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Concrete-filled double-skin stiffened steel tubular (CFD-SSST) slender columns with a square inner tube, a cold-
formed stiffened outer tube, and concrete infill between the two steel sections are examined in this paper. To the
best of the authors’ knowledge, while the behaviour of short columns has been investigated, the behaviour of
these kinds of slender columns has not. As a result, a finite element model has been development and its details
are provided, along with a validation against test data that is currently available. An extensive parametric study
is conducted using the model to investigate the behaviour of CFD-SSST slender columns with varying geometric
and material properties. A technique for defining intermediate-length and long columns is suggested based on an
examination of the strain distributions in the cross-section. It is demonstrated that the slenderness ratio, which
influences both the failure mode and the capacity, is a crucial parameter in the behaviour of CFD-SSST columns.
The yield strength of the outer steel tube, the strength of the sandwiched concrete, and the width-to-thickness
ratio of the outer tube are all found to be significant factors for intermediate-length columns, but only the
former is found to have a significant impact on long columns. Because there is currently a lack of specific
guidance, the final strengths are compared with several design approaches that were appropriately modified to
account for different components forming the cross-section of CFD-SSST slender columns. The design model by
AS/NZS 2327 standard (2017) was found to provide well the strengths of CFD-SSST slender columns, and
therefore recommended for design.

1. Introduction the outer tube of square CFST columns involves welding four plates at

the corners; the Ruifeng International Commercial Building in Hanzhou,

Innovative composite columns known as concrete-filled double-skin
tubular (CFD-ST) columns have been proposed recently, especially for
structural applications involving high loads. An outer steel tube, an
inner steel tube positioned concentrically, and concrete infilled between
the two steel sections make up these CFD-ST columns. An example that is
used in electrical grid networks in China is illustrated in Fig. 1(a). As a
result, they resemble conventional concrete-filled steel tubular (CFST)
members, except that they lack core concrete and have an inner steel
tube. Many of the benefits of CFST members are also present in CFD-ST
columns, but they perform better in a number of areas, such as load
capacity, durability, flexural rigidity, fire resistance, constructability,
energy absorption, and dissipation capacity [1-7].

As illustrated in Fig. 1(b), the conventional fabrication technique for
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for instance, used these components [7]. Even though these built-up
sections have a reasonable load-capacity, prior studies have shown
that they may undergo local buckling before reaching their full capacity,
and the outer steel tube may crack as a result of welding defects [8,9]. In
order to enhance the resistance of conventional CFST columns, stiffeners
were welded and added to the outer steel section to come up with
concrete-filled stiffened steel tubular (CFSST) columns, as shown in
Fig. 1(c) [10-12]. However, using these stiffeners increases the fabri-
cation cost of the members based on the large numbers of weld lines, as
used in Taibei 101 Building. Accordingly, stiffened sections made by
welding four lipped angle sections together have been suggested, to
reduce largely the number of weld lines, as presented in Fig. 1(d) [13].
Recently, large warehouses and commercial buildings in South Korea
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have made extensive use of this cross-section [13].

Zhang and Chen [14] investigated the axial behaviour of CFSST short
columns and discovered that shear dominates the failure modes. Addi-
tionally, it was demonstrated that the stiffeners had a strong bond with
the concrete until the specimens started to fail, and that their presence
had a noticeable positive impact on the CFSST columns’ ultimate
resistance. CFSST short columns with stainless steel tubes were the
subject of an experimental investigation by Dabaon et al. [15], which
was supported by numerical analysis [16]. It was demonstrated that the
columns’ failure in various cross-sections was caused by local buckling
of the outer steel tube, preventing a complete loss of bearing capacity at
that cross-section. Generally speaking, CFSST columns made from
cold-formed plates with four lipped angles welded together perform
better than conventional CFSST columns. Given the outstanding per-
formance of CFSST columns, a concrete-filled double-skin stiffened steel
tubular (CFD-SSST) column was proposed as a further development to
enhance their performance by removing core concrete and adding an
internal steel cross-section (Fig. 2).

Extensive research has been conducted to study the behaviour of
CFD-SSST columns in recent years [e.g. 17-24]. Wang et al. [17] con-
ducted an experimental study on the axial behaviour of CFDSST short
columns, which are concrete-filled stiffened dual steel tubular columns.
The test results indicated that the inner circular CFST component can be
used to effectively improve the ultimate resistance and ductility of
CFD-SSST columns. Zhang et al. [18] performed a numerical study on
the axial behaviour of CFDSST short columns filled with ultra-high
strength concrete (UHSC) and found that the strength of the sand-
wiched concrete is highly influential on the ultimate resistance of
CFDSST columns. Similarly, Wang et al. [19] experimentally studied the
axial behaviour of CFDSST slender columns, and showed that they offer
similar ultimate strength and ductility compared with CFSST columns,
but with a smaller weight. Wang et al. [21,22] conducted studies on the
behaviour of CFD-SSST columns under eccentric axial loading and Wang
et al. [23,24] investigated the seismic behaviour of both CFSST and
CFD-SSST sections, showing that both cross-sections have stable hys-
teretic loops.

Circular cross-sections in composite columns typically exhibit supe-
rior performance compared to square ones due to better concrete
confinement, higher load capacity, and a more uniform stress distribu-
tion. However, square cross-sections offer advantages in constructability
and cost-effectiveness. Building on the authors’ recent experimental
investigation of short CFD-SSST columns [25], this study focuses on the
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Fig. 2. Cross-sections of CFD-SSST columns with (a) circular and (b) square
inner steel sections.

behaviour of slender CFD-SSST columns with square outer and inner
steel tubes, as illustrated in Fig. 2(b). In practice, columns are usually
slender and prone to overall buckling, making this an important area of
study. While overall buckling in conventional CFST slender columns has
been investigated since the 1960s [26,27], CFD-SSST slender columns
remain largely unexplored.

Recent studies have advanced understanding of slender composite
columns. Schurgacz et al. [28] conducted experimental tests on com-
posite columns in one- and two-storey configurations using
high-performance materials—steel with yield strengths up to 1000 MPa
and concrete up to 100 MPa—demonstrating that while material
strength significantly enhances the load-bearing capacity of short col-
umns, its effect diminishes with increasing slenderness. Zhao et al. [29]
examined the behaviour of slender CFDST columns and beams using
stainless steel outer tubes, exploring parameters such as material
strength, hollow ratio, and eccentricity. Their results were evaluated
against several design codes, including those by Han et al. [30], GB
50936-2014 [31], and AISC 360-16 [32], with Han et al.’s method
yielding the most accurate predictions. Hassanein et al. [33] numerically
studied slender CFDSST columns featuring cold-formed, stiffened outer
tubes, and found the AS/NZS 2327 standard [34] provided the most
reliable design predictions. Similarly, Zhang et al. [20] investigated
slender, square ultra-high strength CFDSST columns with a concentri-
cally positioned circular inner steel tube. They identified concrete
strength, outer tube yield strength, and the width-to-thickness ratio as
key parameters influencing the axial capacity of intermediate-length
columns, with concrete strength having the greatest impact on long

(a) Circular

CFD-ST (b) Square CFST

> 4
(c) CFSST (d) new CFSST

Fig. 1. Typical examples of concrete-filled columns.
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columns. They recommended the AISC 360-16 [32] method, with
appropriate modifications, for design of these novel sections.

Therefore, the primary objective is to provide the scientific com-
munity and researchers information about the strength and behaviour
characteristics of CFD-SSST columns of various lengths (i.e., under
different failure modes). Overall, by expanding the pool of results
available, this could result in a wider use of these columns in practice. To
examine the behaviour and strength of CFD-SSST slender columns, a
finite element (FE) model has been established and validated using the
test results that are currently available. In order to investigate the effects
of different design parameters on the global buckling behaviour, ca-
pacity, and failure mode, a comprehensive parametric analysis was
conducted. A design method was proposed and presented to predict the
compressive capacity of these slender members based on the findings of
this paper.

2. Development of the FE model

Currently, no experimental data are available for concrete-filled
double-skin stiffened steel tubular (CFD-SSST) slender columns. There-
fore, to establish a robust foundation for investigating their behaviour,
finite element (FE) models were first developed to simulate the response
of CFD-SSST short columns and conventional concrete-filled steel
tubular (CFST) slender columns. These preliminary simulations enabled
the calibration and validation of the modelling approach. The FE model
was validated against multiple sets of experimental data available in the
literature [11,19,25,35,36] to ensure it could accurately predict both the
global behaviour and the ultimate strength of composite columns. The
numerical analyses were conducted using the commercial finite element
software ABAQUS [37]. For slender columns, the accuracy of the
simulation is particularly sensitive to boundary conditions and initial
geometric imperfections, both of which significantly influence overall
buckling and ultimate capacity. These aspects are addressed in detail in
subsequent sections.

2.1. Material models

The CFD-SSST columns consist 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. Gardner and Yun [38]
found that a rounded stress-strain curve accurately captures the
behaviour of cold-formed steel elements without coatings. This finding
has been further substantiated by Abdelrahman et al. [39]. However, it
was found that considering strain hardening has limited effect on
behaviour of the columns. For example, Tao et al. [40] and Wang et al.
[17] showed that insignificant influence is provided by the development
of strain hardening for square CFST short columns and concrete-filled
double-tube stub columns with stiffeners, respectively. Accordingly,
for the square outer and inner tubular sections of the existing composite
columns, a material model for steel, which assumes elastic-perfectly
plastic behaviour, is adopted. According to experimental date of steel
material, the yield strength and modulus of elasticity is utilised.

As for concrete filled in sandwich area between outer lipped angles
steel and inner square steel tube, it is under a triaxial stress condition
when under a compressive load, because of the confinement provided
from outer and inner steel tube. Due to the influence of confinement, the
ultimate strength and ductility of concrete under compressive load are
obviously improved. In this paper, the inelastic behaviour of concrete
use the concrete damage plasticity (CDP) in the model. Fig. 3 shows the
compressive behaviour of the confined concrete. According to Tao et al.
[40], the curve is divided into three sections, which are showed as Eq. 1,
Eq. 3 and Eq. 6.
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Fig. 3. Confined stress-strain (c- €) responses of concrete.

Inthe Eq. 1, sisthestress. f. is the cylinder compressive strength of

concrete. A:% and B:("};sls)z — 1. The value X is defined as i The

strain corresponding to the peak stress (g,) uses Eq. 2 to obtain.

£co = 0.00076 + \/ (0.626f. — 4.33) x 107 ®)

While stress is between ¢, and ¢, the section of the curve is a hor-
izontal line, given as:

o=f (o <E&< ) 3)
i\ 0312440.002%
e = €o€* , and k= (2.9224 — 0.00367f,) (ﬁ) 4)
The confining stress f3 is defined as the following expression:
0.25: (1 +0.027f, ) e 002V5 22
fo= %)

1+1.6e10.(f,)*®

fy is the yield stress of outer steel. B and D is the length and width of a
steel tube of rectangular

cross-section. In this paper, the cross-section is square, so B is equal
to D which is taken as square side length.

Finally, for € > g,that is the descent stage, the curve is defined as
Eq. 6.

o= ~fewp| - () e > e ©

In this expression, f = O0.1f/, pis taken as 0.9
anda = 0.005+0.0075¢, where &, is the confinement factor of com-
posite columns which is used to represent the confinement effect and is
expressed by Eq. 7:
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T AS @

S

where A; is the area of steel pipe and A, is the area of sandwich concrete.

In concrete material, the elastic modulus can be calculated as 4700 fcl.

According to Mander et al. [41], the confined concrete strength can
be replaced with f,., which is calculated by Eq. 8:

7.94fl>

foe —ﬁ/<—1.254+2.254 1 +f—

c

(8

where f, is the effective confining stress, and is defined as the following
expressions:

fi=kdfi 9
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. 26,nt, + 6512t

fr=—g= 2t, (10)

In these expressions, f, is the confining stress, o,, is the horizontal
stress of the outer steel tube and o, is the horizontal stress of the stiff-
ener. Moreover, o,, and oy were considered as 0.19f,, and 0.19f,, as
proposed by Sakino et al. [42] and Zhou et al. [43]. k. is the confinement
effectiveness coefficient which can be taken as 2/3 according to Huang
et al. [44]. Thereinafter, there will be a comparison between the
compressive strengthen £, and f,..

2.2. Modelling details

The finite element model comprises four lipped angle steel stiffeners,
an inner steel tube, concrete infill, and two end plates. In the case of
short columns, a local buckling mode known as “elephant foot buckling”
was frequently observed near the column base. To mitigate this effect in
the FE model, a clamping device was introduced, as illustrated in Fig. 7.
For slender columns, however, the primary failure mode is global
buckling; therefore, no clamping device was included in their corre-
sponding FE models. A mesh sensitivity study was conducted using four
mesh sizes: B/5, B/10, B/15, and B/20, where B is the side length of the
cross-section. As shown in Fig. 4, the variation in mesh size had a
minimal effect on the structural response. Consequently, a mesh size of
B/10 was adopted for all analyses. To ensure numerical convergence, a
finer mesh was used for the concrete compared to the steel tubes.

The concrete was modelled using eight-node brick elements with
reduced integration (C3D8R), while the inner and outer steel tubes were
modelled using four-node shell elements with reduced integration
(S4R). The end plates were defined as rigid bodies, consistent with the
use of high-strength steel in their fabrication. The interaction between
steel and concrete was defined using surface-based contact with two
components: tangential and normal behaviour. A friction coefficient of
0.6 was specified for the tangential interaction. For normal contact,
“hard” contact was used to prevent penetration between the concrete
and steel elements. The same contact definition was applied to the in-
terfaces between the concrete and end plates, and between the steel and
the clamping device. It should be noted that a friction coefficient of
0.6—or higher, if necessary—was used to avoid excessive rigid body
displacement, which can cause convergence issues during the numerical
analysis.

Different boundary conditions were adopted for the short and
slender column models to reflect their distinct failure modes. For short

3000 4 Experiment(SS-200-7)
—— FE(B/S)
- — FE(B/10)
25007 FE(B/15)
~ FE(B/20)
Z 2000 1
=1
g
= 1500
<
b
< 1000 4
500
0 T T T T

0 2 4 6 8 10

Axial shortening(mm)

Fig. 4. Axial load versus axial shortening based on the mesh sensitivity analysis
for column SS-200-7 [45].
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columns, the base was fully fixed in all translational and rotational de-
grees of freedom, while the top was restrained in all directions except
the axial direction (Uz), allowing vertical displacement under loading.
In contrast, slender columns were modelled with boundary conditions
that allow for overall buckling. Specifically, the base was fixed in all
directions except rotation about the x-axis (Ugx), while the top was
restrained in all directions except axial translation (Uz) and rotation
about the x-axis (Urx). This release of rotation in the x-direction was
necessary to realistically capture the global buckling behaviour
observed in slender members. A concentrated axial load was applied at
the top of the model to initiate the response.

2.3. Residual stresses and initial imperfections

Previous studies have shown that residual stresses have a limited
influence on the behaviour of composite structural elements such as
concrete-filled steel tubes [20,46,47]. Specifically, Tao et al. [48]
demonstrated that residual stresses have only a marginal effect on the
performance of CFST short columns. According to the Chinese technical
code for cold-formed thin-walled steel structures (GB 50018-2002
[49]), the strength enhancement due to the cold-forming process is not
considered in welded structural sections, as welding can release some of
the stresses introduced during cold-forming. Therefore, it is generally
accepted that residual stresses from cold-forming and welding may
partially offset each other [44]. Nevertheless, to evaluate the potential
impact of residual stresses on the behaviour of the columns studied
herein, a numerical analysis was conducted using the residual stress
distribution proposed by Li et al. [50]. As illustrated in Fig. 5, the results
with and without the inclusion of residual stresses differ by only 1.0 %,
confirming their negligible influence. Consequently, residual stresses
are not explicitly considered in the current study.

In contrast, initial geometric imperfections are known to have a more
significant effect on the behaviour of slender composite columns than on
short ones [48,51], and are therefore included in the finite element
models. A convergence study was conducted to determine a suitable
global imperfection amplitude. Three imperfection magnitudes were
investigated: L, /500, L, /1000, and L, /5000, where L, is the effective
length of the slender column. Based on the results shown in Fig. 6, an
imperfection amplitude of L, /1000 was selected for all slender column
simulations [52].

N, =1870kN
2000 /
N
\

/ &
2 1500 N -~
% Nywo=1853kN
<
2
= 1000
% .
< — without cold-formed enhancement
— — with cold-formed enhancement
500 -
0 T T T T T T T T T
0 2 4 6 8 10

Axial shortening(mm)

Fig. 5. Load versus axial shortening relationships for CFD-SSST column (SS-
160-5) with and without enhance by cold-forming [45].



M.F. Hassanein et al. Engineering Structures 338 (2025) 120583

3000 Experiment(CFST1) ~
2500 J __?Egéggg; Sl i B e e s B e e B =
~ 20001 2. |858 0885802388 mn
Z 22 |3 o BRI ~FIIBBBSAND
2 ZE | A drANANOON®N®A
3
8 1500 - R
jé Ez—’ SREXERRIZTEREETEE LS
1000 Z S0 -HSHSHSS S S S
500 1 S |nanwocomunaoos o
Ha | @N IO M0 A1 TS0 0NN
FE|RERE2SRSS38REER
0 T T T T T T T
0 2 4 6 8 10 12 14 16 . TR AT TTOTOS AW
Axial shortening(mm) S |RBERE8EREE2288F
28 | A N A A AN NN NNNON
Fig. 6. Axial load versus axial shortening based on the initial imperfection
sensitivity analysis for column CFST1 [53]. oL T820Sa2228]
=< (=] (=} [=}N=] o (=} (=l l
2.4. Validation of the numerical model
- ’é e82838883888888¢38
To ensure that the developed finite element (FE) model accurately 3 SYIIIITOOO00000 00
captures all key behavioural characteristics, a comprehensive validation
study was undertaken using reliable experimental data from comparable -
composite column types. Although no test data are currently available é
for CFD-SSST slender columns, the model was validated using results < FRIRIIBIBISIBI .
from square CFD-SSST short columns and various CFST columns re-
ported in the literature. Specifically, the experimental data were sourced G o o o o
from Zhang et al. [45], Huang et al. [54], and Zhang et al. [53]. E_ N L
Table 1 presents the geometric details and ultimate strengths ob- = 00 M@ MMmEH®0nMmaaa .
tained from both the experimental results and the FE simulations,
denoted as Ny, gxp and Ny rg, respectively. In this table, B, and t, refer to 'é O T O lh ot O O o
the side length and thickness of the outer steel tube, while B; and t; refer = NeldNddN&EnEEngss.
to the side length and thickness of the inner steel tube. All columns
considered were square in cross-section, except for specimen CFST1 2
[53], which was rectangular with a cross-section of 300 mm (depth) g_ CococoooocoonS
x 100 mm (width), as indicated in Table 1. The height of all short col- Q 10100 0I5 0I5 1D IR D O 16 O =
umns (L,) was taken as three times the side length of the outer tube (B,).
Fig. 7 s
The yield strengths of the outer and inner steel tubes are denoted by \E,: R I I R I B B
fyo and fy;, respectively. The compressive strength of the concrete was = R e N
initially measured as the cube strength (f.,), and then converted into the
cylindrical compressive strength f,'. The FE simulations were conducted s G e oo oo oo mo
using both f,” and the confined concrete strength f,. to obtain Nuire \EJO P I R R R
values and the full axial response of the columns. As shown in Table 1, .5 = faaaeeaaaaaeeoa
the model using f. more accurately captures the ultimate capacity, .‘§ _
with a mean Ny re/NujExp ratio of 0.96 and a coefficient of variation E E o oo oo oo, Do
(COV) of 0.068. By contrast, using f,. results in a mean ratio of 1.10 and RS - N ~
a higher COV of 0.083, indicating greater variability. Furthermore, E
Figs. 8 and 9 illustrate the axial load—deflection responses and the axial 3 =
load versus axial strain curves for both the outer steel tube (OST) and § e %
inner steel tube (IST), comparing numerical and experimental results. E 50 2233232323328 88888888
The FE model is shown to reliably replicate the key behavioural features = = Toomooaaaaaaaans
of the specimens, including ultimate strength, initial stiffness, and post- °
peak softening. While the model slightly overestimates stiffness f g TR A D Y g
compared to experimental observations, its overall predictive perfor- E E g38888sseesges =g
mance is satisfactory for the intended analyses. Bl & SA AR R R R R R DTS
For slender columns, global (overall) buckling is expected to be the £
dominant failure mode, whereas local buckling tends to occur in short o _
columns. As illustrated in Fig. 10, the FE model effectively captures both - § a - = E .
local buckling in short columns and global buckling in slender columns, % 'E g t = 5 §3
in line with observed structural behaviour. In summary, the comparison R - “ » =0
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Load end

Fixed end
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(a) Short column
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Load end
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Fixed end
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(b) Slender column

Fig. 7. Mesh configurations of short columns and slender columns.

of axial load-deflection responses obtained numerically from the FE
model and from experimental results, along with the consistency in
predicted failure modes, demonstrates that the model using £, yields
more accurate predictions of the ultimate strength, deformation
behaviour, and failure mechanisms of the composite columns.

3. Analysis of the behaviour of CFD-SSST slender columns

It is important to note the usual relationship between strength N and
slenderness A for axially-loaded columns, as illustrated in Fig. 11 [55].
The definition of A follows the formula in Eq. 11 [55], where L, is the
effective buckling length, Ipg is the CFD-SSST section’s second moment
of area, and Apg is the cross-sectional area. As can be seen in the figure,
the plastic, inelastic, and elastic buckling stages are the three different
failure phases. As illustrated in Fig. 11, 4, is a limiting slenderness ratio
that divides slender columns into long columns that fail because of
elastic buckling and intermediate-length columns that fail because of
inelastic buckling. This method for distinguishing between inelastic and
elastic failure modes of CFST slender columns was adopted by
DBJ/T13-51-2010 [56], where 4= 115/(f,/235)°".

o Le an

v/Ins/Aps
Using the validated FE model, parametric studies were carried out to
study the behaviour of the CFD-SSST slender columns with various
properties, due to the limited number of available experimental tests.
Seventy six FE were analysed. The parameters considered are the hollow
ratio, the width-to-thickness ratio of the outer and inner steel tubes, the

depth of the stiffeners, the yield strength of the steel tubes, the strain
distribution at the mid-height, confinement pressure, and the yield
strength of the outer and inner steel tubes. Table 2 lists the details as well
as the outcomes regarding the strengths (Ny rg) derived from the FE
models. The slenderness ratios in groups G1-G3 were varied with cross-
sectional widths ranging from 0.3 to 2.3. With varying parameters, the
members of G4 and G5 are classified as intermediate-length columns and
long columns, respectively. The non-dimensional slenderness (1 =
/Noiri/Ner), displayed in Table 2, is calculated following EC4 [57],
where Np gk and N, are the plastic and critical resistances, respectively.

3.1. Column slenderness

It is evident that the slenderness of columns is a highly significant
parameter, with more slender members generally exhibiting a greater
influence from second order (P-A) effects. Fig. 12(a) shows the rela-
tionship between 1 and the ultimate strength (N rg). As predicted, it is
evident that as the slenderness ratio increases, the ultimate strength of
CFD-SSST slender columns decreases. As the slenderness ratio rises, so
does the effectiveness of employing various B, values to increase the
ultimate strength of columns. Conversely, the normalised strength
versus A relationships shown in Fig. 12(b) suggest that the columns with
varying cross-section sizes exhibit comparable behaviour.

The relationships between mid-height deflection and ultimate axial
load for CFD-SSST slender columns are shown in Fig. 13. This indicates
that for intermediate-length columns, the load abruptly decreases when
the concrete reaches the crushing strain, whereas for CFD-SSST slender
columns, the post-strength becomes more stable as the slenderness ratio



M.F. Hassanein et al.

2500 Experiment(SS-160-6)
Finite element(fcc)
Finite element(fc)
2000
Z 1500 \
3 —
S o
é 1000 -
<
500 -
O T T T T
0 2 4 6 8 10
Axial shortening(mm)
(a) SS-160-6
3500 Experiment(SS-200-3)
Finite element(fcc)
3000

Finite element(fc)

2500

e

=3

=3

S
1

Axial load(kN)
2
1

1000

500

T T
4 6

oo
o

Axial shortening(mm)

(c) SS-200-3

4000 Experiment(S-C2-AM-L2)
Finite element(fcc)
Finite element(fc)

3500
3000

2500

\

2000

1500

Axial load(kN)

1000

500

0 2 4 6 8 10 12 14 16 18 20
Axial shortening(mm)

(e) S-C2-AM-L2

Engineering Structures 338 (2025) 120583

3000

Experiment(SS-200-2)
Finite element(fcc)
Finite element(fc)

2500

2000

Axial load(kN)

1000

500 |

0 T T T
0 2 4 6

o -
S

Axial shortening(mm)

(b) SS-200-2

3000 ] Experiment(SS-200-7)
Finite element(fcc)
Finite element(fc)
2500
é 2000
=
g
= 1500
.8
>
<
1000
500
0 T T T T
0 2 4 6 8 10
Axial shortening(mm)
3000 Experiment(CFST1)
Finite element(fcc)
Finite element(fc)
2500
20001 /\
<
B
S 15004
=
=
<< 1000 1
500
0 T T T T T T T
0 2 4 6 8 10 12 14 16

Axial shortening(mm)

(f) CFST1

Fig. 8. Comparison of the axial load versus deflection responses obtained numerically from the FE model and from the experiments.

increases. However, in the design of tower and building structures,
nonlinear and significant lateral displacement should be avoided.

3.2. Strain distribution at the mid-height

To distinguish between intermediate-length and long CFD-SSST
slender columns, the relationships between ultimate axial load and
longitudinal strain (&) for columns S14 and S18 were analysed. The

findings are shown in Fig. 14. Negative and positive values on the x-axis
represent compressive and tensile strains. Looking at Fig. 14, it can be
seen that both the outer and inner tubes of column S14 (L,=4.8 m) are
compressed until they reach the ultimate load. The longitudinal
compressive strain at the ultimate strength is higher than the yield strain
(=1119 puey) of the outer tube, indicating that the outer tube yielded
before reaching the ultimate load. Therefore, it can be concluded that
inelastic buckling occurred in S14. On the contrary, the outer tube of
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Fig. 9. Strain distribution comparisons between experiment and FE model for
column S-C1-AM-L3 [54].

column S18 (L,=8.4 m) is under tension before reaching the ultimate
strength, and the longitudinal compressive strain at the ultimate
strength is lower than the yield strain (=1119 pe;) of the outer tube,
suggesting that the full capacity of the outer tube is not fully utilised.
Thus, it can be concluded that elastic buckling took place in S18.
Based on Fig. 11, S14 and S18 are defined as intermediate-length and
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long columns, respectively. The classification of other FE models can be
seen in Table 3, where INB and EB stand for inelastic and elastic buckling
behaviours. From Table 3, it can be observed that the critical slenderness
ratio (4,) separating intermediate-length and long CFD-SSST columns is
around A, about 110 when the yield stress of the outer tube is 235 MPa,
equivalent to 2 = 1.4. This value is very close to the specified value of
1.5 by AISC-LRFD-99 [58] to distinguish between inelastic and elastic
flexural buckling.

3.3. Confinement effect

It is acknowledged that it is extremely difficult to measure the lateral
pressure applied to infilled concrete in concrete-filled tubular specimens

Plastic stage (Plastic
buckling)

Elastic stage (Elastic

Inelastic stage buckling)

(Inelastic buckling)
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Fig. 11. Column strength versus slenderness ratio relationship [55].
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Fig. 10. Comparison of failure modes from FE models and tests [45,53,54].
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Table 2
Details and results from the parametric study on CFD-SSST columns.
Group FE B, to Bo/  fes fyo hs B; 4 B/ fyi By L. A 7 Nuyire
model (mm) (mm) to (MPa) (MPa) (mm) (mm) (mm) t (MPa) B, (mm) (kN)
G1 S1 160 2 80 40 235 20 80 3 27 355 0.5 1200 23.2 0.29 1263
S2 2700 52.3 0.66 1043
S3 3600 69.7 0.88 909
S4 4200 81.3 1.03 817
S5 5400 104.6 1.32 631
S6 6000 116.2 1.47 549
S7 6600 127.8 1.62 476
S8 7200 139.4 1.76 410
S9 7800 151.0 1.91 342
S10 9000 174.3 2.21 265
G2 S11 180 2 90 40 235 30 80 3 27 355 0.44 1500 26.4 0.33 1462
S12 3000 52.8 0.66 1266
S13 3900 68.6 0.86 1144
S14 4800 84.4 1.06 991
S15 5700 100.2 1.26 836
S16 6900 121.3 1.53 621
S17 7500 131.9 1.66 547
S18 8400 147.7 1.86 465
S19 9000 158.3 1.99 407
S20 10000 175.9 2.22 330
G3 S21 280 2 140 40 235 35 80 3 27 355 0.29 2100 25.0 0.31 3226
S22 4200 50.0 0.63 2798
S23 6300 74.9 0.94 2342
S24 7800 92.8 1.16 1962
S25 9000 107.1 1.34 1677
S26 9900 117.8 1.48 1476
S27 12000 142.7 1.79 1087
S28 13000 154.6 1.94 943
S29 14000 166.5 2.09 818
S30 15000 178.4 2.24 716
G4: S31 180 2 90 40 235 30 80 3 27 355 0.44 4800 84.4 1.06 991
intermediate-length S32 2 90 40 355 30 80 3 27 355 0.44 84.4 1.14 1099
columns S33 2 90 40 420 30 80 3 27 355 0.44 84.4 1.17 1139
S34 2 90 40 460 30 80 3 27 355 0.44 84.4 1.20 1153
S35 2 90 50 235 30 80 3 27 355 0.44 84.4 1.10 1086
S36 2 90 60 235 30 80 3 27 355 0.44 84.4 1.14 1181
S37 2 90 70 235 30 80 3 27 355 0.44 84.4 1.18 1265
S38 2 90 80 235 30 80 3 27 355 0.44 84.4 1.21 1349
S39 2 90 40 235 30 80 3 27 235 0.44 84.4 1.03 987
S40 2 90 40 235 30 80 3 27 420 0.44 84.4 1.08 987
S41 2 90 40 235 30 80 3 27 460 0.44 84.4 1.10 987
S42 2 90 40 235 10 80 3 27 355 0.44 84.4 1.07 947
S43 2 90 40 235 20 80 3 27 355 0.44 84.4 1.06 961
S44 2 90 40 235 40 80 3 27 355 0.44 84.4 1.07 1005
S45 2 90 40 235 30 60 3 20 355 0.33 87.6 1.08 991
S46 2 90 40 235 30 90 3 30 355 0.5 82.6 1.05 989
S47 2 90 40 235 30 100 3 33 355 0.56 80.8 1.04 983
S48 2.5 72 40 235 30 80 3 27 355 0.44 84.4 1.04 1066
S49 3 60 40 235 30 80 3 27 355 0.44 84.4 1.01 1139
S50 4 45 40 235 30 80 3 27 355 0.44 84.4 0.98 1281
S51 2 90 40 235 30 80 2 40 355 0.44 84.4 1.04 989
S52 2 90 40 235 30 80 4 20 355 0.44 84.4 1.09 1021
S53 2 90 40 235 30 80 5 16 355 0.44 84.4 1.11 1066
G5: S54 180 2 90 40 235 30 80 3 27 355 0.44 7500 147.7 1.86 463
long columns S55 2 90 40 355 30 80 3 27 355 0.44 147.7 1.99 464
S56 2 90 40 420 30 80 3 27 355 0.44 147.7 2.05 464
S57 2 90 40 460 30 80 3 27 355 0.44 147.7 2.09 464
S58 2 90 50 235 30 80 3 27 355 0.44 147.7 1.93 500
S59 2 90 60 235 30 80 3 27 355 0.44 147.7 2.00 533
S60 2 90 70 235 30 80 3 27 355 0.44 147.7 2.06 564
S61 2 90 80 235 30 80 3 27 355 0.44 147.7 2.12 592
S62 2 90 40 235 30 80 3 27 235 0.44 147.7 1.79 464
S63 2 90 40 235 30 80 3 27 420 0.44 147.7 1.90 464
S64 2 90 40 235 30 80 3 27 460 0.44 147.7 1.92 464
S65 2 90 40 235 10 80 3 27 355 0.44 131.9 1.66 447
S66 2 90 40 235 20 80 3 27 355 0.44 131.9 1.66 456
S67 2 90 40 235 40 80 3 27 355 0.44 131.9 1.67 469
S68 2 90 40 235 30 60 3 20 355 0.33 136.9 1.68 458
S69 2 90 40 235 30 90 3 30 355 0.5 129.1 1.64 467
S70 2 90 40 235 30 100 3 33 355 0.56 126.2 1.62 472
S71 2.5 72 40 235 30 80 3 27 355 0.44 131.9 1.62 507
S72 3 60 40 235 30 80 3 27 355 0.44 131.9 1.58 546
S73 4 45 40 235 30 80 3 27 355 0.44 131.9 1.53 624

(continued on next page)
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Table 2 (continued)
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Group FE

Bo/  fes

fyo hs Bi t B/ fyi Bi/ L. A ) Nuire
model (mm) (mm) t, (MPa) (MPa) (mm) (mm) (mm) t (MPa) B, (mm) (kN)
S74 2 90 40 235 30 80 2 40 355 0.44 131.9 1.62 458
S75 2 90 40 235 30 80 4 20 355 0.44 131.9 1.70 452
S76 2 90 40 235 30 80 5 16 355 0.44 131.9 1.74 474
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Fig. 12. Effect of slenderness ratio 1 on the (a) ultimate strength and (b) normalised ultimate strength of CFD-SSST columns.
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Fig. 13. Load-lateral displacement relationships for CFD-SSST columns.

based solely on experimental data. Since e, and ¢ are the hoop and
longitudinal strains, respectively, in the steel tubes at the mid-height at
the centre of the flat fold of the tubes, the relationships between ultimate
axial load and ¢y, /€| are thus investigated in this section. The results for
the group G1 specimens are shown in Fig. 15. The steel tube is usually in
a uniaxial stress state for columns with an outer width of B,= 160 mm
when the value of &,/¢. < 0.3 (higher than the concrete’s Poisson’s
ratio, which normally equals 0.2). Because the dilation of the sand-
wiched concrete is less than that of the steel tube under the same axial
deformation, the effect of confinement is therefore minimal in this
instance.

The concrete dilates laterally as the applied load rises. The results for
columns S1 to S5 demonstrate that when the axial load reached
60-100 % of the column strength, the values of ¢, /¢ for many speci-
mens increased considerably above their initial values. Given that the
dilation was limited by the outer steel tube, this implies that the sand-
wiched concrete is subject to confining pressures. The confinement ef-

fect of the outer tube on the infilled concrete is inversely proportional to
the column length, as shown by Fig. 15(a), where the value of ¢}, /¢ at
ultimate axial load decreases as column length increases. This is due to
the fact that secondary bending moments rise as column length increases
[43]. The inner steel tube was restrained and shielded by the outer tube
and sandwiched concrete, as shown by Fig. 15(b), where the value of
en/€lc in the early loading stages is less than 0.3 (roughly ranging be-
tween 0.26 and 0.30). When ¢, /€. > 0.3, the core concrete is confined
as the load increases. Note that changing the column width (B,=180 mm
and B, =280 mm) also yields similar results.

Another interesting finding is that, in contrast to the core concrete
(inside the inner tube only), the positive effect of confinement starts
earlier in the response for the sandwiched concrete (i.e., between the
inner and outer steel tubes). The outer steel tube effectively restrains the
sandwiched concrete, and the hoop stresses in the outer steel become
tensile as the load increases and the compressed sandwiched concrete
starts to behave plastically. The lateral deformations in the sandwiched
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Table 3
Inelastic and elastic failure modes for the CFD-SSST columns.
G1 A 23.2 52.3 69.7 81.3 104.6 116.2 127.8 139.4 151.0 174.3
Failure mode INB INB INB INB INB EB EB EB EB EB
G2 A 26.4 52.8 68.6 84.4 100.2 121.3 131.9 147.7 158.3 175.9
Failure mode INB INB INB INB INB EB EB EB EB EB
G3 A 25.0 50.0 74.9 92.8 107.0 117.8 142.7 154.6 166.5 178.4
Failure mode INB INB INB INB INB EB EB EB EB EB
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Fig. 15. Load versus &y /¢ for CFD-SSST columns in G1 (B,=160 mm).

concrete are comparable to those in the outer steel. The steel tube is in a
biaxial stress state at this point and for the duration of the response,
while the sandwiched concrete is under a triaxial stress state.

For long columns only (S6-S10 for columns of B,=160 mm), the
sandwiched concrete is compressed triaxially when the load reaches the
final column load; however, for intermediate-length columns (S1 to S5),
the confinement of the sandwiched concrete begins earlier, in the
ascending branch of the load-lateral displacement relationships (i.e.
60-90 % of the column strength). The lateral deformation of the inner
steel tube increases with increasing levels of axial stress because the
pressure on the inner tube decreases as the sandwiched concrete dilates
with increasing load.

11

Moreover, a confinement analysis has been carried out to clarify the
effect of column’s slenderness ratio on the contact stress between the
sandwiched concrete and the outer steel tube especially at the corner
regions of the cross section. As shown in Fig. 16, increasing the slen-
derness ratio decreases the contact stress at various B,/t, ratios. This
effect is remarkable in the columns with higher ratios of B,/t,.

The concrete stress distribution in the cross-section at the mid-height
for varying load levels is displayed in Fig. 17 using columns S37 and S60
to illustrate the response of intermediate-length and long columns,
respectively. In each image, the black horizontal line between the
compressive and tensile regions shows the location of the neutral axis.
As can be noticed, the neutral axis moves in closer proximity to the



M.F. Hassanein et al.

—Gl
110 | ---G2
| - = G3
100 \ " Gl
90 ! G2
= ! G3
a9 80_ 1
= |
2 704 !
2 I
% 60 I
‘g |
g 504 |'\
S 40+ |
S 1
= 301 |
|
20 |
104
0 200

Fig. 16. Effect of slenderness on confinement of CFD-SSST slender columns.

cross-sectional centroid as load increases.

3.4. Influence of the inner tube and core concrete

The influence of the inner tube and core concrete on the ultimate
axial strength and behaviour of CFD-SSST slender columns is currently
considered through comparing the CFD-SSST slender columns with
CFSST and CFDSST columns, as seen in Table 4. The CFSST column is
that provided in Fig. 1(d), while CFDSST column is typical to CFD-SSST
columns but with additional concrete core. Herein, intermediate-length
column S14 and long column S18 were considered to accomplish the

Engineering Structures 338 (2025) 120583

through obtaining the strength-to-weight (S/Wrp) ratio (i.e. Ngg/Wrp).
The values of Wr are the total weights of columns, which are the sum of
the weights of concrete and steel. Note that the members’ weight cal-
culations were based on the cubic meter self-weights of steel and plain
concrete, which were determined to be 7850 kg/m® and 2400 kg/m?,
respectively.

For both cases of intermediate-length and slender columns, the re-
sistances of CFDSST columns are the most compared to CFD-SSST and
CFSST columns, simply because the cross-section uses both the inner
tube and concrete core. CFSST columns, on the other hand, have the less
S/Wr ratio than CFD-SSST columns, indicating that cost and safety are
not balanced. While the strength of CFD-SSST columns is 93 % of that of
CFDSST columns, for both column lengths, the former own much higher
S/Wrratios. This ensures that using CFD-SSST columns provides the best
balance between cost and safety for the considered cross-sections. In
case of slender columns, it can also be noted that the S/Wr ratio of the
CFD-SSST column is higher than that of CFSST column, despite having
less axial resistance. Note that for slender columns, filling the entire
cross-section with concrete becomes more efficient than adding an inner
steel tube. This is because the concrete, as a rigid medium, contributes
more in the flexural stiffness of the slender column (i.e. those fail
elastically).

The FE axial strength and lateral displacement at mid-height of the
CFD-SSST slender columns are compared to those of their counterparts
in Fig. 18. It is evident that intermediate-length columns have a higher
strength efficiency increase than long columns. For intermediate-length
columns, the inner steel tube’s role in supporting applied load and
enhancing the section’s flexural stiffness is more noticeable than for
longer members. Conversely, flexural stiffness is more important than
material strength when long columns fail due to elastic buckling. Since
double-skin composite members use less material while having load
capacities comparable to those of CFSST and CFDSST columns, they

comparative study between these different cross-sections. The material
and geometric properties of these columns, along with their strength, are
shown in Table 4. Moreover, the weights (Wr) of the columns were
calculated to obtain the optimum cross-section among the three types,

Initiation of confinement in sandwiched concrete
approximately at Ny re(N=1265 kN)

Initiation of confinement in the sandwiched concrete

also approximately at Ny re (V=564 kN)

offer a better solution for the parameters investigated in this study.
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Fig. 17. Stress distribution in the infill concrete for (a) intermediate-length and (b) long columns.
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Table 4
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Comparison between CFD-SSST slender columns and their counterparts formed without inner tube or concrete.

X - T ol
Column = D = - - D =
type Fb ol S ol Bk
CFD-SSST CFSST CFDSST
(a) Intermediate-length columns — S14
(Avg: 75%) (Avg: 759%) (Avg: 75%)
+8,000e+00 +8,000e+00 13-333:183
Stress Sooussas se.stoe’e0 B—
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contour of % 300e 101 S aone i Sag0inl
concrete 3 §§§§E§i ::ggggigi ; ggg:tgi _
£.400e+01 & 400101 5 300eiol
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-g.g0or o1
Nee (KN) 991 964 1059
Weight (kN) 3.76 4.14 438
S/'Wr 264 233 242
(b) Long columns — S18
s, 833 s, 533 $, 533
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concrete e e 3. E00etor 25000101
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-8.800e+01 -8.800e+01
Nee (kN) 465 482 502
Weight (kN) 6.58 7.25 7.66
S/Wr 71 66 66
strengths on ultimate strength in relation to lateral displacement at mid-
1250 ——S14 height is depicted in Fig. 20. Referring to Fig. 19, it can be seen that
S14-1 (Without inner tube while the long columns are not significantly affected, the ultimate
8 8 y
— - — S14-2 (With core concrete strength of CFDSST intermediate-length columns increases correspond-
~ g g P
10004 — N\ ——918 ing to the increase in the outer steel tube’s yield strength. For instance,
b - = S18-1 (Without inner tube) between S31 and S34, the outer steel tube yield strength rose from
) L o . .
- — S18-2 (With core concrete) 235 MPa to 460 MPa, resulting in a 16.3 % increase in load capacity.
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Fig. 18. Comparison between the axial load versus lateral displacement re-

lationships at mid-height of CFD-SSST slender columns with different composite
configurations.

3.5. Strength of steel material
Fig. 19 displays the results of the analysis regarding the steel

strength, which varied the outer and inner tubes to yield strengths of
235, 355, 420, and 460 MPa. The impact of varying steel tube yield

13

Furthermore, this analysis demonstrates that the yield strength of the
inner steel tube has a negligible impact. However, as can be seen from
Fig. 19(b), increasing yield strength lowers the columns’ Ny rr/Npirk
ratios, indicating decreased efficiency linked to an increase in fy values.
This is further corroborated by the normalised strength-deflection re-
lationships displayed in Fig. 20(b). Furthermore, the effect of yield
strength of the outer steel tube has been studied at various concrete
compressive strengths as shown in Fig. 21. For intermediate length
columns, the outer tube’s yield strength has a considerable effect by
17.5 % increase (at average) in the ultimate load at all concrete grades.
However, for long columns, the effect of outer tube’s material yield
strength has no effect on the ultimate load.

3.6. Strength of sandwiched concrete

By adjusting the values between 40 and 80 MPa, the impact of the
sandwiched concrete’s (fcs) strength was evaluated; the outcomes are
shown in Fig. 22. Fig. 23 illustrates how varying concrete strengths
affect the ultimate strength in relation to lateral displacement at the
mid-height. The ultimate strength of CFD-SSST intermediate-length
columns is found to increase significantly when the sandwiched concrete
strength is increased (e.g., 36.1 % increase in strength by increasing fs
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Fig. 19. Influence of steel yield strength values on the ultimate strength of CFD-SSST slender columns.
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Fig. 20. Influence of steel yield strength on the axial load versus lateral displacement responses of CFD-SSST slender columns.
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Fig. 21. Ultimate load versus yield strength of outer steel tube based on different concrete strengths.

from 40 to 80 MPa), whereas the effect is less significant but still
noticeable for CFD-SSST long columns (e.g., 27.9 % increase in strength
by increasing f.s from 40 to 80 MPa). Again, the various failure modes
are to reason of this discrepancy. It is evident from Fig. 23 that slender
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columns exhibit enhanced ductility for higher concrete grades. How-
ever, as shown in Fig. 22(b), the columns’ Ny rr/Npirk ratios slightly
decrease as concrete strength increases, suggesting that the increased f,
values are associated with decreased efficiency. The prior conclusion is
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Fig. 22. Influence of different concrete strength values (in MPa) on the ultimate strength of CFD-SSST slender columns.
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Fig. 23. Influence of different concrete strength values on the axial load versus lateral displacement responses of CFD-SSST slender columns.
supported by the impact of f. values on the normalised strength- 3.7. Depth of stiffeners

deflection relationships, as shown in Fig. 23(b).

Fig. 24(a) presents the effect of varying the stiffener depth (hs) in the
outer steel tubes, with values of 10, 20, 30, and 40 mm investigated. For
different combinations of outer tube thickness (t,) and yield strength
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Fig. 24. Influence of different stiffener depths (in mm) on the ultimate strength of CFD-SSST slender columns.
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(fyo) as defined in Groups G2, G4, and G5 in Table 2, the minimum
required stiffener depth hg i, for B,= 180 mm is calculated to range
from 17 to 25 mm using Eq. (23), in accordance with the recommen-
dation by Tao et al. [10]. The ultimate strength of intermediate-length
CFD-SSST columns is observed to increase with increasing stiffener
depth, but this enhancement becomes negligible for hs> 30 mm. In
contrast, the ultimate strength and behaviour of long columns are
largely insensitive to changes in stiffener depth. Despite Tao et al.’s
assertion that the minimum stiffener depth as defined by Eq. (23) is
generally adequate, the plots of normalised strength (Nyrs/Npiri)
versus hs shown in Fig. 24(b) display nearly flat trends. This indicates
that variations in stiffener depth beyond the minimum required value
have minimal influence on the normalised axial capacity of the columns.

3121
2t,

by min = , I,=31x10"* <M> fro t4 (23)

to 280°

3.8. Steel tubes’ width-to-thickness ratio

The influence of the width-to-thickness ratios of the inner (B;/t;) and
outer (Bo/t,) steel tubes on the ultimate axial capacity is illustrated in
Fig. 25. As shown in Fig. 25(a), increasing the B;/t; ratio has a negligible
impact on the ultimate strength of CFD-SSST slender columns, whereas
increasing the B,/t, ratio leads to a noticeable reduction in strength.
However, this strength reduction is accompanied by a significant
decrease in steel consumption. For example, increasing the B,/t, ratio
from 45 to 72 in intermediate-length columns S50 and S48 results in a
16.8 % reduction in axial strength but a 37 % reduction in the cross-
sectional area of the outer tube. Fig. 25(b) presents the relationship
between width-to-thickness ratios and the normalised ultimate axial
capacity (Nyre/Npirk) for both inner and outer tubes. It is evident that
increasing the slenderness of the inner steel tube section can slightly
enhance the normalised strength for intermediate and long columns. In
contrast, for the outer steel tube, the normalised strength appears to
stabilise across the range of investigated B,/t, values. Additionally,
Fig. 26 compares both the absolute and normalised strengths against
mid-span deflection. It is observed that increasing the B,/t, ratio reduces
the residual strength in the post-peak response, indicating a more brittle
failure behaviour. On the other hand, variations in Bi/t; do not signifi-
cantly affect the residual strength in the post-peak range.

3.9. Hollow ratio

The hollow ratio y is defined as the ratio of the inner to outer tube
widths, Bi/B,. The influence of y on the ultimate axial capacity of CFD-

N
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SSST slender columns is presented in Fig. 27(a). The intermediate-length
columns S45-S47 and the long columns S68-S70 encompass the studied
range of hollow ratios, which varies from 0.33 to 0.56. In these models,
the outer tube width B, remains constant, while the inner tube width is
adjusted to achieve the desired hollow ratio.

As observed in Fig. 27, increasing the hollow ratio y has a minimal
effect on the axial strength of both intermediate and long CFD-SSST
columns. This observation is further supported by the normalised
strength versus hollow ratio curves shown in Fig. 27(b), which
demonstrate relatively flat trends. These results suggest that, within the
range of parameters considered, adopting smaller values of y leads to
more structurally efficient designs. It is important to note that, due to the
presence of stiffeners, the maximum achievable hollow ratio in CFD-
SSST sections is constrained by (B,-2hs)/B,. Nevertheless, studies on
other double-skin tubular columns—particularly those used in wind
turbine towers—have explored much higher hollow ratios, up to 0.87
[59-61].

4. Design of CFD-SSST slender columns

The application of current design expressions for CFD-SSST slender
columns to the columns of the current study was investigated with the
necessary modifications made, as described below, because there are no
design methods for the CFD-SSST slender columns. Because of the po-
tential for local buckling of the thin-walled section, the ultimate strength
of composite members is determined by the value of the outer tube’s
effective cross-sectional area (Agy,eff) in compliance with Eurocode 3
Part 1-1 [62]. The critical load of thin columns for concrete-filled
composite columns is determined by the column’s effective length and
flexural stiffness [43]. In this assessment, the reliability index p—a
relative measure of design integrity used by other researchers [e.g. [63,
64]]1—is calculated as follows:

p= 12)

o/ Vi + Vi + V2

where « is a linearization approximation coefficient and is taken as 0.7
according to ASCE 7-16 [65]; Vi, Vg and Vy are the coefficients of
variation for the material properties, fabrication procedure, and N,
respectively; ¢ is a strength reduction factor; and N is the average ratio
of Ny g to the corresponding design value [66]. According to the rec-
ommendations of AISC 360-16 [32], ¢ is taken as 0.75, and Vj; and Vg
are taken as 0.193 and 0.05, respectively, as suggested by Lai and Varma
[66]. It is evident that determining the structure’s safety level in a
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Fig. 25. Influence of different width-to thickness ratios on the ultimate strength of CFD-SSST slender columns.
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Fig. 27. Influence of hollow ratio on the ultimate strength of CFD-SSST slender columns.

practical and dependable way is challenging due to statistical factors
resulting from changes in materials or loads. This is why the reliability
analysis approach, which is founded on the theory of probability and
statistics, takes into account uncertainties related to design variables for
the safety design and evaluation of structures. To prevent abrupt failure
or widespread damage progression, the target value for $ in the case of
overall buckling is 2.5 [32]. Therefore, if the reliability index (f) is
greater than 2.5, even though some of the expected outcomes might be
deemed unsafe, it guarantees the safety and integrity of any design
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method.

4.1. EN 1994 Part 1-1 [57]

The design process for CFD-SSST slender columns is expanded from
Eurocode 4 Part 1-1 [57] (referred to as EC4-I in this context) for con-
ventional CFST columns. According to EC4, the ultimate strength (Ny,
Eca) of a composite slender column can be ascertained using the slen-
derness reduction factor ygc4 as follows:
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Nugcs = Xgpcs ® Nu (13)

where y is calculated using the instructions in EN 1993-1-1 [67] and
shown in Eq. 14:

XEC4:1/<@+\/¢72*12)§1~0 a4
@ is calculated as follows:
®=050(1+ae(1-02)+1") (15)

It is noteworthy that the calculation of N, as shown in Section 3, is
based on N, which in turn depends on the effective flexural stiffness,
calculated as:

EIeff.EC4 = Eso.Iso + Ess L4 Iss + Esi.Isi +06e Ecs L4 Ics (16)

According to Eq. 17, the section’s ultimate strength (Nyjgca1) is
modified to encompass every element of the cross-section:

Nul.EC‘PI = Asy.eff .fyo +Ass 'fys +Asi 'fyi +0.85 .Acs .fcs (17)

Notably, according to EN 1993-1-1 [67], the imperfection factor (@)
is calculated as 0.49 based on buckling curve "c". Regarding CFST sec-
tions, EC4 [57] suggests that the coefficient of 0.85 be changed to 1.0.
The EC4-II [57], another design resistance, is also computed without
considering the decrease in concrete strength, as follows:

Nul,EC4—II = Asy.eff .fyo +Ass .fys +Asi .fyi +Acs 'fcs (18)

4.2. AISC 360-16 [32]

The inner steel tube is incorporated into the design equations in AISC
360-16 [32] in a similar manner, thereby substituting the longitudinal
and lateral reinforcing bars in the provided guidance for composite
columns (CFSTs). Consequently, the CFD-SSST slender columns’ ulti-
mate strength (Ny aisc) is as follows:

Ng| N,
Nye |0.658% | —* <225
Ny asc = ¢ 19
N,
0.877eN, - >225
N,
where N, is the elastic critical buckling load calculated as

(n?(Ele atsc) ) /L3, and Ny is the section’s ultimate strength, as provided
by Eq. 17. The effective flexural stiffness, or Elefaisc, is calculated as
follows:

EIeffAAISC = Eso’Iso + Ess . Iss +Esi’Isi + CI1 i Ecs b Ics (20)
where C; is a coefficient that is a function of the cross-sectional areas of
the concrete and steel are denoted by Ac and As, respectively. It is
determined using Eq. 21 to determine the effective rigidity of an encased
composite compression member:

A
€ =025+3e(-2—)<07

21
As +AS @

4.3. AS/NZS 2327 [34]

Design expressions for rectangular CFST columns are included in the
AS/NZS 2327 [34] specification; these are modified for CFD-SSST
slender columns in this instance. This code calculates the ultimate
strength (Nyas) of composite slender columns using a slenderness
reduction factor y,g, which is modified as follows:

Nul.AS =Xas (Asy,eff hd fyo + Ass i fys + Asi ® Lyi + Acs L4 fcs) (22)
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where:
. 2
m::[l— 1—(90/&)2} R
2100(4,-13.5)
7=0.00326(4-13.5) >0,  2,=904, %= 155305 and ap =
05if ke <1 ) Ay
Oifke=1""F = Ap

Eq. 23 defines 4;, which in these expressions refers to the relative
slenderness of the composite column in a specified plane of bending:

Asy.efffyo + Assfys + Asifyi + Acsfcs

n2El.
L7

The effective elastic flexural stiffness, or El,, is calculated as follows:

(24)

A = (23)

EIe.AS = Eso i Iso + Ess i Iss + Esi.Isi +Ecs.Ics
4.4. ISO 16521-2024 [68]

The axial ultimate strength of trussed concrete-filled steel tubular
(CFST) hybrid structures, as defined in ISO 16521-2024, has been
adopted to estimate the ultimate load-bearing capacity (Nyso) of CFD-
SSST slender columns. In accordance with this standard, the design axial
strength is calculated by summing the resistances of the individual CFST
chord cross-sections while accounting for global stability effects through
the application of a stability reduction factor. This approach provides a
simplified yet rational means of assessing the compressive performance
of hybrid composite members incorporating dual stiffened steel tubes
and infilled concrete.

Nuiso = Xiso ZfscASc (25)

where:

Asc :ASD +Asi +Ass +Acs ,fsc = fzz
as 1.2, according to GB/T 51446-2021[69], where fi, is determined
as:

fsy = 1.18 +0.85& 5000 fuk

and  y,, is recommended

(26)

In this expression, &g, = AEA‘;—Z{k, a. is recommended as 0.83 for C40

concrete, fix = 0.88a,dcofw, and a.; and ., are recommended as 0.76
and 1 for C40 concrete, respectively. y,5, is determined in accordance

with Eq. (27):
1 if A<
Tiso =% A2 +Dbi+c if bg<A<h 27)
d/(2+357  if A>4
where:

1+ (35424, —do)e

(Ap _’10)2
b=e—-2ai,
c=1—ak?—Dbl,
d— 13500+ 4810 [ 22) | (2 ” (5)0'05 and
B foy 6Vc'fck +5 0.1 ’
. d
(4 +35)°
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Vior

Moreover, 4, and 4, are determined as : 4, =

and 1,

o 220&;50 + 450
B (0.85¢&50 + 1.18)axfur’

respectively.

4.5. Comparison of the design methods

The current section presents the results of a comparison between the
values obtained using the various design methods and the ultimate axial
loads predicted for different column arrangements by the FE model (N,
re)- The different design resistances against Ny pg are shown in Fig. 28,
and the numerical data, which includes the reliability index , mean
value, coefficient of variation (COV), and minimum and maximum
values, is provided in Table 5.

As can be seen from Fig. 28 and Table 5, AS/NZS 2327 [34] offers the
most accurate predictions, with most design values falling within 10 %
of Nyipg. For Nyjas/Ny re ratios, the mean and COV (coefficient of
variation) values are 0.99 and 0.101, respectively. Furthermore, this
method’s reliability index of 2.92 further supports its suitability as a
design approach for the CFD-SSST thin columns. However, it should be
noted that the other design methods [(Method-I) [57], (Method-II) [57],
AISC [32], and ISO 16521-2024 [68]] predict mean design strength/FE
strength ratios of 77 %, 83 %, 91 %, and 94 %, respectively, which
generally underestimate the ultimate strength of CFDSST columns.
Compared to the corresponding expressions in other design methods, the
AS/NZS 2327 [34] approach does not reduce the concrete strength as is
done in EC4 [57] (Method I). Furthermore, the effective flexural stiffness
in AS/NZS 2327 is computed as the sum of the individual component
flexural stiffnesses without applying a reduction to the concrete
contribution. This results in a higher overall design strength, as the
relative slenderness of the composite column is effectively reduced,
thereby increasing the value of the buckling reduction factor, yas,
relative to alternative design approaches. To further examine this
observation, a reduction factor for the concrete contribution to flexural
stiffness (;) was derived based on the finite element modelling results.
The relationship between S, and the transverse slenderness parameter
(4) is presented in Fig. 29. As shown, $, remains close to unity across the
studied range, which supports the validity of the EI s formulation
adopted by AS/NZS 2327 [34]. Additionally, Fig. 30 illustrates the
relationship between the buckling reduction factor (y) and the slen-
derness parameter for different design methods, revealing that EC4 [57]
consistently yields the lowest y values among the methods considered.
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Fig. 28. Comparison of different design strengths with the capacities obtained
by the FE modelling.
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Statistical evaluation of comparisons of different design strengths with the ca-
pacities obtained through FE modelling.

Statistics EC4-1 EC4-11 AISC 360-16 AS/NZS ISO 16521
[57] [57] [32] 2327 [34] [68]
Nuigca-1 Nugcs—n Nuiaisc Nuas Nuiiso
Nure Nure Nui e Nu e Nu e
Mean 0.77 0.83 0.91 0.99 0.94
cov 0.087 0.081 0.120 0.101 0.152
Max 0.92 0.99 1.21 1.24 1.28
Min 0.67 0.75 0.66 0.81 0.74
p 3.49 3.24 2.96 2.92 3.39
1.2
1.0 °q o P Nl
[ ]
[ ]
0.8 1
0.6
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Fig. 29. Relationship between f, versus 1 based on FE results.
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Fig. 30. Buckling reduction factor versus the slenderness parameter for
different design methods.

5. Conclusions

The global buckling behaviour and ultimate strength of CFD-SSST
slender columns—which have not been examined before—are investi-
gated in this paper. The creation and validation of a finite element model
are presented in the paper, with careful attention paid to ensuring that
all necessary information is included that readers might find interesting.
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A parametric study is then carried out using the validated model to
determine the relative impact of different properties on the ultimate
strength, failure mechanisms, and global buckling behaviour. The flex-
ibility of existing design models is expanded to include the special
characteristics of CFD-SSST slender columns, and their accuracy is
evaluated. The following is a summary of the work’s primary
conclusions:

1. The axial strength and behaviour of CFD-SSST slender columns are
significantly influenced by the slenderness ratio, as is well known for
various composite columns. As anticipated, increasing the slender-
ness ratio of slender columns causes a change in the failure mode and
a decrease in the load-carrying capacity.

2. A technique for dividing CFD-SSST slender columns into
intermediate-length and long columns is presented, based on the
results shown and the thorough examination of stress distributions
and failure modes in particular.

3. The ultimate strength of CFD-SSST columns is higher than that of
concrete-filled steel tubular (CFST) and concrete-fille dual tube
(CFDSST) columns of the same weight because inner steel tubes
enhance the cross-section’s flexural stiffness and augment the load-
carrying capacity.

4. The axial strength of intermediate-length CFD-SSST columns is
clearly influenced by the yield strength of the outer steel tube, the
sandwiched concrete strength, and the width-to-thickness ratio of
the outer tube, according to parametric study results. In contrast, the
axial strength of CFD-SSST long columns is marginally impacted by
the sandwiched concrete strength and the width-to-thickness ratio of
the outer tube.

5. The findings demonstrate that CFD-SSST slender columns with
comparatively low hollow ratios work effectively and are probably
going to offer the best outcome.

6. Various design processes from the available research literature and
international design codes are evaluated, and it is demonstrated that
AS/NZS 2327 [34] offers the most accurate predictions of those
analysed.

A comprehensive cost-benefit analysis on the considered cross-
section is still required (including material, construction, and mainte-
nance costs). Moreover, the effects of unique properties of cold-formed
steel and sandwiched concrete on reliability index calculation should
be examined in future based on extensive testing.
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