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Abstract

This paper presents the mechanical performance of Concrete Filled Double Skin Steel Tube (CEFDST) columns stiffened by
Welded Reinforcing Bars (WRBs) under axial compression. A series of experiments were carried out on sixteen CFDST columns
using two different D/t ratios and different patterns of WRBs as parameters. The steel reinforcing bars were welded either on the
external surface of the inner tubes or on the internal surface of the outer tubes. Various patterns were used to enable a better
understanding of the stiffened CFDST columns performance. Moreover, the compressive loading vs. end shortening curves, failure
modes, strength index and concrete-steel contribution ratio were analysed. The results showed that a certain pattern of the WRBs
affords additional ductility and strength capacity of the stiffened CFDST columns. Furthermore, WRBs play an important role in the
mitigating failure modes and work consistently with the shell concrete of these columns. Design methods were developed for the
calculation of the strength capacity of stiffened CFDST columns and assessed against the experimental results to trace the suitable
formulation for design purposes. The outcomes of modified analytical procedures mostly match well with the experimental results of

the stiffened CFDST columns.
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1. Introduction

Concrete Filled Steel Tube (CFST) columns have been commonly
utilized in the high-rise buildings, subways, bridges and industrial
structures owing to their excessive advantages as ductility, high
strength, and good seismic behaviour (Aslani et al., 2017; Kim
and Shim, 2016; Yang et al., 2017; Zhang et al., 2017). Generally,
the concrete delays or averts the steel tube from buckling, and the
tube confines the concrete in the CFST members (Aslani et al.,
2015b; Aslani et al., 2016; Gopal, 2017; Park ef al., 2011).
Additionally, the steel hollow section acts as a jacket for
concrete, accordingly, provides good confinement and enhances
the behaviour. Recently, demand for lighter-weight members
increased widely in the world to decrease the dead loads, mainly
for multi-story building (Abbas et al., 2017; Aslani et al., 2015a;
Elchalakani et al, 2002; Fu et al., 2018; Gopal, 2017). The
inventive novelty of composite structure is recognised as Concrete
Filled Double Skin Steel Tube (CFDST) column. CFDSTs consider
the best solution to decrease the foundation loads due to the void
inside the inner tube (Elchalakani er al., 2002; Essopjee and
Dundu, 2015; Hassan et al., 2016; Romero et al., 2017). CFDST
comprises concrete infill between the two-concentric steel
hollow tubes, where the inner tube is empty as shown in Fig. 1.
The CFDST column gets equal or higher characteristics than the

ordinary CFST column, where the outer tube of CFDST performs
as a CFST column, while the inner tube works as an unfilled
compact tube (Zhao and Grzebieta, 2002).

Over the last few years, numerous studies were carried out
about the imperfect bonding that occurs in the CFST and CFDST
columns within an elastic stage (Kwan et al., 2016; Lai and Ho,
2014). This phenomenon happens due to the fact that concrete
and steel tubes suffer from deformation with dissimilar rates. The
Poisson’s ratio of the steel is higher than that of the concrete, and
the lateral expansion of concrete is lesser than the steel
expansion in this stage (Ekmekyapar et al., 2019). This leads to
an unconfined or free the concrete behaviour until the concrete
cracks occur. This behaviour postpones the confinement effect
and decreases the effectiveness of the steel tube (Kwan et al.,
2016). Therefore, recent studies in the literature tend to improve
the performance of such columns in the elastic stage by
considering different configurations (Essopjee and Dundu, 2015;
Hassan et al., 2016; Romero et al., 2017). Moreover, some studies
(Ge and Usami, 1992; Lee ef al., 2012; Lin ef al., 1993; Tao et
al., 2005; Tao et al., 2009) have demonstrated the effectiveness
of stiffening members to enhance the performance of CFST
members, such as longitudinal stiffeners and reinforcing bars.
However, the effect of stiffening members in delaying the local
buckling of steel tubes have been confirmed by tests (Tao ef al.,
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2008; Tao et al., 2007). In addition, the stiffening members welded
with the steel tube act to enhance the ductility and strength of the
CFST columns due to the additional interaction provided (Kwan
et al., 2016; Shekastehband et al., 2017). It was also concluded
that the role of the stiffening members improves dramatically the
fire resistance of the composite columns (Shekastehband et al.,
2017). Correspondingly, the welding of the internal stiffening
members is possible only with a large diameter of steel tubes,
whereas, they are difficult to weld with the steel tubes that have a
small diameter (Dong and Ho, 2013; Han et al., 2014).

Many researchers have studied the mechanical performance of
the CFDST and CFST columns experimentally and analytically
in the previous years. For example, Wei et al. (1995) proposed a
design formula to estimate the response of the CFDSTs under an
axial load up to its peak strength. Elchalakani et al (2018)
theoretically and experimentally concluded that the CFDSTs
were filled using a rubberised concrete can be used as a new
construction technology for applications in seismic zones and
security bollards. Hui ez al. (1998) discussed the failure modes of
CFST columns and developed the analytical model for the axial
compression. Han et al. (2014) reported that the concrete of
CFST can change the failure modes of the outer tubes. Dabaon ez
al. (2009), conducted theoretical and experimental tests to explore
the performance of stiffened and unstiffened stainless CFST
columns. Tao ef al. (2008) concluded that the strength and ductility
of CFST can be increased with increasing the number of
stiffening members on the tube surface. Ge and Usami (1992)
reported that the CFST columns behaviour can be improved by
either welding longitudinal strips on the inner surface of the tube
or welding shear studs. Shekastehband et al. (2017) investigated
the longitudinal steel-stiffening members embedded in the
surfaces of tubes of CFDST column improving steel-concrete
contact, consequently, improve the fire resistance of the columns.

In view of the literature above, few experimental and analytical
studies were undertaken to concentrate on the CFDST columns
with stiffening members. Therefore, the behaviour of the stiffened
CFDST columns is still obscure. In this context, the aim of the current
study is to explore experimentally and analytically the mechanical
performance of CFDST columns stiffened by an innovative type of
stiffening members, which is described as “welded reinforcing bar”
(WRBs). 16 specimens have been tested to assess the impact of the
parameters. The main parameters of this work are as follows:

1)Two different patterns of WRBs, the first pattern includes

reinforcing bars welded on the external surface of the inner
steel tube, whereas the second pattern includes reinforcing
bars welded on the internal surface of the outer tubes. The
innovative patterns were altered to find out the best position
of WRBs within CFDST column, which in turn helps to
delay the buckling of tubes and to enhance the confinement
effect on sandwiched concrete. Moreover, each pattern
includes a different number of WRBs (6, 4 and 3).

2)To be able to explore the effect of tube thicknesses, two dif-

ferent thicknesses of steel tubes were utilized.

Finally, the analytical methods that were proposed by several
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Fig. 1. CFDST Cross-section Details

investigators for unstiffened CFDST columns were developed to
estimate the cross-section capacities of stiffened CFDST columns. It
is shown in this study that the modified design methods have the
potential to be utilized for stiffened CFDST columns.

2. Experimental Work

2.1 General

Two ordinary CFST specimens and two unstiffened CFDST
columns were fabricated without WRBs are considered as a
reference. Moreover, twelve-CFDST column specimens have
been fabricated with WRBs. The specimens’ geometry is observed
in Fig. 2. Likewise, an overview of the parameters that were used
in the current study and the rest of the details are listed in Table 1.

The labelling of the specimens included the numbers 1 and 2,
where 1 refers to thin thicknesses of both the inner and outer
tubes, whereas 2 refers to thick thicknesses of both tubes. The

clele
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Fig. 2. CFDST Column Cross Sections
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Table 1. Details of the Specimens

Inner tube Outer tube
Column (D) L/Do Dort Dmm) [ ((mm) | /(Mpa) Dmm) | i(mm) | £ (Mpa)
Thin-thin specimens
C-1 3.0 41.86 N/A N/A N/A 114.3 2.73 285
1-W0-0 3.0 41.86 60.3 2.56 380 114.3 2.73 285
1-W60-3 3.0 41.86 60.3 2.56 380 114.3 2.73 285
1-W114-3 3.0 41.86 60.3 2.56 380 114.3 2.73 285
1-W60-4 3.0 41.86 60.3 2.56 380 114.3 2.73 285
1-W114-4 3.0 41.86 60.3 2.56 380 114.3 2.73 285
1-W60-6 3.0 41.86 60.3 2.56 380 114.3 2.73 285
1-W114-6 3.0 41.86 60.3 2.56 380 114.3 2.73 285
Thick-thick specimens

C-2 3.0 19.53 N/A N/A N/A 114.3 5.85 455
2-W0-0 3.0 19.53 60.3 4.71 435 114.3 5.85 455
2-W60-3 3.0 19.53 60.3 4.71 435 114.3 5.85 455
2-W114-3 3.0 19.53 60.3 4.71 435 114.3 5.85 455
2-W60-4 3.0 19.53 60.3 4.71 435 114.3 5.85 455
2-Wl1l14-4 3.0 19.53 60.3 4.71 435 114.3 5.85 455
2-W60-6 3.0 19.53 60.3 4.71 435 114.3 5.85 455
2-W114-6 3.0 19.53 60.3 4.71 435 114.3 5.85 455

labelling system includes the thickness of both tubes, position of
WRBsS, and the number of the WRBSs, respectively. Furthermore,
W60 denotes that reinforcing bars embedded with an inner
steel tube, while, W114 represents the reinforcing bars
embedded with an outer steel tube. For example, the label 1-
W60-3 defines the CFDST column, where the number 1 refers
to the specimen consists of a thin outer tube and a thin inner
tube (thin-thin), W60 shows that the reinforcing bars were
welded on the external surface of the inner steel tube, finally
the number 3 represents the number of the welded reinforcing
bars. On the other hand, the label 2-W0-0 defines the CFDST
column, where the number 2 refers to the specimen consists of
a thick outer tube and a thick inner tube (thick-thick), and no
WRB embedded in this specimen. Besides, the character “C”
represents CFST columns and considered as a reference. As an
example, C-2 means CFST specimen with a thick outer steel
tube, whereas C-1 means CFST specimen with a thin outer
steel tube, as illustrated in Fig. 2.

2.2 Materials Properties

All of the steel tubes in the present study are cold-formed tubes
which were produced according to EN 10219-1 (CEN, 2006).
Two coupon specimens were cut from each tube to measure the
actual yield strength of steel tubes ( f,) by coupon test according
to (ASTM, 2015b), Fig. 3. 10 mm diameter of deformed steel
reinforcing bars was used with a yield strength of 430 MPa
(ASTM, 2015a). One concrete class was produced. The concrete
mix was prepared with the objective of obtaining normal self-
compacted concrete class (C42 MPa). Four 100 x 200 mm
cylinder moulds were cast with concrete to obtain the actual
compressive strength ( f7). After completing the curing process,
concrete samples were tested according to ASTM (2003).
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Fig. 3. Tensile Coupon Specimens

2.3 Test Setup and Fabrication

The dimensions of the steel tubes were selected to achieve an
L/D ratio of 3.0. The overall behaviours of the small-scale units
were quite similar to the full-scale specimen during testing (Zhu
etal.,2017). According to an L/D ratio and considering a further
machining process, all hollow steel tubes were cut to lengths
slightly greater than 343 mm. The machining process reduced
both the steel tubes and WRBs to a final exact length of 343 mm
(Ronald, 2010).

The diameters of the outer tubes of 1143 mm with two
thicknesses, where 5.85 mm for thickest outer diameters and 2.73
mm for thinnest outer diameters, whereas, the inner steel tubes have
a diameter of 60.3 mm with two different thicknesses 4.71 mm and
2.56 mm. The diameters of reinforcing bars of 10 mm were used
with a different number for each specimen (6, 4 and 3). The
difference of specimen properties was selected to discover the
influence of WRBSs on the performance of CFDST columns.
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All tests were completed with a universal testing machine with
a capacity of 3,000 kN. Moreover, two LVDTs were located at
two points in order to measure the shortening. The average
values of the two LVDTs were used to draw the compression
load-end shortening curves.

3. Results

The curves of compressive loading versus end shortening were
offered during the tests and plotted for each specimen in Figs. 4,
5,6,7,8,9, 10 and 11. Furthermore, in Table 2, the ultimate axial
load capacities were achieved in the tests for each column are
listed.

3.1 Compression Loading versus End Shortening Curves

3.1.1 Specimens with Thin Steel Tubes
The reference specimen with thin tubes (thin-thin) and the
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Fig. 4. Compression Load vs. End Shortening Curves for C-1 and
1-W0-0

Table 2. Experimental Ne,,, CSCR and S| Results

Column (ID) | Ngp(kN) | CSCR | SI
Thinner-thinner
C-1 726.34 1.00 1.19
1-W0-0 758.61 1.04 1.11
1-W60-3 862.48 1.19 1.10
1-W114-3 861.77 1.18 1.10
1-W60-4 907.88 1.25 1.11
1-W114-4 880.25 1.21 1.08
1-W60-6 999.49 1.38 1.13
1-W114-6 975.55 1.34 1.10
Thicker-thicker
C-2 1,465.76 1.00 1.22
2-W0-0 1,622.25 1.11 1.11
2-W60-3 1,812.27 1.24 1.12
2-W114-3 1,745.14 1.19 1.16
2-W60-4 1,835.22 1.25 1.12
2-W114-4 1,789.22 1.22 1.15
2-W60-6 1,916.75 1.30 1.11
2-W114-6 1,850.37 1.26 1.15
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CFDST specimen without WRBs (C-1, 1-W0-0) are presented in
Fig. 4. Viewing the curves, it is interesting to observe that the 1-
WO0-0 specimen exhibits a greater performance over the reference
specimen C-1 and behaves in a different manner. Furthermore, 1-
WO0-0 reached a compression capacity of 758.61 kN, which
exceeds the value measured for the corresponding reference
specimen C-1, when the C-1 specimen achieved 726.34 kN. At
the compression capacity level, the C-1 specimen has an end
shortening value of 3.41 mm. Besides, 1-W0-0 specimen behaves in
a more ductile manner and has an end shortening value of 9.07
mm at the level of compression capacity. This fact explains that
the increase in the nominal steel ratio helps to increase the
ductility (Han et al., 2009). Moreover, it can be explained that
they have different initial stiffness values, this difference can be
attributed to substituting concrete by an inner steel tube.
Moreover, as listed in Table 2, the compression capacity of the
specimens 1-W60-3, 1-W60-4 and 1-W60-6 achieved 862.48,
907.88 and 999.49 kN, respectively, whereas, the compression
capacities of the specimens 1-W114-3, 1-W114-4 and 1-W114-6
achieved 861.77, 880.25 and 975.55 kN, respectively. It means
that the compression capacity of the specimens was increasing as
the number of WRBs increased. In addition, the specimens that
have thin tubes with WRBs on the external surface of inner steel
tube have slightly greater compression capacities compared to

i = e
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Fig. 5. Compression Load vs. End Shortening Curves for 1-W60-3
and 1-W114-3
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Fig. 6. Compression Load vs. End Shortening Curves for 1-W60-4
and 1-W114-4
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Fig. 7. Compression Load vs. End Shortening Curves for 1-W60-6

and 1-W114-6

the specimens that have WRBs on the internal surface of outer
steel tubes, Figs. 5, 6 and 7.

At the compression capacity level, 1-W60-3 specimen has an
end shortening value of 11.64 mm, whilst, 1-W114-3 specimen
behaves in a less ductile manner and has an end shortening value
of 10.16 mm. The specimens 1-W60-3 and 1-W114-3 behave in
a similar manner, Fig. 5. On the other hand, the curves of the
remaining specimens with thin tubes (thin-thin), 1-W60-4, 1-
W114-4, 1-W60-6 and 1-W114-6 are presented in Fig. 6 and Fig. 7.
The 1-W60-4 specimen has an end shortening value of 14.19
mm at the compression capacity level, whilst, 1-W114-4 specimen
behaves in a less ductile manner and has an end shortening value
0f 9.07 mm. However, the compression capacity level of 1-W60-
6 specimen has an end shortening value of 12.91 mm, whereas,
1-W114-6 specimen behaves in a less ductile manner and has an
end shortening value of 10.92 mm at the level of compression
capacity.

In terms of stiftness, it can be deduced that the specimens with
thin tubes have a slight difference of initial stiffness values, this
difference could be attributed to the different numbers and
patterns of the WRBs. Interestingly, it was observed that all
columns with WRBs on the external surface of inner steel tubes
(1-W60-3, 1-W60-4, 1-W60-6) had slightly more ductile behaviour
compared to those of the other pattern counterparts, (1-W114-3,
1-W114-4, 1-W114-6).

3.1.2 Specimens with Thick Steel Tubes

As shown in Fig. 8, the reference specimen (C2) and the unstiffened
CFDST specimen (2-W0-0) behave similarly. Furthermore, the 2-
WO0-0 specimen exhibits a greater performance over the reference
specimen C-2, which the 2-W0-0 specimen reached a compression
capacity of 1,622 kN. On the other hand, the corresponding
reference specimen C-2 achieved 1,465 kN, Table 2.

The compression capacities of the specimens 2-W60-3, 2-
W60-4 and 2-W60-6 reached 1,812.27, 1,835.22 and 1,916.75
kN, respectively. However, the compression capacities of the
specimens 2-W114-3, 2-W114-4 and 2-W114-6 achieved 1,745.14,
1,789.22 and 1,850.37 kN, respectively. It means that the
compression capacities of these specimens were increasing as
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the number of WRBs increased. Likewise, the specimens that
have thick tubes with WRBs on the external surface of inner
steel tubes have greater compression capacities compared to
those of the other pattern counterparts, Figs. 9, 10 and 11.
Viewing of curves, Figs.9, 10 and 11, the specimens 2-W60-3,
2-W60-4 and 2-W60-6 have a higher slope than the 2-W114-3,
2-W114-4 and 2-W114-6, respectively. On the other hand, at the
compression capacities level, 2-W60-3, 2-W60-4 and 2-W60-6
specimens have an end shortening value of 19.89 mm, 18.84 mm
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and 20.43 mm, respectively. However, 2-W114-3, 2-W114-4 and
2-W114-6 specimens have an end shortening value of 18.09 mm,
17.8 mm and 15.64 mm, respectively. It is important to mention
that the specimens that have WRBs with inner steel tubes have
slightly greater initial stiffness compared to the specimens that have
WRBs with outer steel tubes counterparts, Figs. 9, 10 and 11.

3.2 Concrete-Steel Contribution Ratio (CSCR)

The contribution of the tubes in double skin columns is
elaborated in this study by focusing on the impact of the WRBs
and the steel tubes thicknesses on the compression capacities.
Besides, the abbreviation CSCR means concrete-steel contribution
ratio, which was utilized by Ibafiez et al. (2017). CSCR is a ratio
between N, crpsrto N, crsp Where N, cppsr 18 the ultimate load
achieved for the CFDST specimen (stiffened or unstiffened), and
Nucrsr 18 the ultimate load achieved for the ordinary CFST
specimen counterpart as shown in Eq. (1). This ratio can assess
the enhancement of the mechanical response of a double skin
column based on the response of a CFST column counterpart as
follows:

CSCRzNu.CFDST (1)
Nu,CFST
16
14 @ @ @ @
el
1
[+ 4
Kos
o
06
0.4
0.2
0
»
o \g@” \}‘*F"b g‘.\\“’g \*ﬁy ;:i"\h,' \}#‘P g\"\?

Thin-thin tubes

Fig. 12. Concrete-steel Contribution Ratio for (Thin-thin Tubes)
Specimens

— 2286 —

@i)

=0 © e
1
o«
Sos
O
08
04
0.2
v 'y »©
o gﬁ“ ‘l@? W rf‘@) ’:‘.\\ )&\

"b"i ¥

Thick-thick tubes
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Figure 12 illustrates that the CSCR was more than unity in the
specimens with thin-thin tubes, where the specimens 1-W60-3,
1-W114-3, 1-W60-4, 1-W114-4, 1-W60-6 and 1-W114-6 have
CSCRs of 1.18, 1.18, 1.24, 1.21, 1.37 and 1.34 respectively. On
the other hand, the specimens 2-W60-3, 2-W60-4, 2-W60-6, 2-
W114-3, 2-W114-4 and 2-W114-6 have CSCR of 1.24, 1.25,
1.30 1.19, 1.22 and 1.26, respectively. Fig. 13 indicates that the
CSCR of these specimens were increasing as the number of
WRBs increased. Correspondingly, these patterns of WRB affect
positively on the mechanical response of the CFDST specimens.
Moreover, it is interesting here to observe that the CSCR of the
stiffened CFDST specimens that have WRB with inner steel tube
are higher than the CSCR of specimens that have the other
pattern counterparts.

On the other hand, the CSCR of the unstiffened CFDST
specimens (without WRB) 1-W0-0 and 2-W0-0 are more than
unity, as listed in Table 2. It means that the inner tube affects
positively on the compression capacity of the double skin
columns and did enhance the behaviour of the ordinary CFST
columns counterparts.

3.3 Compressive Strength Index (SI)

The strength index of the CFDST column includes four
elements: the shell concrete, the inner tube, the outer tube, and
WRBs as defined in Eq. (2) shown below:

N,

— exp
S[ Asuf}'u + 0'85ALfL +Asif)‘i +Abe)‘/Jb (2)

where N,,, is the calculated ultimate strength of specimen and
Ay, A, Ay and Ay, are the areas of the outer tube, sandwiched
concrete, inner tube, and WRB, respectively. Eq. (2) is used for
specimens C-1 and C-2 after ignoring both terms of 4 f; and
Ay fyw for these specimens. Likewise, it is used for 1-W0-0 and
2-W0-0 also after ignoring the terms of A,f,, for these
specimens. As listed in Table 2, the SI for all columns are more
than unity. It means that the confinement of concrete in the specimens
is clear, leading to apparent concrete strength improvement (Wang
et al., 2017). It can indicate that the confinement performance of
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the specimen is increasing as the number of WRBs increase.
Furthermore, it seems that the specimens with WRBs on the
external surface of inner steel tubes have slightly greater SI
compared to SI of the specimens that have WRBs with outer
steel tubes counterparts.

4. Failure Modes

In order to differentiate the performance of CFDST and the

' '
(@) (b)

() ) (@
Fig. 14. Failure Modes of: (a) C-1 Specimen, (b) 1-W0-0 Specimen,
(c) 1-W60-3 Specimen, (d) 1-W114-3 Specimen

(@)
'

Fig. 15. Failure Modes of: (a) 1-W60-4 Specimen, (b) 1-W114-4
Specimen, (c) 1-W60-6 Specimen, (d) 1-W114-6 Specimen

(d)
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extent of the WRBs contribution of these columns, it is essential
to observe the shape of the tube’s failure. The specimens C-1 and
1-W0-0 were used for comparison purposes. The failure mode of
the specimen 1-W0-0 is different when compared to the failure
modes of the remaining specimens as shown in Figs. 14 and 15.
It has harsh and intense local failure mode, especially at the inner
steel tube. This level of inward and outward buckling occurred
due to the weakness of the inner support with the thin-thin tubes
against expansion in the shell concrete, as shown in Fig. 14(b). It
is crucial to note that the specimens with thin tubes showed
evidence of shear cracks in concrete.

On the other hand, Figs. 14 and 15 show that increasing the
number of the WRBs eliminate the harmful effect of the local
bulking. Furthermore, the specimens 1-W60-4 and 1-W60-6
have significant resistance against inward and outward distortions,
whereas, the specimens 1-W114-4 and 1-W114-6 exhibited
significantly inward and outward distortions, Fig. 15. This means
that the specimens with WRBs on the thin inner tubes have a
promising performance and achieved smaller inward and
outward distortions than the thin-thin specimens with WRBs on
the outer tubes. Generally, it could be observed that the
specimens with thin tubes exhibit significantly more lateral
deformations compared to the specimens with thick-thick tubes.
It indicates that the thin tubes cannot provide an appropriate
composite action which allows the concrete and steel tube to
serve together properly. It is important in composite structural
members to satisfy this harmony.

It can be observed in Figs. 16 and 17, the thick steel tubes have
a very promising performance as these configurations (thick-
thick) attained very small inward and outward distortions. It
indicates that a thick inner tube with a thick outer tube serve the

cross-sectional capacity efficiently. Hence, this configuration can
(a)
o\

(c) (d)

Fig. 16. Failure Modes of: (a) C-2 Specimen, (b) 2-W0-0 Specimen,
(c) 2-W60-3 Specimen, (d) 2-W114-3 Specimen
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(b)

| '

(d)
Fig. 17. Failure Modes of: (a) 2-W60-4 Specimen, (b) 2-W114-4
Specimen, (c) 2-W60-6 Specimen, (d) 2-W114-6 Specimen

develop good “composite action” with the shell concrete. In
addition, the thick tubes governed the compression behaviour of
the columns and did not allow the specimens to exhibit shear
failure modes.

5. Comparisons with Desigh Methods of CFDST Columns

The aim of this section is to estimate the compressive strengths
of the stiffened double skin columns by using the design methods
that were proposed by several investigators. Generally, the
design procedures of unstiffened CFDST column were extended
for stiffened CFDST column by changing certain parameters,
such as Han ez al. (2009), and Yu ef al. (2013) methods which
were used in this study. In addition, the design process of
columns that are detailed in the Eurocode 4 (CEN, 2004) and
AISC-360 (AISC, 2016) standards were also developed to
predict the cross-section capacities of circular stiffened CFDST
columns.

5.1 AISC-360
The strength capacity (V,) of the ordinary CFST column in Eq. (3)
(AISC, 2016) was changed to apply for CFDST column by
Sulthana and Jayachandran (2017), as given in Eq. (4). Furthermore,
the authors proposed Eq. (5), where the strength generated by the
WRBs added to Eq. (4):

Pn =.fynA.vn+ CZ.f;"AC (3)
Pn :ﬁ'oAso+Aiﬁfi+ le;,Ac (4)
Pn,mﬂd z,fyﬂA.cﬂ +A[f'\;i + CZfL"Ac +Axh ysh (5)

The C, factor takes 0.95 when the inner and outer steel tubes
are circular, otherwise, it assumes 0.85. The elastic buckling load
(P.,) and the strength capacity (Psc) of a column are displayed
in Egs. (7) and (6) respectively:

— 2288 -

.-

P,[0.658""] 5225
PAIS(_ mod — Pcr (6)
0.877P,, : —1; >2.25
2
7El,
P, = —-L-;ﬁ (7

where EI,is the effective flexural rigidity of the cross-section, as
given in Egs. (8) and (9):

El,=E, I, +El+CE.L 8)
A +A..
— . + SO ST S .
¢, =06+2( T A) 0.9 )
52 EC4

The strength of cross-section (N,) of ordinary CFST column
according to CEN (2004) is given in Eq. (10). Based on CEN
(2004), Pagoulatou et al. (2014) suggested the compressive
strength equation for CFDST columns with inner and outer
tubes, as given in Eq. (11). Moreover, the strength capacity of
WRBs added to Eq. (11) as shown in Eq. (12):

N, = ﬂA$+ACfC(1+nC ) for CFST (10)

Lli) - for CFDST (1)

Vy = nsu(‘iso yo+‘1si.f,\'i)+‘1c.fb(1 +T]LD f
Lo fro )
D, f.

N,

u,mod ~

ﬂSD(ASUf;O+ASlf;I+ASb )sb)+ACfC(l + 770

for CFDST with welded reinforcing bars 12)

The squash load of the column reduces by the stability
reduction factor y, which depends on the slenderness ratio (1), as
given in Eq. (15). The calculation of 4 is assumed in Eq. (13),
where N, is the elastic buckling load of the column and N, is the
cross-section capacity. Furthermore, the effective flexural rigidity
(ELj) is specified in Eq. (14):

A= ]]-VV- (13)
El;=E,I,+E,I,+0.6E.lI (14)
Ny rcamoa = M Asofyo t Afut Acfe+ Ay fi) (15)
= ___.__.1__.___ (]6)
p+dF -7
$=05(1+a(A1-0.2)+1%) (17)

5.3 Design Strength by Han

Han et al. (2009) proposed a new formulation to predict the
cross-section capacity of unstiffened CFDST specimen, where
the effect of the confinement is considered in the shell concrete
strength. The maximum squash load of the unstiffened CFDST
column measured as follows:

N, =N,,tN,

u,Han iu osc,u

(18)
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In the present study, the cross-section capacity of the WRBs is
linearly added to the squash load equation of CFDST column as
follows:

Nt/,Hzm,mm/ = Ni, 1/+Nch+Nnvo, u (19)

Where’ Zvi,uz Asi,ﬁyi s N\'b = Axbfy\'b; ]Vr)sc,u :,](.;Ljf Asco; and kl = 1 When
the tube thickness is less than 16 mm;

fior = kiC 7 o0+ Co(1.14+1.02E))fs, (20)
d A, A, T 5

h — . — so. :A).A ==(d-2 <.

where, = s a= s T g A 2d-210)";
a Jvo (1+a,)

_ vl Sae 4 =4
Cl (1+a)9 é: 0“/1ka ) C2 (1+a)’AAL'U Am AL ,and

_ L
fox 1.5

The y is hollowness ratio and ¢ is a confinement ratio factor.
Besides, C1 and C2 are factors based on component area (area of
concrete and steel).

5.4 Design Strength by Yu
A strength capacity of the CFST column was suggested by Yu
et al. (2013), as follows:

N,y = (1+05(1+HQ)(f, 4+ fuAL) 21

where, (= (a. fo/fu), o =(A/A.), Q is a solid proportion, as =
AANA.+ Ay), A is an outer steel tube area, 4. is a shell concrete
area, and A4; is a hollow part area. The strength capacity
(N, yerpsy) of the unstiffened CFDST column was modified by
Hassanein and Kharoob (2014), where the squash load of inner
steel tube added to Eq. (21), hence, the equation of the unstiffened
CFDST columns is considered as follows:

Nu, Yu,CFDST = (1 + 05(5/1 + g)Q)(fs.{voAso +fc/rAc) +Ni, u;
(Ni, u :f;yiA.vi)
The strength generated by the welded reinforcing bars (N)

added to Eq. (22) to obtain the squash load of the stiffened
CFDST column as follows:

NI/, Yu,mod = (1 + 0'5(55/1 + @Q)(ﬁyoAm +f;kAc) +Ni,z/+N9h

where Ny, =f;,4,, Ay is an area of the inner tube, A4,, is an area of
the outer tube, f,; is yield stress of the inner tube, f;, is yield
stress of the outer tube and f,, is yield stress of the reinforcing
bars.

(22)

(23)

5.5 Results of Strength Predictions

The calculated strength predictions using the above-mentioned
modified methods (Necsmods Narscmods Nitanmod> a0 Ny o). It can
be shown in Table 3, the Ngcymod/N.y, ratios are less than one with
some exceptions. However, the mean value and the standard
deviation of Ngcymed/Ney, tatios are 0.97 and 0.03, respectively.
The N yisc.moa/Newp ratios are also lower than one, where the mean
value and the standard deviation of N sc ea/Neyp Tatios are 0.90
and 0.03, respectively. This means that the EC4,,,; method offers
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Table 3. Comparison of Strength Predictions with Test Results

S p e Cim en Ne\'p N EC4 mod/ N4 ISC mod/ N Han mo(l/ N Yu mod/
op exp op exp
Thin-thin
C-1 726.34 0.89 0.89 0.88 0.93
1-W0-0 758.61 1.02 0.93 0.93 0.96
1-W60-3 862.48 0.99 0.93 0.93 0.96
1-W114-3 861.77 0.99 0.93 0.93 0.96
1-W60-4 907.88 0.97 0.92 0.92 0.95
1-W114-4 | 880.25 1.00 0.95 0.95 0.98
1-W60-6 999.49 0.93 0.91 0.91 0.93
1-W114-6 975.55 0.95 0.93 0.93 0.95
Thick-thick
C-2 1,465.76 0.94 0.84 1.01 1.09
2-W0-0 1,622.25 1.01 0.91 1.01 1.06
2-W60-3 | 1,812.27 0.95 0.87 0.96 1.00
2-W114-3 | 1,745.14 0.99 0.90 1.00 1.04
2-W60-4 | 1,835.22 0.95 0.87 0.97 1.01
2-W114-4 | 1,789.22 0.98 0.90 0.99 1.03
2-W60-6 | 1,916.75 0.94 0.87 0.96 1.00
2-W114-6 | 1,850.37 0.97 0.90 1.00 1.04
Mean 0.97 0.90 0.95 0.99
Standard deviations 0.03 0.03 0.04 0.05
2000
1800
1600 +10% .
1400 UNSAFE -
1200 e
4
< 1000
= 800
600
400
200 B NAISC A NEC4 A NHan @ NYu-mod
0

0 200 400 600 800 1000 1200 1400 1600 1800 2000
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Fig. 18. Comparison of Experimental Ultimate Loads and Design
Methods Prediction

the best and more accurate predictions of the strength capacity
for stiffened CFDST columns compared to AISC,,y method,
Fig. 18.

On the other hand, the Ny me/Ney, ratios are lower than one
with some exceptions, where the mean value and the standard
deviation of Ny, med/Neyy ratios are 0.95 and 0.04, respectively.
The mean value and the standard deviation of Ny, /N, ratios
are 0.99 and 0.05, respectively. It means that the Han,,,; method
offers safe prediction of the strength capacity of the stiffened
CFDST columns compared to Yu,,.q method. It means that the
estimates of Yu,,,q method are slightly unconservative related to
thick tubes (thick-thick) combinations in these stiffened CFDST
columns.
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6. Conclusions

The current study presented an experimental work on the
CFDST column stiffened by Welded Reinforcing Bars (WRBs)
under compressive loading. A series of tests were conducted on
sixteen CFDST specimens. Two different D/f ratios and different
patterns of WRBs were used as parameters to enable a better
understanding of the performance of the stiffened CFDST column.
For that purpose, compressive loading vs. end shortening curves,
failure modes, strength index and concrete-steel contribution
ratio were analysed. Finally, the design methods that were used
in previous studies have been developed for comparison with
experimental results. Based on the results, the subsequent
conclusions can be drawn within the scope of this study:

1. The compression loading vs. end shortening curves of CFDSTs
revealed that the strength capacity, ductility, stiffness, and
toughness were increasing as the number of WRBs and/or
thickness of the steel tubes increased. Likewise, the buckling
of columns can be effectively postponed by increasing the
number of WRBs on the steel tubes.

2. The specimens with WRBs on the external surface of inner
tubes have a greater promising performance than the speci-
mens that have WRBs on the internal surface of outer tubes,
and achieved smaller inward and outward distortions. Fur-
thermore, the installation of the first pattern (WRBs with
inner tubes) is easier than the other pattern counterpart even
with the steel tubes that have a small diameter. Accordingly,
to provide the desired level of performance of CFDST col-
umns, it would be preferable to weld reinforcing bars on the
external surface of the inner tubes.

3. Obviously, the contribution of WRBs is less significant with
the thick tubes (thick-thick) in CFDST column, whereas, the
WRBs are more significant with thin tubes.

4. In terms of CSCRes, all specimens can gain the compression
capacity more than the thin-walled CFST columns counter-
part with less weight. In addition, the WRBs with inner steel
tubes affect positively on the mechanical response of CFDST
columns, which confirms their effectiveness slightly higher
than those that have WRBs with outer steel tubes. Addition-
ally, SI of the columns increased as the number of WRBs
increased, consequently, it can indicate that the confinement
performance of the specimen is increasing as the number of
WRBS increases.

5.In terms of failure modes, the thick-thick configurations
have a very promising performance and attained very small
inward and outward distortions. Hence, the thick tubes can
develop good “composite action” with the shell concrete.
Moreover, the thick tubes governed the compression behaviour
of the columns and did not allow the specimens to exhibit
shear failure modes.

6. The modified methods of EC4 and Han offer better and
more accurate predictions of the strength capacity for the
stiffened CFDST columns. As shown, the predictions pro-
vided by using these design methods are always on the safe

—2290 -

side. These modified formulas will be very useful to the
structural designers for a prescribed strength capacity of
CFDST columns.

7. The modified AISC method gives very conservative predic-
tions of the stiffened CFDST columns, which were about
10% lower than those of the experiments.

8. The modified Yu method offered unconservative predictions
of the strength capacity for stiffened CFDST columns with
some exceptions related to the thin-thin steel tubes combina-
tions, and thereby it does not satisfy the safety requirements.

Although this paper focuses on the experimental and theoretical

study of stiffened CFDST columns under axial compression,
additional research is needed to investigate the behaviour of
stiffened CFDST columns by using Finite element methods in
order to investigate if the FEM analysis is capable of predicting
the behaviour of stiffened CFDST columns or not.
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