectional area, the true stress
(otrue) and logarithmic plastic true strain (&) values were employed.
These were calculated in accordance with Egs. (9) and (10),
respectively:

Gire = 0+(1+¢) )

Eone = In(1+¢) —"7 (10)

where ¢ and ¢ are the engineering stress and strain, respectively.

O-rt:fgl

0::=0.2fy

Fig. 17. Distribution of residual stresses in the outer section.
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For the sandwiched and core concrete, the commonly-used concrete
damage plasticity (CDP) model in the ABAQUS library was employed.
The stress-strain response for concrete proposed by Tao et al. [46] which
accounts for confinement due to the steel tubes, was adopted, and this is
presented in Fig. 19. It is observed that for confined concrete, the
plateau stage from point A to point B reflects an increase in peak strain
which occurs due to confinement. The strength increase due to
confinement was captured in the simulation through the interaction
between the steel sections and the concrete. The concrete constitutive
relationship proposed by Tao et al. [46] and adopted in the FE model is
expressed in Eq. (11):

AX + BX?
: Sfe 0<e<en
14+ A-2)X+ (B+1)X
o= f £ < € < € 11)
€ — Ecc 4
— - (—= >
e G-mew| - ()] eze

in whichX = ¢/eco, A = (Ececo)/for B = ((A - 1)2/0.55) ~1.0and E. is

taken as 4700./f., and these terms are defined as given in Fig. 19. The
residual stress f; is taken as 0.1f.. The parameter a is determined in

Stress o

Confined concrete

Unconfined concrete

Y

Strain ¢

Fig. 19. Unconfined and confined stress-strain (- €) responses of concrete.
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accordance with Eq. (12) and g is taken as 0.92. The strain values at
point A (ec0) and at point B (&..) were determined by Egs. (13) and (14),
respectively.
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where fg was proposed by Tao et al. [46] based on a regression analysis,
and as expressed as:

~025.(1+ 0.027fy)~e’0>02\/m
- 1+ 1.6¢10-(£)**

B (15)

The confinement factor &, is a crucial parameter for composite col-
umns, and is expressed as:
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= 16
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Fig. 20. Comparison between FE and experimental axial load-displacement responses of test specimens.
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Fig. 20. (continued).

where Ag and A, are the cross-sectional areas of the steel tube and infill
concrete, respectively, and fy; and fo are the characteristic design
strengths of the two component materials, respectively, and fo was
taken as 0.67 f.,. To simplify the calculation, the stiffeners were not
considered when determining As and A. as suggested by Wang et al.
[32].

4.2. Validation of the FE model

The accuracy of the FE model for predicting the response of CFDSST
columns was assessed by comparing the results with the experimental

15

values described earlier in this paper. The ultimate resistances predicted
by the model Ny pg are listed in Table 1, together with the corresponding
experimental values Ny gxp, and the Ny rr/Nyixp ratios. With a mean
Ny1,re/NuyExp value of 1.008 and a coefficient of variation (COV) value of
0.064, it is observed that the proposed FE model provides an accurate
prediction of the ultimate resistance of CFDSST short columns.

For further validation, a comparison of the experimental and pre-
dicted axial load versus displacement responses is presented in Fig. 20.
Overall, it is shown that the FE model is able to provide a good depiction
of the response. There are some discrepancies, which are attributed to
the idealisation of the material properties and boundary conditions in
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Table 4
Details of the parametric study on UHS-CFDDST slender columns.
Groups  Specimens B, to fyo fes Bo/to hs B; t fyi fei Bi/ti B/ Nyt re N; SI
(mm) (mm) (MPa) (MPa) (mm) (mm) (mm) (MPa) (MPa) B, (kN) (kN)

G1 S1 200 2 235 40 100.0 30 80 3.0 355 40 26.7 0.40 2365 2233 1.06
S2 200 2 355 40 100.0 30 80 3.0 355 40 26.7 0.40 2609 2384 1.09
S3 200 2 420 40 100.0 30 80 3.0 355 40 26.7 0.40 2729 2460 1.11
S4 200 2 550 40 100.0 30 80 3.0 355 40 26.7 0.40 3005 2601 1.16
S5 200 2 235 60 100.0 30 80 3.0 355 40 26.7 0.40 3005 2864 1.05
S6 200 2 235 80 100.0 30 80 3.0 355 40 26.7 0.40 3587 3496 1.03
S7 200 2 235 100 100.0 30 80 3.0 355 40 26.7 0.40 4235 4127 1.03
S8 200 2 235 130 100.0 30 80 3.0 355 40 26.7 0.40 5106 5074 1.01
S9 200 2 235 40 100.0 30 80 3.0 235 40 26.7 0.40 2249 2122 1.06
S10 200 2 235 40 100.0 30 80 3.0 420 40 26.7 0.40 2425 2293 1.06
S11 200 2 235 40 100.0 30 80 3.0 550 40 26.7 0.40 2569 2413 1.06
S12 200 2 235 40 100.0 30 80 3.0 355 60 26.7 0.40 2465 2342 1.05
S13 200 2 235 40 100.0 30 80 3.0 355 80 26.7 0.40 2538 2452 1.04
S14 200 2 235 40 100.0 30 80 3.0 355 100 26.7 0.40 2601 2561 1.02
S15 200 2 235 40 100.0 30 80 3.0 355 130 26.7 0.40 2687 2726 0.99
S16 200 2 235 40 100.0 25 80 3.0 355 40 26.7 0.40 2371 2217 1.07
S17 200 2 235 40 100.0 40 80 3.0 355 40 26.7 0.40 2427 2264 1.07
S18 200 2 235 40 100.0 50 80 3.0 355 40 26.7 0.40 2456 2295 1.07
S19 200 2 235 40 100.0 30 60 3.0 355 40 20.0 0.30 2305 2157 1.07
S20 200 2 235 40 100.0 30 100 3.0 355 40 33.3 0.50 2464 2308 1.07
S21 200 2 235 40 100.0 30 120 3.0 355 40 40.0 0.60 2495 2384 1.05
S22 200 2.5 235 40 80.0 30 80 3.0 355 40 26.7 0.40 2460 2373 1.04
S23 200 3 235 40 66.7 30 80 3.0 355 40 26.7 0.40 2556 2478 1.03
S24 200 2 235 40 100.0 30 80 2.0 355 40 40.0 0.40 2254 2138 1.05
S25 200 2 235 40 100.0 30 80 4.0 355 40 20.0 0.40 2439 2325 1.05

G2 S26 280 2 235 40 140.0 40 80 3.0 355 40 26.7 0.29 4091 3806 1.07
S27 280 2 355 40 140.0 40 80 3.0 355 40 26.7 0.29 4331 3978 1.09
S28 280 2 420 40 140.0 40 80 3.0 355 40 26.7 0.29 4510 4064 1.11
S29 280 2 550 40 140.0 40 80 3.0 355 40 26.7 0.29 4878 4226 1.15
S30 280 2 235 60 140.0 40 80 3.0 355 40 26.7 0.29 5451 5190 1.05
S31 280 2 235 80 140.0 40 80 3.0 355 40 26.7 0.29 6787 6573 1.03
S32 280 2 235 100 140.0 40 80 3.0 355 40 26.7 0.29 8197 7956 1.03
S33 280 2 235 130 140.0 40 80 3.0 355 40 26.7 0.29 10,180 10,031 1.01
S34 280 2 235 40 140.0 40 80 3.0 235 40 26.7 0.29 3971 3695 1.07
S35 280 2 235 40 140.0 40 80 3.0 420 40 26.7 0.29 4153 3866 1.07
S36 280 2 235 40 140.0 40 80 3.0 550 40 26.7 0.29 4267 3986 1.07
S37 280 2 235 40 140.0 40 80 3.0 355 60 26.7 0.29 4173 3916 1.07
S38 280 2 235 40 140.0 40 80 3.0 355 80 26.7 0.29 4219 4025 1.05
S39 280 2 235 40 140.0 40 80 3.0 355 100 26.7 0.29 4250 4135 1.03
S40 280 2 235 40 140.0 40 80 3.0 355 130 26.7 0.29 4366 4299 1.02
S41 280 2 235 40 140.0 30 80 3.0 355 40 26.7 0.29 4045 3775 1.07
S42 280 2 235 40 140.0 50 80 3.0 355 40 26.7 0.29 4122 3837 1.07
S43 280 2 235 40 140.0 70 80 3.0 355 40 26.7 0.29 4181 3900 1.07
S44 280 2 235 40 140.0 40 60 3.0 355 40 20.0 0.21 4007 3731 1.07
S45 280 2 235 40 140.0 40 120 3.0 355 40 40.0 0.43 4223 3957 1.07
S46 280 2 235 40 140.0 40 160 3.0 355 40 53.3 0.57 4379 4109 1.07
S47 280 2.5 235 40 112.0 40 80 3.0 355 40 26.7 0.29 4235 3977 1.06
S48 280 3 235 40 93.3 40 80 3.0 355 40 26.7 0.29 4359 4164 1.05
S49 280 2 235 40 140.0 40 80 2.0 355 40 40.0 0.29 3991 3712 1.08
S50 280 2 235 40 140.0 40 80 4.0 355 40 20.0 0.29 4174 3898 1.07

G3 S51 400 2 235 40 200.0 70 80 3.0 355 40 26.7 0.20 7625 7150 1.07
S52 400 2 355 40 200.0 70 80 3.0 355 40 26.7 0.20 8148 7379 1.10
S53 400 2 420 40 200.0 70 80 3.0 355 40 26.7 0.20 8407 7496 1.12
S54 400 2 550 40 200.0 70 80 3.0 355 40 26.7 0.20 8898 7721 1.15
S55 400 2 235 60 200.0 70 80 3.0 355 40 26.7 0.20 10,467 10,136 1.03
S56 400 2 235 80 200.0 70 80 3.0 355 40 26.7 0.20 13,505 13,123 1.03
S57 400 2 235 100 200.0 70 80 3.0 355 40 26.7 0.20 16,536 16,109 1.03
S58 400 2 235 130 200.0 70 80 3.0 355 40 26.7 0.20 20,990 20,589 1.02
S59 400 2 235 40 200.0 70 80 3.0 235 40 26.7 0.20 7501 7039 1.07
S60 400 2 235 40 200.0 70 80 3.0 420 40 26.7 0.20 7703 7210 1.07
S61 400 2 235 40 200.0 70 80 3.0 550 40 26.7 0.20 7822 7330 1.07
S62 400 2 235 40 200.0 70 80 3.0 355 60 26.7 0.20 7741 7259 1.07
S63 400 2 235 40 200.0 70 80 3.0 355 80 26.7 0.20 7789 7369 1.06
S64 400 2 235 40 200.0 70 80 3.0 355 100 26.7 0.20 7851 7478 1.05
S65 400 2 235 40 200.0 70 80 3.0 355 130 26.7 0.20 7924 7642 1.04
S66 400 2 235 40 200.0 30 80 3.0 355 40 26.7 0.20 7505 7025 1.07
S67 400 2 235 40 200.0 50 80 3.0 355 40 26.7 0.20 7488 7087 1.06
S68 400 2 235 40 200.0 90 80 3.0 355 40 26.7 0.20 7685 7212 1.07
S69 400 2 235 40 200.0 70 120 3.0 355 40 40.0 0.30 7817 7301 1.07
S70 400 2 235 40 200.0 70 160 3.0 355 40 53.3 0.40 7942 7452 1.07
S71 400 2 235 40 200.0 70 220 3.0 355 40 73.3 0.55 8179 7679 1.07
S72 400 2.5 235 40 160.0 70 80 3.0 355 40 26.7 0.20 7866 7357 1.07
S73 400 3 235 40 133.3 70 80 3.0 355 40 26.7 0.20 8092 7592 1.07
S74 400 2 235 40 200.0 70 80 2.0 355 40 40.0 0.20 7426 7055 1.05
S75 400 2 235 40 200.0 70 80 4.0 355 40 20.0 0.20 7745 7242 1.07
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the FE model. The model is not able to capture an unknown or random
material defects, slip at the supports and loading, or voltage in-
terferences in the strain gauge measurements, for example. Neverthe-
less, the comparisons are reasonable and it is clear that the FE model
captures the main behavioural trends including stiffening behaviour,
peak loads and displacements and also the softening responses.

5. Parametric analysis

The validated FE model was employed to conduct a detailed para-
metric study, so that the key influential properties could be carefully
examined. The variables examined included the yield strength of the
outer and inner steel tubes, the strength of the sandwiched concrete and
the core concrete, the depth of the stiffeners, the diameter-to-width ratio
of the outer and inner steel tubes, and the hollow ratio y. A total of 75
models were simulated, and these are divided herein into three different
groups according to different B, values. The details and ultimate re-
sistances obtained by the FE models of CFDSST columns are given in
Table 4. Unless otherwise stated, the benchmark properties for the
specimens examined are as follows: the yield strength and thickness of
the outer section are taken as fy, = 235 MPa and t, = 2 mm, respectively;
the concrete in both the sandwiched and core regions (fs and f;) has a
compressive strength of 40 MPa; the width, thickness and yield strength
of the inner steel section are B; = 80 mm, t; = 3 mm and f;; = 355 MPa;
and the height of the stiffeners hg is 30 mm.

5.1. Steel strength

The influence of steel yield strength of the outer and inner steel tubes
on the behaviour of CFDSST columns was investigated by varying the
grade of steel in the FE model. Four different yield strengths were
examined, including 235, 355, 420 and 550 MPa. Note that despite the
steel and concrete material strengths of columns S4, S11, S29, S36, S54,
S61 are not compatible according to Liew et al. [57], they have been
checked. The results are presented in Figs. 21 and 22. It is observed that
increasing the yield strength of the outer tube leads to a corresponding
increase in the ultimate strength of CFDSST columns and an improve-
ment in the ductility and stiffness of CFDSST columns. On the other
hand, the behaviour and ultimate resistance of CFDSST columns were
not greatly affected by increasing of the yield strength of the inner tube.
Additionally, from Fig. 23, it can be seen that as the outer tube width
increases, the ductility and post-failure bearing capacity decrease quite
clearly. This is because the lateral confinement of the filled concrete
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reduces as the width of the outer tube increases, which is in agreement
with previous research findings [10,11]. With reference to Fig. 22(b)
and (d), which present the normalised load versus axial shortening re-
sponses, it is observed that the behaviour of all the specimens is quite
similar. The initial stiffness tends to increase with a reduction of B,
irrespective of the steel strength. Additionally, as in all cases, the nor-
malised ultimate load is greater than unity, it is demonstrated that
confirms the composite action in CFDSST columns is effective for
strengthening the columns. It is also observed that the initial stiffness
does not change for members made using hollow sections with different
steel strengths.

5.2. Concrete strength

A range of different concrete values were examined, from normal
strength concrete (NSC) with a compressive strength of 40 MPa, to ultra-
high strength concrete (UHSC) with a maximum compressive strength of
130 MPa. The concrete classification is based on the guidance given in
Eurocode 2 Part 1-1 [58]. The results are presented in Figs. 23 and 24. It
is clear that the influence of the sandwiched concrete between the two
steel tubes is significant, with increased strength resulting in a corre-
sponding improvement to the ultimate resistance of the column. On the
other hand, the strength of the core concrete within the inner steel tube
is significantly less influential to both the peak capacity as well as the
overall behaviour. Additionally, as the width of the outer steel tube
increases, the relative benefit of employing higher strength concrete in
the sandwich region is even greater. This is because the concrete
component of composite columns bears most of the compressive load
under normal structural conditions, and the cross-sectional area of
sandwiched concrete is larger as the width of the outer steel tube in-
creases. With reference to the normalised axial load versus axial short-
ening graphs presented in Fig. 24(b), it is observed that the initial
stiffness increases with a reduction in the cross-sectional width and the
sandwiched concrete strength. Additionally, the normalised ultimate
load is greater than unity in all cases, confirming the positive contri-
bution made by composite action for these columns. Furthermore, as
shown in Fig. 24(d), the effect of the core concrete strength on the
normalised load versus axial shortening behaviour is negligible.

5.3. Stiffener depth h;

The depth of the stiffeners employed in the outer steel tubes was
varied in the FE model. The minimum values examined were calculated
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Fig. 21. Influence of different yield strengths for (a) the outer tube and (b) the inner tube, on the ultimate resistance of CFDSST columns.
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Fig. 23. Influence of different concrete strengths for (a) the sandwiched concrete and (b) the core concrete, on the ultimate resistance of CFDSST columns.

in accordance with the guidance proposed by Tao et al. [40], and between Ny rg and hs. It is observed that the capacity was only slightly

reasonable maximum values were adopted based on engineering affected by changing the stiffeners depth and it is concluded that the
judgement. Accordingly, the range of values of stiffener depth examined increasing depth of stiffeners has little effect on the resistance of CFDSST
for specimens with B, = 200 mm was between 22.3 and 50 mm, for those columns.

with B, = 280 mm, was 33 to 70 mm, and when B, = 400 mm, hs was
varied between 50 and 90 mm. Fig. 25 illustrates the relationships
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. Influence of different concrete strengths for (a and b) the sandwiched concrete and (c and d) the core concrete.

5.4. B,/t, and Bi/t; ratios

Figs. 26 and 27 present the influence that the width-to-thickness
ratio of the outer steel tube (B,/t,) and the inner steel tube (B;/t;) has
on the behaviour and resistance of CFDSST columns. From Fig. 26(a)
and Fig. 27(a), it is observed that the ultimate resistance, ductility and
post-failure bearing resistance of CFDSST columns reduces as the B,/t,
ratio increases. This is due to the reduction in the confining stress of the
concrete and the increased possibility of local buckling in the steel tubes.
From Fig. 26(b) and Fig. 27(c), it is shown that the ultimate resistance of
the columns only slightly reduces with an increase of the B;/t; ratio and
this is generally a quite uninfluential parameter to the behaviour. This is
because of the constraint effect of the concrete to the inner circular tube
from both sides that prevent it from buckling locally. With reference to
Fig. 26(b) and (d), it is observed that the initial stiffness tends to increase
with a reduction in the cross-sectional width irrespective of B,/t, and B/
t;.

5.5. Hollow ratio y

The hollow ratio y in the current study is defined as the ratio of the
width of the inner steel tube to that of the outer steel tube (i.e. Bi/B,).
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Fig. 26. Influence of (a) B,/t, and (b) B;/t; on the resistance of CFDSST columns.
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Fig. 27. Influence of (a and b) B,/t, and (c and d) Bi/t;.

Fig. 28 presents the effect of y on the resistance of CFDSST columns
whilst Fig. 29 presents the influence of y on the axial load versus
displacement response. It is observed that the ultimate resistance in-
creases marginally for CFDSSTs with higher Bi/B, ratios. As before, the
total cross-sectional area of concrete is the most influential parameter to
the load-carrying capacity, and therefore it is not surprising that the B/
B, ratio has little influence, since the total concrete volume remains
unchanged. With reference to Fig. 29, it is shown that the ductility and

20

post-failure load capacity generally increases for CFDSSTs with higher y
values. From Fig. 29(b), it is observed that the initial stiffness increases
with a reduction in the cross-sectional width irrespective of the value of
the hollow ratio y. Moreover, increasing the hollow ratio y of the col-
umns results in relatively higher post-peak load behaviour, which may
be attributed to the increase in the strength of the inner tubes.
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Fig. 28. Influence of hollow ratio on the resistance of CFDSST columns.
6. Design resistance

Currently, there are no design specifications available for CFDSST
columns in the international design standards. The applicability of the
design expressions given in Eurocode 4 [37], BS 5400 [38] and DBJ
1315-2010 [39], which were developed for CFST composite columns,
was examined in the current study for CFDSST columns. The results are
presented in Table 5, where Ny gc4, Nui,Bss400 and Ny ppy represent the
capacity values determined using Eurocode 4 [37], BS 5400 [38] and
DBJ 1315-2010 [39], respectively. The following points are relevant to
the calculations are results presented: (i) the effective area specified by
Eurocode 3 [50] was employed to determine the cross-sectional area of
the outer steel tube in these calculations, and (ii) the expressions given
in Eurocode 4 [37] and BS 5400 [38] neglect the confinement effect of
concrete for square cross-sections, while DBJ 1315-2010 [39] does take
it into account.

6.1. Eurocode 4 [37]

The concrete compressive strength employed in the design expres-
sions in Eurocode 4 [37] is equal to 0.85f.. The ultimate axial
compressive resistance Npy rq is determined in accordance with Eq. (17),
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which has been adapted for CFDSST columns and is given here as Ny gc4
in Eq. (18).

Npira = Aafya +0.85Acfca +Afia aa7)
Nuikcs = Agyetpfyo +Asifyi + Assfys +0.85Acfes + 0.85Acifi (18)

6.2. BS 5400 [38]

According to BS 5400 [38], the compressive resistance of CFDSST
columns Ny pss400 can be calculated in accordance with Eq. (19). It
should be noted that the concrete cube strength (f.,) is used in this
equation and f, s and f., ; represent the cube strength of the sandwiched
concrete and the core concrete, respectively.

Nul,BSS4OU = Asy.efﬁfyo +Assf;'s +As|fy1 + 0675Ataﬁ.ua + O675Auﬁ.u,| (19)

6.3. DBJ 1315 [39]

The confinement effect of concrete is taken into account in this
design method through a confinement factor £. The standard compres-
sive strength of concrete (f) is used and is taken as 0.67f.,. For CFDSST
columns, the design resistance Ny pgy is given in Eq. (20) where f. s and
fex,i represent the standard compressive strength of the sandwiched
concrete and core concrete, respectively.

Nuiops = (Asyerr+Acs) (1.1840.858, s + (Asi +Ace ) (1.184+0.858 )ferei +Asefys
(20)

6.4. Results and discussion

The predictions of the ultimate resistance from each of the design
codes is presented in Table 5. It is observed that Eurocode 4 and BS 5400
tend to provide rather conservative predictions, and underestimate the
ultimate resistances of CFDSST columns by 17% on average. On the
other hand, DBJ 1315 [39] provides quite accurate predictions with a
mean Nyj,ppy/Nu,re ratio of 0.94 and a coefficient of variation (COV) of
0.036. The accuracy of this method compared with the others is
attributed to the consideration given to the concrete confinement effect.
In general, DBJ 1315 [39] provides the most suitable prediction for the
ultimate resistance of CFDSST columns. In the above analysis, the
buckling factor k; employed with Eq. (8) was taken as 4, assuming that
w = 1. It was proposed by Uy and Bradford [59] that in the current
scenario as the steel plates are in contact with a rigid medium, i.e. the
concrete infill, a more suitable value for k; may be taken as 10.3. This
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Fig. 29. Influence of hollow ratio on the (a) axial load and (b) normalised axial load, versus displacement responses of CFDSST columns.
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Table 5
Design resistances from various international design codes.
Groups Specimens Nu,re Eurocode 4 [37] BS 5400 [38] DBJ 1315 [39]
(kN Nuirca Nuigca Nuss400 Ny Bss400 Nuipps Nuyips
Nu e Nure Nu e Nure Nure Nure
ks = 4.0 ks =10.3 ks = 4.0 ks =10.3 ks = 4.0 ks =10.3

S1 2365 0.85 0.87 0.85 0.87 0.94 0.96
S2 2609 0.83 0.88 0.83 0.88 0.89 0.94
S3 2729 0.82 0.88 0.82 0.88 0.88 0.93
S4 3005 0.79 0.87 0.79 0.86 0.83 0.89
S5 3005 0.85 0.87 0.84 0.86 0.95 0.97
S6 3587 0.86 0.87 0.86 0.87 0.98 1.00
S7 4235 0.85 0.87 0.85 0.86 0.98 1.00
S8 5106 0.87 0.88 0.86 0.87 1.01 1.02
S9 2249 0.84 0.87 0.84 0.86 0.94 0.96
S10 2425 0.85 0.88 0.85 0.87 0.94 0.96
S11 2569 0.85 0.87 0.85 0.87 0.93 0.95
S12 2465 0.85 0.88 0.85 0.87 0.95 0.97

G1 S13 2538 0.87 0.89 0.86 0.88 0.97 0.99
S14 2601 0.88 0.90 0.88 0.90 1.00 1.02
S15 2687 0.90 0.92 0.90 0.92 1.04 1.06
S16 2371 0.84 0.86 0.84 0.86 0.93 0.95
S17 2427 0.84 0.86 0.84 0.86 0.93 0.95
S18 2456 0.84 0.87 0.84 0.86 0.93 0.95
S19 2305 0.84 0.86 0.83 0.86 0.94 0.96
S20 2464 0.85 0.87 0.84 0.87 0.92 0.94
S21 2495 0.87 0.89 0.86 0.89 0.92 0.94
S22 2460 0.88 0.88 0.87 0.88 0.95 0.96
S23 2556 0.89 0.89 0.88 0.88 0.96 0.96
S24 2254 0.85 0.87 0.85 0.87 0.93 0.95
S25 2439 0.86 0.88 0.86 0.88 0.96 0.98
S26 4091 0.82 0.85 0.82 0.85 0.93 0.96
S27 4331 0.81 0.86 0.81 0.86 0.91 0.95
S28 4510 0.80 0.85 0.80 0.85 0.89 0.93
S29 4878 0.77 0.83 0.77 0.83 0.85 0.90
S30 5451 0.83 0.86 0.83 0.85 0.95 0.98
S31 6787 0.84 0.86 0.84 0.86 0.97 0.99
S32 8197 0.84 0.86 0.83 0.85 0.97 0.99
S33 10,180 0.85 0.86 0.84 0.86 0.99 1.01
S34 3971 0.82 0.85 0.81 0.85 0.93 0.96
S35 4153 0.82 0.86 0.82 0.85 0.93 0.96
S36 4267 0.83 0.86 0.82 0.86 0.93 0.96
S37 4173 0.83 0.86 0.82 0.86 0.94 0.97

G2 S38 4219 0.84 0.87 0.84 0.87 0.96 0.99
S39 4250 0.86 0.89 0.85 0.88 0.98 1.01
S40 4366 0.87 0.90 0.86 0.89 1.00 1.03
S41 4045 0.82 0.86 0.82 0.85 0.93 0.96
S42 4122 0.82 0.86 0.82 0.85 0.93 0.96
S43 4181 0.83 0.86 0.82 0.85 0.93 0.96
S44 4007 0.82 0.85 0.81 0.85 0.93 0.97
S45 4223 0.83 0.86 0.83 0.86 0.92 0.95
S46 4379 0.84 0.87 0.83 0.86 0.91 0.94
S47 4235 0.83 0.87 0.83 0.86 0.93 0.97
S48 4359 0.85 0.87 0.85 0.87 0.95 0.97
S49 3991 0.82 0.85 0.81 0.85 0.92 0.95
S50 4174 0.83 0.86 0.82 0.86 0.94 0.97
S51 7625 0.82 0.84 0.81 0.83 0.93 0.95
S52 8148 0.79 0.82 0.79 0.82 0.90 0.92
S53 8407 0.78 0.81 0.78 0.81 0.88 0.91
S54 8898 0.76 0.80 0.76 0.79 0.86 0.89
S55 10,467 0.84 0.85 0.83 0.85 0.96 0.98
S56 13,505 0.84 0.85 0.83 0.84 0.97 0.98
S57 16,536 0.84 0.85 0.83 0.84 0.97 0.98
S58 20,990 0.84 0.85 0.83 0.84 0.98 0.99
S59 7501 0.81 0.84 0.81 0.83 0.93 0.96

a3 S60 7703 0.82 0.84 0.81 0.83 0.93 0.95
S61 7822 0.82 0.84 0.81 0.84 0.93 0.95
S62 7741 0.82 0.84 0.81 0.83 0.93 0.96
S63 7789 0.82 0.84 0.82 0.84 0.94 0.97
S64 7851 0.83 0.85 0.82 0.84 0.95 0.98
S65 7924 0.84 0.86 0.83 0.85 0.97 0.99
S66 7505 0.81 0.83 0.81 0.83 0.93 0.95
S67 7488 0.82 0.85 0.82 0.84 0.94 0.96
S68 7685 0.82 0.84 0.81 0.84 0.93 0.96
S69 7817 0.82 0.84 0.81 0.83 0.93 0.95
S70 7942 0.82 0.84 0.82 0.84 0.93 0.95

(continued on next page)
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Groups Specimens Nure Eurocode 4 [37] BS 5400 [38] DBJ 1315 [39]
(kN) NuI.EC4 Nul.EC4 NuI.BSS400 NuI.BSS400 Nll].DB.l Nul.DBJ
NuI.FE Nul.FE NuLFF_ NuI.FE Nul.FE NuI.FE
ks = 4.0 ks =10.3 ks = 4.0 ks =10.3 ks = 4.0 ks =10.3
S71 8179 0.83 0.85 0.82 0.84 0.92 0.94
S72 7866 0.82 0.85 0.81 0.84 0.93 0.96
S73 8092 0.82 0.86 0.82 0.86 0.93 0.97
S74 7426 0.82 0.85 0.82 0.84 0.94 0.96
S75 7745 0.82 0.84 0.81 0.83 0.93 0.96
Mean 0.83 0.86 0.83 0.86 0.94 0.96
cov 0.029 0.023 0.029 0.024 0.036 0.030
Min 0.76 0.80 0.76 0.79 0.83 0.89
Max 0.90 0.92 0.90 0.92 1.04 1.06
Table 6
Comparison of experimental and numerical resistances of test specimens with those obtained from international specifications [37-39] with k,=10.3.
Groups specimens Nypexp (kN) Ny,ee (kKN) Eurocode 4 [37] BS 5400 [38] DBJ 1315 [39]
NuiEca Nuigca Nuyikca Nuy,ssa00 (KN) Ny Bss400 Ny Bss400 Nyi,pss (kN) Nyipey Nuipsy
(kN) Nuigxp Ny re Nuxp Nure Nuigsp Nure
G3 SS-160-1 2090 1970 1775 0.85 0.90 1769 0.85 0.90 1911 0.91 0.97
§S-160-2 2066 2070 1854 0.90 0.90 1847 0.89 0.89 2012 0.97 0.97
§S-160-3 2770 2435 2160 0.78 0.89 2151 0.78 0.88 2407 0.87 0.99
G4 SS-160-4 2147 2111 1935 0.90 0.92 1929 0.90 0.91 2088 0.97 0.99
SS-160-5 2237 2313 2174 0.97 0.94 2168 0.97 0.94 2278 1.02 0.98
SS-160-6 1878 1940 1767 0.94 0.91 1761 0.94 0.91 1977 1.05 1.02
SS-160-7 2025 2184 2007 0.99 0.92 2001 0.99 0.92 2186 1.08 1.00
G5 SS-180-1 2389 2302 2053 0.86 0.89 2045 0.86 0.89 2236 0.94 0.97
SS-180-2 2441 2408 2155 0.88 0.89 2147 0.88 0.89 2365 0.97 0.98
SS-180-3 3167 2890 2551 0.81 0.88 2540 0.80 0.88 2866 0.91 0.99
G5 SS-180-4 2336 2451 2213 0.95 0.90 2205 0.94 0.90 2414 1.03 0.98
SS-180-5 2447 2718 2477 1.01 0.91 2469 1.01 0.91 2631 1.08 0.97
SS-180-6 2118 2278 2046 0.97 0.90 2038 0.96 0.89 2298 1.09 1.01
SS-180-7 2404 2534 2309 0.96 0.91 2302 0.96 0.91 2534 1.05 1.00
Mean 0.91 0.90 0.91 0.90 1.00 0.99
cov 0.077 0.017 0.077 0.017 0.072 0.015
Min 0.78 0.88 0.78 0.88 0.87 0.97
Max 1.01 0.94 1.01 0.94 1.09 1.02

was employed elsewhere also [60], and more accurate and appropriate
results were obtained. This value has been applied to the current anal-
ysis and the results are presented in Table 6. It is shown that employing
k,=10.3 provides better resistance values and DBJ 1315 [39] still pro-
vides the most accurate predictions.

7. Conclusions

This paper presents a detailed description of a series of tests on cold-
formed concrete-filled dual steel stiffened tubular (CFDSST) short col-
umns under axial compressive load. These are very efficient members,
which offer several advantages over existing typologies of composite
column in terms of load-bearing capacity and resistance to local buck-
ling. The tests results are analysed, and it is shown that the strength of
the concrete is the most important factor to the overall capacity, and this
is fully exploitable through the presence of the stiffened outer tube
which provides confinement. The stiffeners also delay or prevent out-
ward buckling of the steel section under compressive load. In addition to
the experimental campaign, a detailed numerical investigation was also
conducted and discussed here, and both the experimental and numerical
findings were employed to examine the validity of existing design ex-
pressions. The following important conclusions are observed from the
results presented:

(1) The experimental test results indicate that CFDSST columns
exhibit higher strength and superior ductility than concrete-filled
stiffened steel tubular (CFSST) columns due to the presence of the
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inner square CFST component. All of the test specimens failed by

local outward buckling of the outer steel tube, and no steel

fracture was found in the corners and welds of the test specimens.
(2) The parametric study showed that increasing the sandwiched
concrete strength (f) effectively increase the axial resistance of
CFDSST columns. Additionally, it was found that decreasing the
Bo/t, ratio and increasing the B;/B, ratio and yield strength of the
outer tube (fyo) can increase the ductility and post-failure load
capacity of the CFDSST columns.
Based on the resistance comparisons of the experimental and
numerical resistance values with the predictions from interna-
tional design codes, it was shown that Eurocode 4 [37] and BS
5400 [38] provide overly conservative predictions. On the other
hand, DBJ 1315-2010 [39] provides the most accurate ultimate
resistance values for the CFDSST short columns, using a buckling
factor of k,=10.3 which is appropriate for steel plates in contact
with a rigid medium. The better performance of this code,
compared to the approaches in Eurocode 4 and BS 5400 is
attributed to the inclusion of a parameter to account for
confinement of the concrete, which is provided by the steel tubes.
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