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This paper presents an investigation into a new cold-formed concrete-filled double-skin steel stiffened tubular
(CFDSST) column. It consists of concrete filled between two concentrically-located square hollow steel tubes
where the outer steel tube is made with four lipped angles of cold-formed plates and lips which can be regarded
as longitudinal stiffeners. This new composite column has fewer welds compared to traditional concrete-filled
double-skin steel tubular columns with stiffeners. To investigate the axial compression mechanical properties
of the column, fifteen short columns were designed and fabricated, including thirteen CFDSST short columns and
two concrete-filled stiffened steel tubular (CFSST) columns, for comparison. The specimens were examined under
axial compression, and a finite element (FE) model was then developed and validated using the test results. Next,
a parametric analysis was carried out to explore the behaviour of the CFDSST columns with different properties.
The results show that the ultimate strength of CFDSST columns is significantly affected by the strength of
concrete. Finally, different international design methods were assessed to evaluate their applicability and ac-
curacy for these members. In light of the results, a new design formula was proposed for CFDSST columns which
accounts for the lateral confining pressure as well as the size effect.

consists of an inner and outer steel tubes of different sizes which are
concentrically located one inside the other, with concrete cast into the

1. Introduction

Nowadays, concrete-filled steel tubular (CFST) columns are widely
used in the construction of high-rise buildings and infrastructure due to
their various attributes including high strength, good plasticity and
excellent fire resistance. However, when CFST columns have a large
cross-sectional area, the concrete core greatly increases the weight of
column significantly, and may not be fully utilised, whilst also adding to
the potential seismic load on the structure. Therefore, the strength-to-
weight ratio of composite columns is a key factor in seismic design
and always represents a challenge [1-3]. Concrete-filled double-skin
steel tubular (CFDST) columns are an excellent solution and have been
widely used in practical applications in recent years. CFDST column

sandwich region between the two sections. Since the inner steel tube
replaces the central concrete component of CFSTs, the column has
increased flexural stiffness, lighter self-weight, as well as superior fire
resistance and seismic performance [4-7]. Researchers have studied
these members experimentally and numerically with different configu-
rations in recent years [e.g 8-14].

In more recent years, the addition of stiffeners to the outer steel
section of CFDST columns has been investigated, creating what are
known as concrete-filled double-skin stiffened steel tubular (CFDSST)
columns. These can improve the behaviour of composite columns
[15-171, since the stiffeners effectively delay local buckling of the outer
steel tube. The typical section types of CFDSST columns are shown in
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Nomenclature

B, Width of outer steel tube.

B; Width of inner steel tube.

w Width of the subpanel plate.

to Thickness of the outer steel tube.

t; Thickness of the inner steel tube.

ts Thickness of the stiffener.

hg Height of the longitudinal stiffeners.

L Height of columns.

fyo-comer  Yield strength of the outer section in the corner.
Afye Increase in yield strength in the steel region.
fyo-plate  Yield strength of the outer section in the flat parts.
fui Yield strength of the inner steel tube.

fyo Yield strength of the outer steel tube.

fys Yield strength of the stiffeners.

fy Yield strength of steel tube.

fu Ultimate tensile strength of steel tube.

feu Concrete cube compressive strength.

fex Characteristic design strength of concrete.

fe Concrete compressive strength.

fr Residual stress of confined concrete.

fya Yield strength of the structural steel.

fed Cylinder compressive strength of concrete.

fed Yield strength of reinforcing steel.

fee Confined concrete strength.

fo Lateral confining pressure on the concrete.
Egocomer Elastic modulus of the outer section in the corner.
Egoplate  Elastic modulus of the outer section in the flat parts.
Eg Elastic modulus of the inner section.

E. Elastic modulus of concrete.

A Cross-sectional areas of concrete.

Asi Cross-sectional areas of inner steel tube.

Ag Cross-sectional areas of stiffeners.

Aso Cross-sectional areas of outer steel tube.

Asy eff Effective cross-sectional area of outer steel tube.

A, Cross-sectional areas of the structural steel section.

As Cross-sectional areas of reinforcement.

Nu,exp  Ultimate resistance obtained by experiments.

Nu,re Ultimate resistance obtained by finite element model.

N, Total resistance of the section.

Nugcs  Ultimate resistance of the CFDSST column obtained by EC4
[26].

Nusssa00 Ultimate resistance of the CFDSST column obtained by
BS4500 [27].

Nu,psy  Ultimate resistance of the CFDSST column obtained by
DBJ/T 13-15-2010 [28].

Nuiprop  Ultimate resistance of the CFDSST column proposed by
author.

£85% Axial strain corresponding to 0.85Nul,Exp in the
descending branch of the axial load versus axial strain
response.

€750 Axial strain corresponding to 0.75Nul,Exp in the ascending
branch of the axial load versus axial strain response.

p Reduction factor for plate buckling.

c Engineering stress.

Otrue True stress.

€ Engineering strain.

Etrue True strain.

r Inner radius of the outer steel tube.

I Confinement factor.

e Flow potential eccentricity.

W Dilation angle.

v Viscosity parameter.

K. Second stress invariant on the tensile meridian to that on
the compressive meridian.

foo/fe Ratio of the compressive strength under biaxial loading to
uniaxial compressive strength.

x Hollow ratio.

Ye Strength reduction factor for the compressive strength that
accounts for the size effect of the column.

Fig. 1. Liang et al. [18] studied four types of square CFDSST columns as
shown in Fig. 1(a-d). The outer steel tubes were formed by welding two
“L-shape” steel parts and the stiffeners were pre-welded to the inner
sides of “L-shape” panels. The test results indicated that the ductility of
the CFDSST columns was improved due to the presence of stiffeners, but
the axial ultimate strength of the four types of CFDSST columns
decreased due to the reduction of the effective area of inner concrete.
Ding et al. [19] proposed a new type of CFDSST columns by welding
steel tubes with “T-shaped” plates and using stiffeners to connect the
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inner and outer steel tubes. However, the corner of steel tube was prone
to cracking due to the defects caused by welding. It was found that
stiffeners can delay local buckling of the tube and change its mode and
stress path. In addition, Zhang and Chen [20] and Dabaon et al. [21,22]
proposed fabricating stiffened composite columns by welding four lip-
ped angles of cold-formed plates. The lips can be regarded as longitu-
dinal stiffeners for the columns. The research results showed that these
columns effectively avoided cracking of the outer steel tube at the cor-
ners. Wang et al. [23-25] improved this column type further by
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Fig. 1. Different types of CFDSST columns.
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introducing the concrete-filled double-skin steel tubular (CFDSST) col-
umns, with the main aim of increasing the strength-to-weight ratio of the
column. Up until now, only Wang et al. [23-25] carried out experi-
mental and numerical investigations on the behaviour of CFDSST col-
umns fabricated by welding four lipped angles of cold-formed plates to
form the outer steel tube and circular steel tube as inner tube, and this
data is only available in Chinese. Their research results showed that the
formed CFDSST columns exhibit excellent performance and the stiff-
eners effectively delay the buckling of the outer tube and no cracking
occurs at the welds. However, it is clear that performance information
on CFDSST columns is very limited, and no data on the behaviour of
CFDSST columns made using square hollow sections, with the outer
section fabricated by welding four lipped angles of cold-formed plates, is
available in the literature. Therefore, these members are investigated in
the current paper.

The paper proceeds with a description of thirteen tests which were
conducted on CFDSST short columns with different properties under
axial compression, as well as two concrete-filled stiffened steel tubular
(CFSST) columns which were also examined for comparison. The
different variables examined in the test programme include concrete
strength f., width-to-thickness ratio of the outer square steel tube B,/t,,
width-to-thickness ratio of the inner square steel tube B;/t; and hollow
ratio y. A finite element (FE) model was also developed and its accuracy
and reliability were validated by comparison with test results. This was
then employed to conduct a parametric analysis to study the influence of
different parameters on the behaviour of CFDSST columns. Finally, the
design resistances calculated wusing international specifications
including Eurocode 4 Part 1-1 [26], BS5400 [27] and DBJ/T
13-15-2010 [28] were compared with the experimentally-obtained re-
sistances. A prediction model was established to calculate the ultimate
bearing capacity of CFDSST short columns under axial compressive load.
Overall, the current paper fills existing knowledge gaps by studying the
performance of cold-formed CFDSST short columns with SHS inner and
outer tubes under axial compression and provides a useful reference and
important performance data for the application of CFDSST columns in
civil engineering.

2. Experimental programme
2.1. Design and fabrication of specimens

A total of fifteen short columns were prepared and tested, including
thirteen CFDSST short columns and two CFSST columns. The cross-
section of the CFDSST columns is presented in Fig. 2(a) and a view of
the CFSST columns is shown in Fig. 2(b). The geometric and material
properties of the test specimens are given in Table 1, where column
labels starting with “S” and “SS” refer to CFSST columns and CFDSST
columns, respectively. The next number (either 160 or 200) refers to the
width of the outer steel tube and the last number (1—7) represents the
serial number of the CFDSST columns. The height of the longitudinal

Concrete

Stiffener

Weld

(a) CFDSST

Stiffener:
Inner steel tube

«— OQuter steel tube
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stiffeners is given as hg in the table whilst f., is the concrete cube
compressive strength. To avoid overall buckling of the columns, the
height (L) of columns was taken as three times the total width (B,) of the
outer steel tube. The height of the stiffeners was taken as 30 mm for the
current test specimens, which was designed to satisfy the rigidity
requirement in Eq. (1) proposed by Tao et al. [29]:

a(w\ £
I,=31x10%—] 22 1
Z31%10 (t) Do @

where w presents the width of the subpanel plate and it is to be taken as
0.5B,-2t,; and t; is the thickness of the stiffener and it is to be taken as 2¢,
for the CFDSST columns tested in this paper.

The CFDSST columns consisted of two endplates, four lipped angles
welded to create the outer tube, a welded square steel inner tube and the
concrete, as shown in Fig. 2. The fabrication process of the outer steel
tube is shown in Fig. 3. In the specimen preparation, both the inner and
outer steel tubes were welded to the bottom endplate, which had a
thickness of 20 mm. The concrete was then filled into the gap between
the two steel sections and compacted using a vibrator. After 14 days of
curing, a layer of high-strength mortar was applied to the top of each
specimen to ensure the flushness of the top surface. Twenty eight days
after concrete pouring, another end plate of 20 mm thickness was wel-
ded to the top end of each column. The fabrication process of CFDSST
columns is presented in Fig. 4.

2.2. Material properties

2.2.1. Concrete

The mix design for the concrete is presented in Table 2, where w/c
represents the water-to-cement ratio. As observed in the table, four
different concrete mixes were designed with target compressive
strengths of 40, 50, 60 and 70 MPa, respectively. The actual compressive
strengths of the concrete were determined by testing standard cube
specimens with a side of 150 mm. At least three cubes were crushes for
each mix, and the average compressive strength values f., are presented
in Table 2.

2.2.2. Steel

The outer steel tube and inner steel tube were fabricated from Q235B
steel grade and the endplate was fabricated from Q355A steel grade.
Standard tensile coupon tests were carried out to examine the me-
chanical properties of the steel used in the specimens. In order to
consider the effect of cold bending of the outer steel tube, an additional
tensile coupon test specimen was cut from the corner of the steel plate
after bending. The locations of tensile coupon test specimens are shown
in Fig. 5. The dimensions of tensile test specimens conformed to
American Standard ASTMA370-2017 [30] and the details of the tensile
coupons are shown in Fig. 6. The tensile test specimens were tested
according to international [30] and nations specifications [31] in a
1000 kN universal testing machine. A calibrated extensometer with a

Concrete

Weld
(b) CFSST

Fig. 2. Details of the CFDSST and CFSST specimens examined in the current programme.
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Table 1
Details of specimens and results.

Group Specimens B, (mm) t, (mm) hs (mm) B; (mm) t; (mm) feu (MPa) DI SI Nuexp (kN) Nupre (KN) Nu,re/Nul,Exp

CFSST S-160 160 1.9 30 - - 74.3 2.98 0.95 1894.6 2016.1 1.06
S-200 200 1.9 30 - - 74.3 2.65 1.10 3226.7 3119.5 0.97

CFDSST SS-160-1 160 1.9 30 50 2.76 50.2 2.83 1.14 1727.6 1637.1 0.95
SS-160-2 160 1.9 30 50 2.83 53.7 2.46 1.19 1884.4 1712.6 0.91
SS-160-3 160 1.9 30 50 2.83 87.6 1.85 1.25 2858.8 2638.6 0.92
SS-160-4 160 1.9 30 60 2.74 50.2 3.41 1.14 1722.9 1613.0 0.94
SS-160-5 160 2.7 30 50 2.79 50.2 2.70 1.05 1916.4 1881.0 0.98
SS-160-6 160 2.7 30 60 2.75 50.2 3.99 1.05 1905.4 1843.2 0.97

CFDSST SS-200-1 200 1.9 30 50 2.83 50.2 2.99 1.10 2338.4 2327.4 1.00
SS-200-2 200 1.9 30 50 2.78 53.7 2.41 1.02 2303.0 2319.9 1.01
SS-200-3 200 1.9 30 50 2.84 74.3 217 1.03 3037.4 3138.1 1.03
SS-200-4 200 1.9 30 50 2.80 87.6 2.13 0.97 3312.6 3601.8 1.09
SS-200-5 200 1.9 30 60 2.77 50.2 2.64 1.11 2359.0 2247.3 0.95
SS-200-6 200 2.7 30 50 2.76 50.2 3.99 0.96 2407.8 2619.3 1.09
SS-200-7 200 2.7 30 60 2.73 50.2 2.51 1.07 2655.5 2571.4 0.97

Mean 0.99

cov 0.056

Cold-formed I \

Fig. 3. Process diagram of the outer steel tube.

Endplats Endplate T~
/ Outer steel tube Plate Corner

=
/Inner steel tube — S
= =
I b
g AN S (I
K weld
= o Fig. 5. Location of tensile coupon test specimen.
—» [ ~Welded Unwelded /_:| l—
20I< L " 20
rl
Fig. 4. Fabrication process of CFDSST columns (all units are in mm). aE 4 a[:D
L
50 J_ 15 J_ 70 J_ 15 _|_ 50
00
Table 2 ) ]
Mix design and properties of the concrete. (a) For the plate region of the outer section
Concrete mix Unit C40 C50 C60 C70 ;3 %
Cement kg/ 454.55 408.16 526 386.84 :¢ —% | :Lﬂ :/:;h
m® B 70 Lis L 70! Lus L 70 1 L2 ﬂ%
Coarse aggregate kg/ 1047.27  1075.10  1002.00  1014.76 B i
A ls .
m
Fine aggregate kg/ 698.18 716.73 725.00 676.51 (b) For corner region of the outer section with a normal thickness of 2 mm
3
m
Water kg/ 200.00 200.00 163.00 155.40 5 3
m3 / rl v‘ e %,
w/c % 0.44 0.49 0.31 0.28 4 t T 1 T ! r": 1 J
Fly ash kg/ - - - 122.10 L 70 Las 70! as L 70 i L ﬂj
m3 L 240 i
Silica fume kg/ - - - 44.40 . . . .
m3 (c) For corner region of the outer section with a normal thickness of 3 mm
Water reducer kg/ - - 1.052 1.665 . . . i
m? Fig. 6. Dimensions of the tensile test coupons.
Concrete cube strength MPa 50.2 53.7 74.3 87.6
(f(:l.l)
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gauge length of 50 mm was used to measure the longitudinal strain until
fracture. The yield strength and the elastic modulus of the steel tubes are
presented in Table 3, where fyo.corner» fyoplate and fy; are the yield
strengths of the outer section in the corner, the outer section in the flat
parts and the inner section, respectively. Eso.corner» Eso-plate and Eg; are the
corresponding elastic modulus values.

2.3. Testing procedure

A 10,000 kN capacity hydraulic testing machine was utilised to apply
the axial compressive force to the test specimens, as depicted in Fig. 7.
The instrumentation and measuring devices used in the tests are pre-
sented in Fig. 7. The locations of the dial gauges on the specimens can
also be seen as Fig. 7. All of the columns were positioned in the testing
machine to ensure perfect alignment and verticality. To avoid localized
crushing of the concrete in the loading regions, champing devices were
used at both ends of the columns as recommended by Rohola et al. [32].
The ultimate axial resistance of the test specimens (Nyjgxp) Was pre-
dicted before testing using finite element (FE) analysis (as described
later in this paper). During the testing, until the applied axial load
reached 50% of the predicted load (i.e. 0.5Nyrg, where Ny pg is the
ultimate load predicted by the FE model), load control was adopted with
aload interval of 0.25Ny; rr and a loading rate of 5 N/s, and at each level
the load was held for about 2 min. After that, displacement control was
adopted with a displacement rate of 0.5 mm/min until the axial short-
ening of the column corresponded to an applied load which was
approximately 60% of the ultimate load capacity in the descending part
of the curve.

3. Test results and discussion
3.1. Failure modes of specimens

Fig. 8 presents a selection of photographs of CFDSST columns after
testing. Overall, the observations during the response of the specimens
can be divided into three different stages. Firstly, in the elastic stage,
there were no obvious changes observed in the outer tubes. Then, in the
second stage, there was audible evidence of concrete crushing before the
ultimate load was reached, but there was still no obvious deformation in
the specimens. Thereafter, in the final stage (i.e. post-peak loading
stage), the outer steel tubes began to demonstrate some deformations
and more significant crushing of the concrete developed. It was also
noted that the local outward buckling of the outer steel tube developed
rapidly after the ultimate load was reached. As evident in Fig. 8, all of
the CFDSST columns failed by local outward buckling of the outer steel
tubes. There was no evidence of steel fracture in the corner regions,
ensuring good deformation capacity of the CFDSST columns. The local
buckling locations mostly occurred between the column end and the
mid-height section and generally not in the same cross-section, avoiding
the total loss of bearing capacity at that cross-section. Additionally, the
failure modes of CFDSST columns were observed to be similar to the
CFSST columns. Fig. 9 shows the failure modes of the concrete and the
inner steel tube after testing, which were observed by removing some of
the outer steel and the infill concrete. With reference to Fig. 9(a), it is
observed that the concrete has undergone significant crushing. This is

Table 3
Material properties of steel.
Steel to i yo-corner Eso-corner 1y yo-plate Eso-plate
tube (mm) (MPa) (GPa) (MPa) (GPa)
Outer 1.9 363.7 203.4 293.9 203.2
2.7 420.8 201.6 336.6 200.4
Steel B; fyi (MPa) E,(GPa)
tube (mm)
Inner 50 331 202.1
60 335.2 201.7

Engineering Structures 303 (2024) 117560

Fixed end

Displacement
gauge

Loading end

Fig. 7. Test setup and clamping device.

due to the relatively weak confinement which exists after the outer thin-
walled steel tube has locally buckled. The levels of deformation of the
inner steel tubes are presented in Fig. 9(b) and it is observed that the
inner steel tube has buckled inward.

3.2. Axial load versus deflection

The axial load versus deflection responses for all test specimens are
presented in Fig. 10. From the results presented, it is observed that the
overall shape is quite similar for all specimens, and can generally be
divided into three key stages, i.e. the elastic stage, the elastic-plastic
stage and then the descending branch of the response (post-peak
loading stage). The initial stiffness in the elastic range is very similar for
all specimens, with the exception of column SS-160-6 in Fig. 10(a)
which had a slightly stiffer response. This is likely to be owing to
experimental conditions during that test and the relatively thicker outer
steel tube employed in this member, compared with the other speci-
mens. Again, in Fig. 10(a), it is observed that specimen SS-160-3 had the
highest load carrying capacity, owing to the concrete strength in this
column. With regard to the post-peak loading stage, it is observed that
the CFDSST columns had greater load resistance than the CFSST col-
umns. This is due to the presence of the inner steel tube. With regard to
specimens with B, of 200 mm (presented in Fig. 10(b)), the same result
can be expected because the curve appears with a significant downward
slope (without reaching a turning point representing the start point of
the residual strength of the column) before early termination of S-200
specimen test.

3.3. Ultimate load and ductility index (DI)

Table 1 presents the highest ultimate load Ny gxp achieved in the
experiments, and it is observed that the highest capacity was obtained
for the test specimen SS-200-4. This was the column with the largest
cross-section of those examined, and also contained the highest strength
concrete. The table also includes the ductility index DI for each of these
specimens, determined in accordance with the expression given in Eq.
(2) [15]:

£85%

Dl = ——— 2
8750/,/0.75 ( )

where eg5, is the axial strain corresponding to 0.85Nyjgyp in the
descending branch of the axial load versus axial strain response and e75,
is the axial strain corresponding to 0.75Ny gxp in the ascending branch
of the same curve. In addition to the values given in Table 1, Fig. 11 also
presents a graphical representation of the DI data. By comparing SS-
160-1, SS-160-2 and SS-160-3, it is observed that when the strength of
the infill concrete was increased from C40 to C60 and C70, Nyjkxp
increased from 1727.6 kN to 1884.4 kN and 2858.8 kN representing
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S-160 SS-160-1 SS-160-2 SS-160-3 SS-160-4 SS-160-5 SS-160-6
Fig. 8. Typical specimens after testing.
Concrete crushing
Outward
buckling
(a) Outer steel tube and concrete
Fig. 9. Failure modes of tube and concrete of a typical specimen.
3500 4000
—S-160 SS-160-1 —S-200 SS-200-1
3000 | - S81602 —.-5S-160-3 33007 - - $8-200-2 — - $S-200-3
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Axial shortening (mm)

(a) Bo=160 mm

Axial shortening (mm)

(b) Bo=200 mm

Fig. 10. Axial load-displacement responses for the test specimens.

increases of 9.08% and 65.48%, respectively. On the other hand, for
these same specimens, the DI decreased from 2.83 to 2.46 and 1.85
representing reductions of 13.07% and 34.53%, respectively. This
clearly demonstrates that although employing higher strength concrete
can enhance the axial compressive bearing capacity, it is accompanied
by a reduction in ductility.

By comparing SS-160-1 and SS-160-4, it is evident that when the
hollow ratio (defined herein as B;/B,) increased from 0.313 to 0.375,

there was little effect on the axial compressive bearing capacity, but the
DI increased from 2.83 to 3.41 (i.e. 20.49%). The DI was increased for
members with relatively higher hollow ratio owing to the greater cross-
sectional area of steel provided. For members SS-160-4 and SS-160-6, it
was observed that when the width-to-thickness (B,/t,) ratio of the outer
tube decreased from 84.21 to 59.26, Ny xp increased from 1722.9 kN to
1905.4 kN representing an increase of 10.59%, while the DI increased
from 3.41 to 3.99 (i.e. 17.0%). Therefore, the axial compressive capacity
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and the ductility index of CFDSST columns tend to increase with a
reduction of B,/t, ratio owing to the increased stiffness of these cross-
sections.

3.4. Strength index (SI)

The strength index SI is a property which was developed to illustrate
the relative influence of the combined resistance of the component el-
ements in CFDST columns [33], and it is determined in accordance with
the expression given in Eq. (3) for CFDSST columns:

Nul

where Ny represents the ultimate resistance of specimens obtained by
experimental testing (Ny1,gxp) or through finite element analysis (Ny,rr)
as given in Table 1. N; refers to the total resistance of the section, and is
calculated as the summation of the resistance of each of the component
elements, as given in Eq. (4):

N, = Asy,efffyo +Assfys +Asifyi +Acﬁt (4)

where fyo, fys and fy; are the yield strengths of the outer steel tube, the
stiffeners and the inner steel tube, respectively, and f. is the concrete
compressive strength of the concrete. The relationship between the
concrete compressive strength (f.) and the concrete cube compressive
strength (f.,) is defined as given in Eq. (5):

fi= {O.76+0.2]0g10 (lfg—é)}f ®)

A, Agsj and Agg are the cross-sectional areas of the concrete, the inner
steel tube and the steel stiffeners, respectively. For the outer steel tube,
the effective area method proposed in Eurocode 3 [34] is used to
calculate the effective cross-sectional area (Agy,eff), to account for the
increased propensity of these elements to buckle locally. Agyefr is
calculated as:

Asy.eff = pAso (6)

where Ag, is the cross-sectional area of the steel section and p is the
reduction factor for plate buckling, as defined in Eq. (7):

1.0 7, < 0.673

=1 4, —0.055(3 = 7
g pzizwll/) Ap > 0.673, where(3 +y) >0 )

P

where y is the stress ratio and is taken as 1.00 for symmetrical cross-
sections, while 7,is defined as:
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- 1y B, /2t,
A=/ =272 8
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where ¢ is taken as /235/f,and k; is taken as 4 when y = 1.

The SI value for each specimen determined using Eq. (3) is given in
Table 1. For the thirteen CFDSST columns, it is observed that the SI
values ranged between 0.96 and 1.25. Note that members whose SI
values exceed unity are those for whom the combined action contributed
positively to the load-bearing capacity of the member. From Table 1, itis
clearly observed that the SI value of specimens with a width of 160 mm
was generally higher than that of specimens with a width of 200 mm.
The highest SI value was obtained for specimen SS-160-3 which had the
highest strength concrete infill of the B,= 160 mm members. On the
other hand, the lowest SI value was obtained from specimen SS-200-6,
which was almost identical to SS-200-4 apart from the concrete
strength, indicating that this is a very influential parameter for the
strength index.

4. Finite element analysis

It was clear during the experimental programme that the geometric
and material parameters of the columns were very influential to the
overall behaviour, including load-carrying capacity and ductility. In
order to investigate a wider range of parameters than was possible in the
physical testing programme, a finite element (FE) model was developed
using the ABAQUS software [35] and validated against the experimental
results.

4.1. Development of the FE model

4.1.1. Initial model conditions

A FE model was developed for each of the test specimens discussed in
the current paper, using the geometric and material properties given in
Table 1, and schematic views of the model are presented in Fig. 12. In all
cases, the model comprises two rigid plates at the member ends, the
infill concrete, as well as the inner and outer steel tubes. The steel tubes
were modelled using four-node shell elements with reduced integration
(i.e. the S4R elements in the ABAQUS software), whilst 8-node brick
elements with three translation degrees of freedom at each node
(C3D8R) were employed for the infill concrete and the endplates. A
mesh sensitivity study was conducted in order to optimise computation
efficiency as well as accuracy of the results. As a result of this study, the
element sizes across the cross-section were selected as 12 mm and
15 mm for specimens with B, equal to 160 mm and 200 mm, respec-
tively, whilst the corresponding element sizes in the axial direction were
24 mm and 30 mm for the same column sizes. The end conditions of the
columns are shown in Fig. 12, where it is shown that the bottom end of
the columns were fully fixed, with no movement permitted for any of the
degrees of freedom (i.e. Uy =U; =U3 =UR; =URy =UR3 =0, where U;,Us
and Us are translations in the X, Y and Z, directions respectively, and
URj, UR; and URj are the rotational degrees of freedom about the X, Y
and Z axes, respectively). On the other hand, at the top of the columns,
all degrees of freedom were again restrained, apart from Us, which is
translation in the Z direction, corresponding to axial displacements.
There were two reference points defined at the centre of each endplate
and the axial displacement was applied through the top reference point.
Therefore, the ultimate loads and axial load versus displacement re-
sponses of the specimens were taken at this point.

The four lipped angles were connected using the ‘tie’ constraint be-
tween the contact faces of the stiffeners. Both endplates were set as rigid
bodies and were effectively tied to the steel tubes. A ‘surface to surface
contact’ was defined at the interfaces between the concrete and the steel
(i.e. the concrete and the end plates, as well as the concrete and the steel
tubes), including a ‘hard contact’ in the normal direction and a ‘penalty
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Loaded end: U;=U=UR;=UR,=UR3=0

Endplates
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Outer steel
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Fixed end: U;=U,=U3s=UR;=UR,=UR3=0

Fig. 12. Typical FE model with meshing scheme, load and boundary conditions.

constraint algorithm’ to simulate the tangential behaviour. The friction
coefficient between the steel and the concrete was selected as 0.6, in
accordance with the guidance elsewhere for similar elements [36].

4.1.2. Initial imperfections

Geometric imperfections develop in steel sections during their pro-
duction, as well as if welding is used and they can be quite influential to
the material behaviour. However, it has been shown that geometric
imperfections generally have a negligible effect on the performance of
composite columns [37,38]. Tao et al. [38] found that initial imper-
fections had no significant effect on the behaviour of stiffened
thin-walled CFSST columns, mainly because the concrete plays a much
more significant role than the steel in terms of load-capacity. Therefore,
initial geometric imperfections were not included in the FE simulation,
to reduce the computational effort. On the other hand, the enhanced
strength which develops in the corner regions of cold-formed tubes
during the fabrication process, were accounted for, as discussed in the
following section. While residual stresses affects the behaviour of bare
steel tubes, they have negligible effect on composite columns as found
by Tao et al. [17]. Accordingly, they have been ignored in the current FE
modelling.

4.1.3. Material modelling
The steel was modelled using an elastic-perfectly plastic material
model, as shown in Fig. 13(a); this rather simple model was considered

A

VA !

S |
w2 1
wn 1
= :
2 |

|/ aré:tan (Ey
o) : -
&, Strain ¢

(a)

as a useful method for square steel tube in which the resistance of steel
tubes is dominated by local buckling [37]. In the FE model, the engi-
neering stress (o) and strain (¢) were converted into true stress (6yrye)
and strain (e¢ye), as required in the ABAQUS model, using Egs. (9-10),
respectively:

Ome =0 X (1+¢€) (C)]

€me = In(1 +¢) J"? (10)

As stated before, the additional strength which develops in cold-
formed steel sections in the corner regions during fabrication were
also accounted for the in the model, as illustrated in Fig. 14. The increase
in yield strength in the steel region (Afy.) was determined using Eq. (11)
according to the guidance proposed elsewhere [39]:

AfyC:O.G{ = fl.O}fy 11

(r/0)"

where r is the inner radius of the corner of the outer steel tube (Fig. 14)
and is taken as 1.5t, in the current paper; B, and m are coefficients
related to the ratio of f; to f; determined in accordance with the

expression given in Eqs. (12-13); and f, is the ultimate tensile strength of
the steel tube and determined using Eq. (14).

=

Confined concrete

Stress o

e Strain ¢

(b)

Fig. 13. Material models for (a) steel and (b) infill concrete.
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Fig. 14. The location of strengthening effect caused by cold-forming developed
in the corner regions.
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For the infill concrete, the concrete damaged plasticity (CDP) model
proposed by Tao et al. [40] was employed to simulate the behaviour
using the material model for confined concrete presented in Fig. 13(b)
and given in Eq. (15):

fo=

AX + BX? .
e 0<e<ey
1+ (A-2)X+ (B+1)X
o= f. £ < € < Eqe (15)
_ 5
fi+ <f ffr)exp{f (=) } e> e
In these expressions, X = ¢/eo, A= (Etw)/f., B

= ((A —1)*/0.55) —1.0 and E, is taken as 4700+/f., and these terms are
defined as shown in Fig. 13(b). The residual stress f; was taken as 0.1 f.
The parameter o was determined in accordance with the expression
given in Eq. (16) and p was taken as 0.92.

a = 0.005+0.0075¢&, 16)

The strain values at point A (e.9) and at point B (&..) were determined
as given in Eqgs. 17 and 17, respectively.

£ = 0.00076 + \/ (0.626f. —4.33) x 107 17)
Lo _ ok
€co

N 0.3124+0.002; (18)
k = (2.9224 — 0.00367f, ) (E>

where fg was proposed by Tao et al. [40] based on a regression analysis,
and as expressed as:

025 (1 + 0027fy) .e—(J.OZ\/BZ+DE

19
1+ 1.6e-10-(f,)**

JB

The confinement factor &, is a crucial parameter for composite col-
umns, and is expressed as:
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AL
Adfex

& (20)

where Ag and A, are the cross-sectional areas of the steel tube and infill
concrete, respectively, and f; and fo are the characteristic design
strengths of the two component materials, respectively, and fx was
taken as 0.67 f.,. To simplify the calculation, the stiffeners were not
considered when determining A; and A, as suggested by other re-
searchers [31] The other parameters required in the CDP model include
the flow potential eccentricity (e), the dilation angle () and the vis-
cosity parameter (v) and these were taken as 0.1, 40° and 0.0001,
respectively. The other parameters including the second stress invariant
on the tensile meridian to that on the compressive meridian (K.) [41],
the modulus of elasticity (E.) [40] and ratio of the compressive strength
under biaxial loading to uniaxial compressive strength (f,o/f.) [40] are
defined in accordance with Eqs. (21-23), respectively:

5.5

AP L 21
54 2(]%)0.075 ( )

E. = 4700+/f. (22)

fo [f = 15() 23)

4.2. Validation of the FE model

The test data presented previously in this paper are employed in the
current section to validate the numerical model, and there are three
different performance indicators employed to assess the accuracy of the
model (i) a comparison of the axial load versus axial shortening re-
sponses, (ii) a comparison of the ultimate loads Ny rr and Ny gxp, and
(iii) a comparison of the failure modes. Firstly, Fig. 15 presents a com-
parison of the axial load versus axial shortening results from both the
experiments and the FE models, with only four representations shown
for brevity considerations. It is observed that the overall shape of the
responses is very similar, and the numerical model is clearly able to
provide a good depiction of the general response. The initial stiffness
and the ultimate loads are also well represented, whilst the descending
branch in the post-peak range, are also very well matched. As expected
for this type of comparison, there are some minor differences between
the numerical and experimental results and these are attributed to dif-
ferences between the real and idealised material properties, as well as
slight errors which may have developed in the support and loading
conditions during the tests.

Table 1 provides the ultimate load predictions from the FE model Ny,
rE together with those from the tests Ny exp as well as the Nyj,pp/Nul,Exp
ratio. It is observed that the mean Ny rr/Ny)exp ratio and coefficient of
variation (COV) values are 0.99 and 0.056, respectively, which dem-
onstrates the accuracy of the FE model. For the failure modes, Fig. 16
presents a comparison of the deformed shapes from the FE model and
the corresponding experiment for a selection of columns, which repre-
sent the full range of failure modes observed. It is observed that the
model is capable of capturing the key failure modes which occurred in
the tests, including buckling of the outer and inner steel tubes as shown
in Fig. 9. Overall, the observations and comparisons presented herein
indicate that the FE model is capable of providing an excellent depiction
of the real response of CFDSST columns including the axial load versus
axial shorting responses (Fig. 15), the ultimate capacities (Table 1), and
the failure modes (Fig. 16).

5. Comparison of CFDSST and CFSST columns
In this section, the behaviour of concrete-filled double-skin steel

stiffened tubular (CFDSST) columns is compared with that of concrete-
filled stiffened steel (CFSST) columns, thus examining the influence of
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Fig. 15. Comparison of numerical and experimental load versus axial shortening curves.

the inner steel tube and reduced concrete infill material in the double-
skin members on the behaviour. Fig. 17(a) presents the axial load
versus axial shorting responses for S-200 and SS-200-3, which were
identical in terms of outer tube dimensions and concrete strength. It is
shown that the structural performances, including the ultimate re-
sistances, are almost identical although the CFSST contains 5.6% more
concrete than the CFDSST, which in turn, contains the additional thin-
walled inner tube. In this case, it is clear that the contributions made
by the difference in concrete areas between the CFDSST and CFSST
members, and the contribution made by the inner steel tube in the
CFDSST, are very similar in terms of their influence on the structural
response. It is also noteworthy that as concrete has a much greater
density than steel, and the difference in concrete volumes between
CFSSTs and CFDSSTs can be significant, the strength to weight ratio for
CFDSSTs is typically very favourable compared with CFSSTs. CFDSSTs
also offer greater flexural rigidity owing to the presence of the inner steel
tube.

On the other hand, the composite action between the steel tubes and
sandwiched concrete can be evaluated by drawing the load versus ey /¢
ratio relationships for steel tubes, as presented in Fig. 17(b).e, is the
transverse strain at the mid-height of the columns ande; is the corre-
sponding longitudinal strain at the same point. When the ¢ /¢ ratio
becomes greater than 0.3, the concrete becomes confined. As can be
noticed, the outer tubes of columns S-200 and SS-200-3 show generally
the same behaviour within the entire loading range, where the
confinement effect (¢5/€,>0.3) of the concrete starts before reaching the
ultimate load. For case of the inner tube of SS-200-3, the inner tube
confines effectively the concrete at the same load as the outer tubes,
although it does so slightly from the start of loading.

10

With regard to the concrete stress, Fig. 17(c) presents the stress
contour of the sandwiched concrete at three load levels; 75%Ny g in
ascending branch (before the initiation of concrete confinement), Ny rg
and 75%Ny g in descending branch. From the stress contour, it can be
seen that CFDSST columns are more effective in confining central con-
crete after the ultimate load compared to CFSST columns.

6. Parametric analysis

A series of parametric studies were performed on CFDSST columns to
fully investigate their behaviour and to evaluate the relative influence of
different parameters on their ultimate performance. Previous research
showed that the yield strength of the inner tube has a relatively insig-
nificant effect on the behaviour of composite columns [42], so this value
fyi was fixed at 235 MPa. The variables examined in the parametric
analysis include the yield steel strength of the outer tube fy,, the con-
crete strength f. the depth of the stiffeners hs, the width to thickness
ratio of the outer steel tube B,/t, and the hollow ratio B;/B,. A total of
127 models were simulated, and they were divided into four different
groups according to different B, values. The values of Ny rr obtained
from the parametric studies are presented in Table 4, along with the
details of the study. The results are divided into 4 groups (G1 to G4),
depending on B,,.

6.1. Yield strength of the outer tube fy,

Fig. 18 presents the axial load versus axial shortening responses for a
range of scenarios, to illustrate the influence of fy,. This study was
conducted for a range of B,/t, ratios, and it was observed that the key
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Fig. 16. Comparison of numerical and experimental deformed shapes for a range of typical specimens.

findings were identical for all of the value examined; therefore, for
brevity, the results for B,/t,= 72 are presented herein for illustration. It
is clear that increasing fy, has the effect of improving the axial
compressive capacity and the post-peak bearing capacity of CFDSST
columns. The influence of fy, on the ductility of CFDSST columns is
shown in Fig. 19(a) where it is observed that the DI tends to increase for
higher fy, values and this trend is more pronounced as B,/t, ratio
reduces.

6.2. Concrete strength

A range of different concrete strengths were examined for the infill
material, varying between 30 and 60 MPa. The influence of this property
on the axial load versus axial displacement response is shown in Fig. 20.
As in the previous section, it is noteworthy that this analysis was con-
ducted for columns with a range of B,/t, ratios, and the observations
were identical. Therefore, for brevity, the results for B,/t,= 72 are
presented herein to demonstrate the key findings. It is evident that
increasing the strength of the concrete can significantly improve the
axial compressive capacity of the columns. The effect of the concrete
strength on the ductility of CFDSST columns is shown in Fig. 19(b). It is
observed that the ductility of CFDSST columns reduces with increasing
concrete strength. Additionally, it is noteworthy concrete strength has a
greater effect on the ductility compared with the steel yield strength.

Table 5 also presents the ANy rr/Afyo and ANy pe/Af. ratios, which
is a measure that was proposed by Ayough et al. [35] to evaluate the
efficiency of improving the ultimate resistance of CFDSST columns
(ANy re) by increasing the steel strength of the outer tube Afy, or the
concrete strength (Afe). It is observed that ANy re/Afy, is less than 0.40
in all cases whereas ANy re/Af. varies between 0.5 and 0.8 which in-
dicates that for the range of values examined herein, the increases in
concrete strength had a greater influence on the ultimate capacity,
compared with using higher steel grades. This is likely to be a function of
the relative cross-sectional areas of the two materials in the
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cross-section, as well as the particular material grades examined.
6.3. Bo/t,

To illustrate the effect of the width-to-thickness ratio of the outer
tube (B,/t,) on the resistance of CFDSST columns, the relationship be-
tween B,/t, and the f. for CFDSST columns is shown in Fig. 21. The
influence of B,/t, ratio on the ultimate resistance of CFDSST columns
with different concrete strengths, steel yield strengths, stiffener depths
and widths of the inner tube is presented. Overall, it is clear that in all
cases examined, the ultimate resistance of CFDSST columns reduces
with increasing B,/t, ratios. This is because increasing the B,/t, ratio by
reducing the tube thickness, lowers the confining stresses that develop
on the concrete. The effect of B,/t, ratio on the ductility of CFDSST
columns with different concrete strengths is presented in Fig. 22. Here, it
is observed that the DI values decrease with increasing B,/t, ratios
irrespective of the concrete infill strength.

6.4. Hollow ratio y

The hollow ratio y is an important parameter for double-skin com-
posite columns and is defined herein as B;/B,,. The relationships between
hollow ratio and the capacity and ductility of CFDSST columns are
presented in Fig. 23 and Fig. 24, respectively, where y was varied be-
tween 0.227 and 0.457. It is observed that the axial capacity generally
reduced for higher values of y but the influence of y was relatively
limited for the range of specimens examined. On the other hand, with
reference to Fig. 24, it is shown that the ductility of CFDSST columns
generally increased for columns with higher hollow ratios, especially
when y > 0.4. It is noteworthy that columns with relatively high y
values, have lower self-weight and material usage requirements for the
same B, value, and therefore can provide an efficient structural solution.
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Table 4
Details and results from the parametric study on CFDSST columns.
Groups ~ specimens B, to Bo/ B; G X fyo fye fyi fe hs Nuire DI SI
(mm) (mm) to (mm) (mm) (MPa) (MPa) (MPa) (MPa) (mm) (kN)

G1 Cl 180 2 90 40 2 0.222 235 330 235 30 30 1434.6 2.33 1.06
C2 180 2 90 40 2 0.222 235 330 235 40 30 1714.2 1.96 1.05
C3 180 2 90 40 2 0.222 235 330 235 50 30 2009.8 1.74 1.04
C4 180 2 90 40 2 0.222 235 330 235 60 30 2303.1 1.61 1.04
C5 180 2 90 40 2 0.222 275 356 235 30 30 1487.1 2.56 1.06
C6 180 2 90 40 2 0.222 355 416 235 30 30 1631.9 2.65 1.09
Cc7 180 2 90 40 2 0.222 420 470 235 30 30 1762.2 2.50 1.12
Cc8 180 2 90 40 2 0.222 235 330 235 30 40 1464.0 2.36 1.06
c9 180 2 90 40 2 0.222 235 330 235 30 50 1486.6 2.49 1.05
C10 180 2 90 40 2 0.222 235 330 235 30 60 1518.7 2.48 1.05
C11 180 2 90 60 2 0.333 235 330 235 30 30 1402.1 2.41 1.06
C12 180 2 90 70 2 0.389 235 330 235 30 30 1362.3 2.51 1.04
C13 180 2 90 80 2 0.444 235 330 235 30 30 1320.5 2.60 1.03
Cl14 180 2.5 72 40 2 0.222 235 330 235 30 30 1531.7 2.59 1.04
C15 180 2.5 72 40 2 0.222 235 330 235 40 30 1815.9 2.09 1.03
Cl6 180 2.5 72 40 2 0.222 235 330 235 50 30 2101.3 1.82 1.03
C17 180 2.5 72 40 2 0.222 235 330 235 60 30 2388.3 1.67 1.03
C18 180 2.5 72 40 2 0.222 275 356 235 30 30 1617.9 2.73 1.04
C19 180 2.5 72 40 2 0.222 355 416 235 30 30 1789.5 2.95 1.05
C20 180 2.5 72 40 2 0.222 420 470 235 30 30 1948.7 3.00 1.08
C21 180 2.5 72 40 2 0.222 235 330 235 30 40 1558.4 2.70 1.03
C22 180 2.5 72 40 2 0.222 235 330 235 30 50 1592.4 2.84 1.02
C23 180 2.5 72 40 2 0.222 235 330 235 30 60 1631.8 2.96 1.02
C24 180 2.5 72 60 2 0.333 235 330 235 30 30 1492.8 2.78 1.03
C25 180 2.5 72 70 2 0.389 235 330 235 30 30 1459.4 2.83 1.02
C26 180 2.5 72 80 2 0.444 235 330 235 30 30 1417.5 3.04 1.01
C27 180 3 60 40 2 0.222 235 330 235 30 30 1627.4 2.93 1.04
C28 180 3 60 40 2 0.222 235 330 235 40 30 1911.1 2.27 1.04
C29 180 3 60 40 2 0.222 235 330 235 50 30 2193.3 1.93 1.03
C30 180 3 60 40 2 0.222 235 330 235 60 30 2438.4 1.82 1.01
C31 180 3 60 40 2 0.222 275 356 235 30 30 1736.2 3.16 1.04
C32 180 3 60 40 2 0.222 355 416 235 30 30 1933.6 3.56 1.02
C33 180 3 60 40 2 0.222 420 470 235 30 30 2123.3 3.65 1.03
C34 180 3 60 40 2 0.222 235 330 235 30 40 1674.7 3.05 1.04
C35 180 3 60 40 2 0.222 235 330 235 30 50 1716.3 3.21 1.03
C36 180 3 60 40 2 0.222 235 330 235 30 60 1756.6 3.36 1.03
C37 180 3 60 60 2 0.333 235 330 235 30 30 1591.2 3.11 1.03
C38 180 3 60 70 2 0.389 235 330 235 30 30 1563.3 3.21 1.03
C39 180 3 60 80 2 0.444 235 330 235 30 30 1513.8 3.56 1.01

G2 C40 240 2 120 40 2 0.167 235 330 235 30 30 2265.1 1.88 1.07
C41 240 2 120 40 2 0.167 235 330 235 40 30 2793.2 1.69 1.05
C42 240 2 120 40 2 0.167 235 330 235 50 30 3334.0 1.56 1.04
C43 240 2 120 40 2 0.167 235 330 235 60 30 3884.4 1.47 1.04
C44 240 2 120 40 2 0.167 275 356 235 30 30 2348.5 1.97 1.08
C45 240 2 120 40 2 0.167 355 416 235 30 30 2560.0 2.04 1.13
C46 240 2 120 40 2 0.167 420 470 235 30 30 2649.8 1.99 1.13
C47 240 2 120 40 2 0.167 235 330 235 30 40 2270.7 1.95 1.05
C48 240 2 120 40 2 0.167 235 330 235 30 50 2327.8 1.95 1.06
C49 240 2 120 40 2 0.167 235 330 235 30 60 2358.7 1.97 1.06
C50 240 2 120 60 2 0.250 235 330 235 30 30 2240.9 1.90 1.07
C51 240 2 120 70 2 0.292 235 330 235 30 30 2219.2 1.93 1.07
C52 240 2 120 80 2 0.333 235 330 235 30 30 2172.3 1.96 1.06
C53 240 2.5 96 40 2 0.167 235 330 235 30 30 2449.3 212 1.07
C54 240 2.5 96 40 2 0.167 235 330 235 40 30 2979.3 1.80 1.06
C55 240 2.5 96 40 2 0.167 235 330 235 50 30 3507.6 1.64 1.05
C56 240 2.5 96 40 2 0.167 235 330 235 60 30 4010.1 1.55 1.04
C57 240 2.5 96 40 2 0.167 275 356 235 30 30 2560.1 2.24 1.09
C58 240 2.5 96 40 2 0.167 355 416 235 30 30 2787.4 2.33 1.11
C59 240 2.5 96 40 2 0.167 420 470 235 30 30 2949.0 2.21 1.13
C60 240 2.5 96 40 2 0.167 235 330 235 30 40 2468.3 2.20 1.06
C61 240 2.5 96 40 2 0.167 235 330 235 30 50 2516.7 2.20 1.06
C62 240 2.5 96 40 2 0.167 235 330 235 30 60 2541.1 2.30 1.06
C63 240 2.5 96 60 2 0.250 235 330 235 30 30 2418.8 2.16 1.07
C64 240 2.5 96 70 2 0.292 235 330 235 30 30 2396.1 2.19 1.07
C65 240 3 80 40 2 0.167 235 330 235 30 30 2558.6 2.26 1.04
C66 240 3 80 40 2 0.167 235 330 235 40 30 3083.0 1.88 1.04
C67 240 3 80 40 2 0.167 235 330 235 50 30 3605.8 1.68 1.03
C68 240 3 80 40 2 0.167 235 330 235 60 30 4127.7 1.57 1.03
C69 240 3 80 40 2 0.167 275 356 235 30 30 2691.8 2.40 1.05
C70 240 3 80 40 2 0.167 355 416 235 30 30 2960.8 2.55 1.08
C71 240 3 80 40 2 0.167 420 470 235 30 30 3185.3 2.58 1.10
C72 240 3 80 40 2 0.167 235 330 235 30 40 2602.4 2.31 1.04
C73 240 3 80 40 2 0.167 235 330 235 30 50 2644.9 2.34 1.04

(continued on next page)
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Table 4 (continued)
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Groups specimens B, to B,/ B; t; X fyo fye fyi fe hs Nyire DI SI
(mm) (mm) to (mm) (mm) (MPa) (MPa) (MPa) (MPa) (mm) (kN)

C74 240 3 80 40 2 0.167 235 330 235 30 60 2693.4 2.37 1.04
C75 240 3 80 60 2 0.250 235 330 235 30 30 2532.2 230  1.04
C76 240 3 80 70 2 0.292 235 330 235 30 30 2506.7 233  1.04
C77 240 3 80 80 2 0.333 235 330 235 30 30 2463.3 2.37 1.03

G3 C78 300 2 150 40 2 0.133 235 330 235 30 30 3288.8 1.84 1.06
C79 300 2 150 40 2 0.133 235 330 235 40 30 3999.7 1.70 1.01
C80 300 2 150 40 2 0.133 235 330 235 50 30 4982.8 1.46 1.04
C81 300 2 150 40 2 0.133 235 330 235 60 30 5814.5 1.40 1.03
C82 300 2 150 40 2 0.133 275 356 235 30 30 3440.8 1.88 1.09
C83 300 2 150 40 2 0.133 355 416 235 30 30 3580.5 196 1.10
C84 300 2 150 40 2 0.133 235 470 235 30 40 3362.2 2.18 1.07
C85 300 2 150 40 2 0.133 235 330 235 30 50 3397.3 1.85 1.07
C86 300 2 150 40 2 0.133 235 330 235 30 60 3436.4 1.86 1.07
Cc87 300 2 150 60 2 0.200 235 330 235 30 30 3303.6 1.81 1.07
C88 300 2 150 70 2 0.233 235 330 235 30 30 3255.4 1.83 1.07
C89 300 2 150 80 2 0.267 235 330 235 30 30 3201.6 1.79 1.06
C90 300 2.5 120 40 2 0.133 235 330 235 30 30 3392.9 1.78 1.04
C91 300 2.5 120 40 2 0.133 235 330 235 40 30 4272.4 1.33  1.04
C92 300 2.5 120 40 2 0.133 235 330 235 50 30 5130.8 1.51 1.03
C93 300 2.5 120 40 2 0.133 235 330 235 60 30 5985.3 1.44 1.03
C9%4 300 2.5 120 40 2 0.133 275 356 235 30 30 3486.6 1.83 1.04
C95 300 2.5 120 40 2 0.133 355 416 235 30 30 3633.9 2.01 1.04
C96 300 2.5 120 40 2 0.133 420 470 235 30 30 3742.6 1.81 1.04
Cc97 300 2.5 120 40 2 0.133 235 330 235 30 50 3597.2 1.96 1.07
C98 300 2.5 120 40 2 0.133 235 330 235 30 60 3652.3 1.96 1.08
C99 300 2.5 120 60 2 0.200 235 330 235 30 30 3503.2 1.91 1.08
C100 300 2.5 120 70 2 0.233 235 330 235 30 30 3480.7 192 1.08
C101 300 2.5 120 80 2 0.267 235 330 235 30 30 3455.9 1.94 1.08
C102 300 3 100 40 2 0.133 235 330 235 30 30 3711.2 2.03 1.07
C103 300 3 100 40 2 0.133 235 330 235 40 30 4552.3 1.74 1.06
C104 300 3 100 40 2 0.133 235 330 235 50 30 5385.9 1.59 1.05
C105 300 3 100 40 2 0.133 235 330 235 60 30 6223.9 1.50 1.04
C106 300 3 100 40 2 0.133 275 356 235 30 30 3873.6 2.09 1.09
C107 300 3 100 40 2 0.133 355 416 235 30 30 4200.2 2.18 1.12
C108 300 3 100 40 2 0.133 420 470 235 30 30 4465.0 2.16 1.14
C109 300 3 100 40 2 0.133 235 330 235 30 40 3748.5 2.06 1.07
C110 300 3 100 40 2 0.133 235 330 235 30 50 3808.6 2.08 1.07
Cl111 300 3 100 40 2 0.133 235 330 235 30 60 3850.3 2.10 1.07
Cl112 300 3 100 60 2 0.200 235 330 235 30 30 3689.3 2.04 1.07
C113 300 3 100 70 2 0.233 235 330 235 30 30 3661.9 2.06 1.07
Cl14 300 3 100 80 2 0.267 235 330 235 30 30 3636.3 2.07 1.07

G4 Cl115 600 6 100 180 6 0.300 235 330 235 30 80 14644.5 217  1.05
Cl116 600 6 100 180 6 0.300 235 330 235 40 80 17683.1 1.46  1.04
C117 600 6 100 180 6 0.300 235 330 235 50 80 20719.9 1.66 1.03
C118 600 6 100 180 6 0.300 235 330 235 60 80 23757.8 1.57 1.02
C119 600 6 100 180 6 0.300 275 356 235 30 80 15298.6 223  1.06
C120 600 6 100 180 6 0.300 355 416 235 30 80 16606.3 223  1.09
Cl21 600 6 100 180 6 0.300 420 470 235 30 80 17668.9 220 1.11
Cl122 600 6 100 180 6 0.300 235 330 235 30 920 14742.9 218  1.05
C123 600 6 100 180 6 0.300 235 330 235 30 100 14858.8 220 1.05
Cl124 600 6 100 180 6 0.300 235 330 235 30 120 15020.5 2.25 1.05
Cl125 600 6 100 240 6 0.400 235 330 235 30 80 13854.1 225 1.02
C126 600 6 100 280 6 0.467 235 330 235 30 80 13295.9 236 1.01
Cc127 600 6 100 320 6 0.533 235 330 235 30 80 12546.2 2.49 0.99

6.5. Stiffener depth hg

The influence of hg on the resistance and ductility of CFDSST columns
was investigated by varying hs between 30 and 60 mm and the re-
lationships are presented in Fig. 25 and Fig. 26, respectively. It is
observed that the load resistance generally increases for hs higher
values, but not significantly, whilst the ductility also improves, irre-
spectively of B,/t,. This indicates that whilst the presence of stiffeners
improves both the load-carrying and ductility performance of composite
columns, the size of the stiffener does not need to be very high in order to
achieve positive results.

7. Design resistances

Currently, there are no design specifications available for CFDSST
columns in international design standards. Accordingly, the
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applicability of the design expressions given in Eurocode 4 [26], BS5400
[27] and DBJ/T 13-15-2010 [28] for CFDSSTs was examined and the
results are discussed in the current section. Based on the findings, and
the observations for the parametric studies previously presented, a new
design model specifically for CFDSST columns is proposed. It is note-
worthy that the effective area method as defined in Eurocode 3 [34] was
used to determine the area of the stiffened outer steel tubes.

7.1. Eurocode 4 [26]

Eurocode 4 contains a design expression to determine the ultimate
compression resistance Np,ra of CFST composite cross-sections,
comprising an outer steel tube, infill concrete and steel reinforcement.
The expression is given as:

Npira = Aafya +0.85Acfea +Asfia (24)
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Fig. 18. Influence of steel yield strength of outer tube on the axial load versus
displacement responses of CFDSST columns with By/t, = 72.

where A,, A, Ag are the cross-sectional areas of the structural steel
section, concrete and reinforcement, respectively, and fyq, fed, fsa are the
design values for the yield strength of the structural steel, the cylinder
compressive strength of the concrete, and the yield strength of rein-
forcing steel, respectively. In this approach, the confinement effect on
the infill concrete is neglected and the concrete compressive strength (f.)
is reduced by 15% to account for long term effects [26]. In order to apply
the Eurocode expression for CFDSST columns, the reinforcement is
effectively replaced by the contribution of the inner steel section and the
stiffeners, resulting in the expression given in Eq. (25):

Nugcs = Agyeirfyo +Asifyi +Assfys + 0.85Acfc (25)
where Ny c4 is the ultimate capacity of the CFDSST column, Agy ff is the
effective cross-sectional area of the outer steel tube, fys is the yield
strength of the stiffeners, and A, Ag; and A are the cross-sectional areas
of the infill concrete, inner steel tube and stiffeners, respectively.

7.2. BS5400 [27]

In accordance with BS5400 [27], the compressive resistance of
CFDSST columns Ny ss400 is calculated as:
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Nugssao0 = Asyeitfyo T Assfys T Asifyi +0.675Afeu (26)

It is noted that the concrete cube strength (f.,) is employed in this
equation and the confinement effect on the concrete which is provided
by the outer steel tube is neglected in this approach.

7.3. DBJ/T 13-15-2010 [28]

In this approach [28], and in contrast to Eurocode 4 [26] and BS5400
[27], the effect of confinement on the infill concrete is taken into ac-
count using the confinement factor ¢, to determine the overall capacity
Nu,pey. The expression to determine Ny pgy is given in Eq. (27) and it is
noted that the characteristic compressive strength of the concrete (fcx) is
employed, which is taken as 0.67f.y:

Nuppr = (Asyetr +Ac) (118 4+ 0.85E)fux + Asfyi + Assfys (27)

All of the other terms in Eq. (27) are defined elsewhere in this paper.
7.4. New design method

As stated before, the aforementioned design expressions do not
currently contain specific design expressions for CFDSST columns, and
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Fig. 20. Effect of infill concrete strength on the axial load versus axial
displacement responses of CFDSST columns with B,/t, = 72.
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Fig. 19. Influence of (a) fy, and (b) f. on the ductility of CFDSST columns.
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Table 5
Increase efficiency of f,, and f. in the resistance of CFDSST columns.
(@) fyo ) fe
Specimen B, to fyo Nuire ANy re ANy g Specimen B, to fe Nu,re ANyirE ANy g
(mm) (mm) (MPa) (kN) (%) Afyo (mm) (mm) (MPa) (kN) (%) Afc
C1 180 2 235 1434.6 - - Cl 180 2 30 1434.6
C5 180 2 275 1487.1 0.04 0.21 Cc2 180 2 40 1714.2 0.19 0.58
C6 180 2 355 1631.9 0.14 0.27 C3 180 2 50 2009.8 0.40 0.60
Cc7 180 2 420 1762.2 0.23 0.29 Cc4 180 2 60 2303.1 0.61 0.61
C14 180 2.5 235 1531.7 - - C14 180 2.5 30 1531.7 - -
C18 180 2.5 275 1617.9 0.06 0.33 C15 180 2.5 40 1815.9 0.19 0.56
C19 180 2.5 355 1789.5 0.17 0.33 Cl6 180 2.5 50 2101.3 0.37 0.56
C20 180 2.5 420 1948.7 0.27 0.35 Cc17 180 2.5 60 2388.3 0.56 0.56
c27 180 3 235 1627.4 - - c27 180 3 30 1627.4 - -
C31 180 3 275 1736.2 0.07 0.39 c28 180 3 40 1911.1 0.17 0.52
C32 180 3 355 1933.6 0.19 0.37 C29 180 3 50 2193.3 0.35 0.52
C33 180 3 420 2123.3 0.30 0.39 C30 180 3 60 2438.4 0.50 0.50
C40 240 2 235 2265.1 - - C40 240 2 30 2265.1 - -
C44 240 2 275 2348.5 0.04 0.22 C41 240 2 40 2793.2 0.23 0.70
C45 240 2 355 2560 0.13 0.25 C42 240 2 50 3334 0.47 0.71
C46 240 2 420 2649.8 0.17 0.22 C43 240 2 60 3884.4 0.71 0.71
C53 240 2.5 235 2449.3 - - C53 240 2.5 30 2449.3 - -
C57 240 2.5 275 2560.1 0.05 0.27 C54 240 2.5 40 2979.3 0.22 0.65
C58 240 2.5 355 2787.4 0.14 0.27 C55 240 2.5 50 3507.6 0.43 0.65
C59 240 2.5 420 2949 0.20 0.26 C56 240 2.5 60 4010.1 0.64 0.64
C65 240 3 235 2558.6 - - C65 240 3 30 2558.6 - -
C69 240 3 275 2691.8 0.05 0.31 C66 240 3 40 3083 0.20 0.61
C70 240 3 355 2960.8 0.16 0.31 C67 240 3 50 3605.8 0.41 0.61
C71 240 3 420 3185.3 0.24 0.31 C68 240 3 60 4127.7 0.61 0.61
C78 300 2 235 3288.8 - - C78 300 2 30 3288.8 - -
C82 300 2 275 3440.8 0.05 0.27 C79 300 2 40 3999.7 0.22 0.65
C83 300 2 355 3580.5 0.09 0.17 C80 300 2 50 4982.8 0.52 0.77
C90 300 2.5 235 3392.9 - - C81 300 2 60 5814.5 0.77 0.77
C94 300 2.5 275 3486.6 0.03 0.16 C90 300 2.5 30 3392.9 - -
C95 300 2.5 355 3633.9 0.07 0.14 Co1 300 2.5 40 4272.4 0.26 0.78
C96 300 2.5 420 3742.6 0.08 0.10 C92 300 2.5 50 5130.8 0.51 0.77
C102 300 3 235 3711.2 - - C93 300 2.5 60 5985.3 0.76 0.76
C106 300 3 275 3873.6 0.04 0.26 C102 300 3 30 3711.2 - -
C107 300 3 355 4200.2 0.13 0.26 C103 300 3 40 4552.3 0.23 0.68
C108 300 3 420 4465 0.20 0.26 C104 300 3 50 5385.9 0.45 0.68
C115 600 6 235 14,645 - - C105 300 3 60 6223.9 0.68 0.68
C119 600 6 275 15,299 0.04 0.26 C115 600 6 30 14,645 - -
C120 600 6 355 16,606 0.13 0.26 Cl16 600 6 40 17,683 0.21 0.62
C121 600 6 420 17,669 0.21 0.26 C117 600 6 50 20,720 0.41 0.62
C118 600 6 60 23,758 0.62 0.62

instead have methods for CFST cross-sections. Accordingly, the current
section proposes a new expression to determine the axial load-bearing
capacity of CFDSST short columns based on the specific properties of
these members, including the stiffening effect and the significant influ-
ence of confinement on the concrete infill provided by the stiffened
outer steel sections. Previous research has shown that size effects can be
important for square columns, but are less significant for circular
members [43]. Additionally, the size effects for CFDSST columns are
more complicated owing to the presence of two steel tubes, and the
stiffeners. Therefore, it is proposed that the strength of the confined
concrete f.. is determined using the expression given in Eq. (28), as
proposed by Liang and Fragomeni [44], and the proposed resistance of
CFDSST columns Ny prop is given by Eq. (29).

Jee = vofe Thifip (fcc th)

Nu],Pmp = /)Amfyo +Acfcc JFA:lfyl +Aisfy<

(28)

(29)

In these expressions, y. is the strength reduction factor for the
compressive strength that accounts for the size effect of the column and
is defined by Eq. (30) according to Gao et al. [43]; f;, is the lateral
confining pressure on the concrete and is determined by Eq. (31) as
proposed by Xu et al. [45]; and k; is a constant and is taken as 4.1.

e = 185D, (085 <y, <1.0) ,D.=B,—2, (30)

fo = 0.0194((Bo/2 — 1) /1) """ X fio (31)
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7.5. Evaluation of design predictions

The various design expressions were applied to the columns exam-
ined in the parametric study. A comparison of the resulting design re-
sistances with the Ny rg and Ny gxp values discussed earlier, is presented
in Fig. 27 and Table 6. From Fig. 27(a), it is observed that the proposed
model (indicated by the yellow dots) provides the most accurate pre-
dictions, and are within + /- 10% of the Ny g values. With reference to
Fig. 27(b), the proposed model also provides better predictions for the
experimental load capacities, where the majority of design values are
within 10% of Ny, rg. From Table 6, it is observed that Eurocode 4 [26],
BS5400 [27] and DBJ1315-2010 [28] generally underestimate the ul-
timate resistance of CFDSST columns by mean values of 15%, 15% and
7%, respectively. On the other hand, the proposed model provides more
accurate predictions with mean and COV (coefficient of variation) Ny,
prop/Nul,p values of 0.95 and 0.042, respectively. For the comparison of
various design resistances with the capacities obtained by the test
specimens, it is once again observed that Eurocode 4 [26], BS5400 [27]
and DBJ1315-2010 [28] generally underestimate the ultimate resis-
tance of the CFDSST columns, while the proposed model provides a
more accurate prediction of the response with mean and COV Ny,
prop/NulExp Values of 0.95 and 0.076, respectively. The improved accu-
racy of the proposed method is owing to the consideration given to the
two steel tubes, the stiffeners, the confinement provided to the infill
concrete and the size effects.
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Fig. 22. Influence of B,/t, ratio on the ductility index DI of CFDSST columns.

To raise the confidence of the proposed design model, the reliability
index (p) is further calculated to assess the security of the mentioned
design methods. f is calculated as:

17
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of)

f= A (32)
ay/Vy + Ve + Vi

According to Lai and Varma [46], P is the average ration of P, /P, code-
The values of M and F, are taken as 1.10 and 1.0, respectively. The value
of linearization approximation coefficient «a is taken as 0.7 according to
ASCE 7-16 [47]. Vu, V¢ and Vp are the coefficients of variation of ma-
terial, fabrications and P, respectively. 0.193 and 0.05 are suggested by
Lai and Varma [46] for V), and V, respectively. The strength reduction
factor ¢ is equal to 0.75 following the recommendation of ANSI/AISC
360-16 [48]. The method for calculating the required parameters is
consistent with the previous research [32,49]. The target reliability
index is 2.5 for the purpose of avoiding sudden failure or wide-spread
progression of damage [48]. As can be observed from Table 6, the
proposed design has yielded a reliability index of 2.97 when compared
to FE and test results, which confirms the reliability of this proposal.

8. Conclusions

This paper presents for the first time the results of a series of ex-
periments on cold-formed concrete-filled double-skin steel stiffened
tubular (CFDSST) columns under direct axial compression. This data is
supplemented by a large database of results from numerical analyses,
which was obtained using a newly developed finite element analysis
model that was validated using the experimental data. A summary of the
key findings is given as follows:

(1) A total of fifteen tests were conducted on short columns,
including thirteen CFDSST cross-sections and two concrete-filled
stiffened steel tubular (CFSST) members. All were tested under
pure axial compression loading conditions. The results showed
that replacing the core concrete of a CFSST column with a hollow
inner steel tube produced columns with approximately similar
ultimate axial strength but with greater ductility. Additionally,
the CFDSST columns had higher post-peak load ultimate resis-
tance compared with the CFSST columns. Additionally, it has
been found that columns with relatively high y values have lower
self-weight and material usage requirements for the same B,
value, and therefore can provide an efficient structural solution.

(2) All of the test specimens failed by the local buckling of the outer

steel tube together with concrete crushing after the attainment of

the ultimate resistance. There was evidence of local buckling of
the inner steel tube also. It is noteworthy that there was no evi-
dence of steel fracture in the corner regions or near the welds,
which highlights the good deformation capacity of the new

CFDSST columns.

Finite element (FE) models for the CFDSST columns were devel-

oped and validated through comparisons with the test data, and

very good agreements were found.

(4) The validated FE model was employed to conduct a parametric
study on CFDSST columns to understand their behaviour and
evaluate their ultimate resistance with different geometric and
material properties. The results showed that the ultimate resis-
tance of CFDSST columns is significantly affected by the strength
of the infill concrete and the ductility of CFDSST columns is
improved for members with relatively lower B,/t, ratios, as well
as relatively higher Bi/B, ratios and yield strengths of the outer
tube.

(5) In terms of the design expressions, it was found that the design
resistance value predicted by Eurocode 4 [26], BS5400 [27] and
DBJ1315-2010 [28] generally underestimates the ultimate
resistance of CFDSST columns. A new design expression was
proposed which provides much more accurate results because it
accounts for the presence of the two steel tubes, the stiffeners in

3
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Fig. 27. Comparison of various design resistances with the capacities obtained by (a) finite element model and (b) experimental investigation.

Table 6
Statistical evaluation of comparison of various design resistances with the ca-
pacities obtained by the FE modelling/test specimens.

EC4[26] BS5400(27] DBJ1315-2010(28] Proposed model
Nukca Nu Bssa00 Nuips) Nutprop
Nure Ny re Ny re Nure

Comparison of various design resistances with the capacities obtained by the FE

modelling
Mean 0.85 0.85 0.93 0.96
cov 0.033 0.034 0.030 0.031
Max 0.92 0.92 1.00 1.05
Min 0.79 0.79 0.85 0.90
p 3.84 3.87 3.22 2.97
Comparison of various design resistances with the capacities obtained by the test

specimens
Mean 0.84 0.80 0.87 0.95
cov 0.075 0.081 0.075 0.076
Max 0.95 0.92 0.98 1.07
Min 0.71 0.66 0.73 0.80
p 3.77 4.01 3.52 2.96

the outer tube, the influence of the confinement provided to the
infill concrete and also the size effects which affect square com-
posite columns.

(6) Overall, these members were shown to provide very promising
performance for high-load bearing applications, both in terms of
load-carrying capacity and ductility, for less material usage than
CFSSTs.
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