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A B S T R A C T

The steel–concrete composite columns (SCCC) are widely used in the construction sector. The buckling
phenomenon of the steel part (especially thin-walled steel) of the SCCC due to compressive loading is the
governing characteristic of these columns. The present paper reports an experimental and numerical study on
the compressive behavior of innovative concrete-filled (CF) closed built-up cold-formed steel (CFS) columns to
investigate the applicability of EN 1994-1-1 for the prediction of the buckling resistance. Twelve CF-CFS short
columns were tested. The finite element (FE) design, test setup, procedure, and results, including the load-
carrying capacities, load–deformation, and buckling modes, were fully reported. Additionally, the numerical
results and EN 1994-1-1 predictions were compared assessing the validity of the EN 1994-1-1 formulations for
the estimation of the contributions of each component. Since the closed built-up cross-sections are composed
of Class 4 individual cross-sections, both gross and effective sectional areas were considered to estimate the
steel contribution to the overall resistance of the composite columns. Based on the FE results it was observed
that using the gross area the EN 1994-1-1 formulation overestimates the steel contribution and underestimates
it when the effective area is used. Therefore, a modification was proposed for determining the effective cross-
sectional areas of Class 4 closed built-up CFS cross-sections, by considering the overlapping plates, fastener
positioning, and the concrete encasement of the individual plate elements resulting in a close agreement
between the proposed methodology and experimental results.
1. Introduction

Due to the appropriate composite action between the steel sec-
tions and concrete, concrete-filled steel tubular columns are becoming
increasingly used in various structures. Extensive experimental and
analytical studies have been conducted to understand the behavior of
the composite columns [1–10]. The use of steel box sections filled
with concrete for columns has many advantages. The concrete core
can contribute to mitigating premature local buckling phenomena on
the tubular steel section. Also, the confinement of the concrete by
the steel section can enhance the development of the compressive
strength of the concrete. In addition, formworks are not required for
concrete casting. As a result, these composite columns provide higher
strength and rigidity in an economical and environmentally friendly
manner, as well as improved fire resistance behavior. Different design
codes including Australian standard AS 5100 (2004) [11], American
specification ANSI/AISC [12], Chinese codes (DBJ/T 13-51-2010 [13]
and JGJ 138-2016 [14]), and EN 1994-1-1 [15] address specifically the
subject of concrete-filled composite columns.

A relevant part of previous studies was focused on stainless steel
composite columns [16–28]. Hassanein et al. [29–38] investigated the
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axial and flexural behavior of circular concrete-filled stainless steel
tubular columns using experimental and numerical tools. They used
lean duplex stainless steel as the external tube. They also studied the
effects of the slenderness of concrete-filled dual steel tubular columns
on their buckling behavior. They compared their results with analytical
predictions obtained from DBJ/T 13-51 [13] and EN 1994-1-1 [15],
concluding that analytical predictions are slightly unconservative based
on EN 1994-1-1 [15] for intermediate-length columns. Considering
buckling curve d instead of curve c [15] provided safer predictions. The
effect of confinement of stiffened and unstiffened concrete-filled stain-
less steel tubular short columns was investigated by Dabon et al. [39,
40] resulting in highly conservative code predictions (American speci-
fication ANSI/AISC [12] and EN 1994-1-1 [15]). Xiong et al. [41–43]
investigated the axial and flexural performance of short and long
concrete-filled steel tubes with high and ultra-high-strength materials.
Their results showed that EN 1994-1-1 [15] provides conservative
results if the confinement effect is not considered and if Class 3 steel
sections are not used.

Kazemzadeh et al. [44–46] investigated axial slenderness limits
and the local and post-local buckling for concrete-filled stainless steel
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Notation

𝐴𝑎 Cross-sectional area of the structural steel
section

𝐴𝑠 Area of the steel reinforcement
𝐴𝑐 Cross-sectional area of concrete
𝐴𝑒𝑓𝑓 Effective cross-sectional area of the struc-

tural steel section
𝐸𝑠 Modulus of elasticity of steel
𝐸𝑠 Average value of modulus of elasticity of

the steel material
𝐸𝑐𝑚 Average value of modulus of elasticity of

concrete material
𝐸𝑐,𝑒𝑓𝑓 Reduced value of modulus of elasticity of

concrete material
D Density
𝐷 Average value of density
𝑃𝑢,𝑡𝑒𝑠𝑡 Axial capacity of the column based on

experimental test
𝑃𝑎𝑣𝑒𝑟𝑎𝑔𝑒,𝑡𝑒𝑠𝑡 Average value of Axial capacity of the

column based on experimental test
𝑊𝑐𝑜𝑚𝑝 Weight of the composite column
𝑃∕𝑊𝑐𝑜𝑚𝑝 Load–weight ratio
𝑃𝑚𝑎𝑥 Maximum axial load based on experimental

test
𝑁𝑝𝑙,𝑅𝑑 Plastic resistance of the composite column

section
𝑁𝑏,𝑅𝑑 The design buckling load of the composite

column member
𝑃𝐶𝐹𝑆 CFS contribution on the axial load-bearing

capacity of composite column based on
finite element method

𝑃𝐶𝐹 Concrete-filled contribution on the axial
load-bearing capacity of composite column
based on finite element method

𝑃𝐶𝐹−𝐶𝐹𝑆 Axial load-bearing capacity of concrete-
filled cold-formed steel composite column
based on finite element method

𝑃𝐶𝐹𝑆𝑏 Axial load-bearing capacity of CFS built-up
column based on finite element method

𝑁𝑐𝑟 Elastic buckling force
𝑁𝑐𝑟,𝐹 Elastic flexural buckling force
𝑁𝑐𝑟,𝑇 Elastic torsional buckling force
𝑁𝑐𝑟,𝑇 𝐹 Elastic torsional-flexural buckling force
𝐼𝑠 Second moment of area of the stiffener
𝐼𝑎 Second moments of area of the structural

steel section
𝐼𝑠 Second moments of area of the un-cracked

concrete section
𝐼𝑐 Second moments of area of the reinforce-

ment for the bending plane
𝐿𝑒 Effective length of column
𝐿𝑒𝑙 The smallest element size
𝐸𝐼𝑒𝑓𝑓 Effective flexural stiffness
K Spring stiffness per unit length of a stiffener

composite columns (concrete-filled box, concrete-filled circular, and
partially encased I-sections). Maximum local amplitude imperfections
of b/450 and 𝑏𝑓 /120 were proposed for fabricated box sections. It
was observed that for short concrete-filled steel tubular columns, local
buckling is the governing failure mode. Han et al. [47–51] investigated
2

𝑓𝑦 Yield strength
b Width of a cross-section, plate width
𝑏𝑒, b𝑒𝑓𝑓 Effective width of a cross-section, effective

plate width
c Lip length of a cross-section
𝑐𝑒 Effective lip length of a cross-section
𝑐𝑑 The wave speed of the material
h Height of a cross-section
ℎ𝑒 Effective height of a cross-section
𝑘𝜎 Buckling factor depending on the stress dis-

tribution and boundary conditions of the
plate

𝑓𝑦𝑑 Design value of the yield strength of
structural steel

𝛥𝑡 Scaling factor
t Plate thickness
r Radius of gyration of a cross-section
𝑘𝑒 Correction factor
𝛿 Steel contribution ratio
𝛷 Safety factors for the available axial

strength based on the Limit States Design
(LSD)

𝜑𝑡 Creep coefficient
𝛼 Imperfection factor
𝜆 Slenderness factor
𝜆 Relative slenderness
𝜈 Poisson’s ratio in elastic stage
𝜌 Reduction factor for plate buckling
𝜎𝑐𝑟 Elastic critical plate buckling stress
𝜎𝑐𝑟,𝑠 Elastic critical buckling stress for an edge

stiffener
𝜒 Reduction factor for relevant buckling

mode
𝜒𝑑 Reduction factor for the distortional buck-

ling resistance
𝛽 Reliability index

short and slender concrete-filled stainless steel tubular columns using
experimental tests and the finite element method. Failure modes, load
bearing capacity, and buckling modes were extensively compared. Also,
the use of carbon steel and stainless steel in concrete-filled columns
was assessed. Stainless steel composite columns showed a more ductile
behavior with higher post-buckling strength comparing to those com-
posite columns with carbon steel tubes. Ellobody [52–54] performed
several experimental tests on concrete-filled cold-formed high strength
stainless steel tube columns and compared the results with design
predictions according to the EN 1994-1-1 [15] and Australian Stan-
dards AS3600 & AS4100 [20]. It was observed that design predictions
according to the Australian/New Zealand specifications [20] presented
conservative results, whereas the European standard presented in gen-
eral unconservative results. Circular and square concrete-filled stainless
steel columns were investigated by Lam and Gardner [55] and Gi-
akoumelis and Lam [56]. A total of 16 stub columns were tested
and the results were compared with the EN 1994-1-1 [15] and the
Continuous Strength Method (CSM) [57]. The CSM provided the closest
prediction since it has provided a more precise assessment of the steel
contribution. Concrete-filled double-skin tubular cross-sections with
stainless steel tubes were also investigated by Fangying et al. [58–60].
The authors recommended the use of effective compressive strength to
improve the accuracy of design predictions.

Built-up cold-formed steel sections combining several individual
shapes are extensively used in the Light-Steel Framing (LSF) industry
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Table 1
Specimens details.

Column configuration Length (mm) CFS profiles Fasteners distance (mm) Fasteners
spacing (mm)

𝐴𝑎 (mm2) 𝐴𝑐 (mm2)

C U 𝛴 ℎ1 ℎ2 ℎ3

R-2C + 2U 1050 2 2 – 39 23 – 237.5 1485 12 121.5
S-2C + 2U 1050 2 2 – – 21.5 – 237.5 1485 21 720.0
R-2𝛴 + 2U 1050 – 2 2 – 21.5 11.5 237.5 1540 8912.8
S-2𝛴 + 2U 1050 – 2 2 – 21.5 11.5 237.5 1540 18 307.1
Fig. 1. Geometry of CFS profiles (unit in mm): (a) U-shaped, (b) C-shaped, and (c)
𝛴-shaped.

as a strengthening solution in critical areas of the buildings. Aiming to
further expand the applicability of CFS solutions new synergies must be
established combining different structural materials. The versatility of
CFS products allows exploring new alternatives, for instance, CF-CFS
built-up columns with different geometric shapes using commercially
available CFS profiles, which can also be beneficial for retrofitting
purposes. The composite solutions are suitable to prevent local buckling
phenomena, hence the full capacity of steel can be more effectively
exploited, leading to optimal material consumption and spurring, for
instance, the use of high-strength cold-formed steel. This type of so-
lution will increase the load-bearing capacity of the CFS columns
and the structural fire resistance. Moreover, it is envisaged that this
solution shall be used as a prefabricated one (similar to precast concrete
elements) and may contribute to allowing the use of LSF in medium-rise
buildings.

From the literature review, it was found that there is no research
concerning the behavior of concrete-filled cold-formed steel built-up
columns. Current design standards such as the EN 1994-1-1 [15] do
not consider the use of thin-walled CFS profiles in the design of
concrete-filled built-up tubular columns. The behavior of thin-walled
cold-formed steel is governed by local buckling phenomena (class 4
cross-sections). Therefore, the applicability of EN 1994-1-1 [15] for
the prediction of the buckling resistance of this innovative type of CF-
CFS built-up composite columns has been investigated. In this study,
12 CF-CFS built-up specimens including four different cross-section
shapes were evaluated. A finite element study using Abaqus [61] was
conducted to understand the behavior of the CF-CFS built-up columns
before moving forward to the experimental study. The main objective
of this research was to investigate the compressive behavior of the
presented CF-CFS built-up sections including load-bearing capacity, and
buckling modes, understanding the contribution of concrete mitigat-
ing local buckling phenomena. The contribution of the CFS built-up
sections and concrete infill was evaluated individually to understand

the behavior of the composite column and the interaction between

3

steel and concrete. The experimental results were also compared to
analytical predictions based on the EN 1994-1-1 [15] considering both
the steel gross cross-section area and effective cross-section area deter-
mined according to the EN 1993-1-3 [62]. Also, a tailored approach is
proposed and verified against the obtained experimental and numerical
results.

2. Preliminary design

2.1. Geometry of the CF-CFS built-up sections

In this study, three CFS profiles were used, namely C, U, and
𝛴-shaped. The individual shapes were arranged to create built-up
sections. The geometry details of these sections are showed in Fig. 1.
All profiles were fabricated with S280GD + Z structural steel, hot-dip
galvanized with zinc on each side (zinc coating of 0.04 mm–275 g/m2)
by cold-forming process.
Fig. 2 also shows the geometry details of the four CF-CFS cross-section
shapes tested. These four cross-sections are (a) rectangular built-up
cross-section comprising two C-shaped profiles fastened back-to-back
and two U-shaped profiles (R-2C + 2U); (b) square built-up cross-
section comprising two C-shaped profiles and two U-shaped profiles
(S-2C + 2U); (c) rectangular built-up cross-section with two 𝛴-shaped
profiles fastened back-to-back and two U-shaped profiles (R-2𝛴 + 2U);
and (d) square built-up cross-section with two 𝛴-shaped and two
U-shaped profiles (S-2𝛴 + 2U). All the specimens were filled with
lightweight concrete with a density of 1850 kg/m3. The individual
profiles of these sections were connected using self-drilled fasteners
with a diameter of 6.3 mm and a length of 45 mm (embedded on
lightweight concrete). All specimens have a length of 1050 mm. The
considered fastener spacing along the column was 237.5 mm. End
distance of 50 mm also has been considered for the first row of fasteners
of the CF-CFS built-up column. The location of fasteners is shown in
Fig. 2 and the distances of the fasteners are listed in Table 1.

2.2. Mechanical properties

2.2.1. Steel
The mechanical properties of the structural steel S280GD + Z275

(hot-dip galvanized with zinc on each side (zinc coating of 0.04 mm–
275 g/m2) [63] were obtained using a series of tensile coupon tests
performed according to ISO 6892-1 [64]. Each test sample was cut in
the longitudinal direction of forming from the lipped channel profile.
The coupons were manufactured according to the ISO 6892 [64]. The
coupon tests were performed using a universal testing machine with
600 kN capacity. The experimental tests were performed according to
Method A defined in ISO 6892-1 [64], considering a strain rate control
of 0.00007 s−1 in range 1 and 0.00025 s−1 in range 2.

Mechanical properties such as modulus of elasticity (𝐸𝑠), yield
strength (𝑓𝑦), ultimate strength (𝑓𝑢), and proportional stress limit (𝑓𝑝)
were determined. The tensile coupon test samples and dimensions for
S280GD + Z and corresponding stress–strain curve are presented in
Fig. 3. Also, the mentioned mechanical properties are listed in Table 2.
Summarizing the average modulus of elasticity was measured 204 GPa.
The average values for proportional stress limit, yield stress (0.2% proof
stress), and ultimate stress were 212.5 MPa, 306.81 MPa, and 424.04
MPa, respectively.
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a

Fig. 2. Built-up cross-sections (unit in mm); (a) R-2C + 2U, (b) S-2C + 2U, (c) R-2𝛴 + 2U, (d) S-2𝛴 + 2U, (e) fastener spacing along the length.
Table 2
Mechanical properties of the S280GD + Z275 steel.
Sample 𝐸𝑠 (GPa) 𝐸𝑠 (GPa) 𝑓𝑦 (MPa) 𝑓 𝑦 (MPa) 𝑓𝑢 (MPa) 𝑓 𝑢 (MPa) 𝑓𝑝 (MPa) 𝑓 𝑝 (MPa)

#1 205.23
204.18

302.54
306.81

422.47
424.04

208.28
212.50#2 203.90 308.92 426.61 210.97

#3 203.42 308.98 423.04 218.24
Fig. 3. Tensile coupon test results.
2.2.2. Concrete
The lightweight concrete was used with the mix proportion listed in

Table 3. Three standard concrete cubic tests were tested to determine
the material properties of concrete. The concrete cubic tests dimensions
were 150 mm × 150 mm ×150 mm. The concrete cubic dimensions
nd test procedures were based on BS EN 206-1:2013 [65] for concrete
4

compression testing (Fig. 4). The average density of the concrete (𝐷)

calculated was 1856 kg/m3. The compressive cube strength of con-

crete (𝑓𝑐𝑘,𝑐𝑢𝑏𝑒) for the different tests, was 26.5, 31.2, and 32.8 MPa,
respectively. The average value (𝑓 𝑐𝑘,𝑐𝑢𝑏𝑒) was 30 MPa. Therefore, the
mean concrete compressive strength (𝑓 ) and modulus of elasticity
𝑐𝑚



R. Rahnavard, H.D. Craveiro, R.A. Simões et al. Thin-Walled Structures 170 (2022) 108638

G
c
e
s
E

𝜎

T
1
H
f
t
a
s
w
I
2
E

𝜎

𝜇

s

Table 3
The lightweight concrete mix proportion (kg∕m3).

Lightweight
aggregate
LECA 2–4

Lightweight
aggregate
LECA 3–8

Sand Water Cement CEM
I 42.5R

Super
plasticizers
(Viscocrete-
V3000)

294.8 245.6 595.0 204.5 451.5 7.8

(𝐸𝑐), based on EN 1992-1-1 [66] were taken as 33 MPa and 31.476
Pa, respectively. Table 4 summarizes the measured density, concrete
ubic strengths, mean concrete compressive strength, and modulus of
lasticity. The mathematical model for the compressive stress–uniaxial
train (𝜎𝑐 - 𝜀𝑐) curve of concrete was plotted in Fig. 4-c according to
qs. (1)–(2).

𝑐 =
(𝑘𝜂 − 𝜂2)𝑓𝑐𝑚
1 + (𝑘 − 2)𝜂

(1)

𝜂 =
𝜀𝑐
𝜀𝑐1

and 𝑘 = 1.05𝐸𝑐𝑚
𝜀𝑐1
𝑓𝑐𝑚

(2)

he strain at peak stress 𝜀𝑐1 = 0.0021, was adopted from EN 1992-1-
[66] for concrete with the same mean compression strength (𝑓𝑐𝑚).
owever, the expression presented by EN 1992-1-1 [66] is valid just

or a strain less than nominal ultimate strain (𝜀𝑐𝑢1) which is 0.0035 for
his concrete. This is not a problem for a standard structural analysis
s the strain is usually less than the nominal ultimate strain. In this
tudy as high strain crushing may occur; the extension of the curve
as plotted based on Eq. (3) [67] as shown in the red curve of Fig. 4-c.

n Eq. (3), 𝛼1, 𝛼2, and 𝛼 are the factors and suggested to be 0.5, 1, and
0, respectively [67]. Moreover, 𝜇 and 𝛽1 are calculated according to
q. (4).

𝑐 = 𝑓𝑐𝑚

[

1
𝛽1

−
𝑠𝑖𝑛(𝜇𝛼1𝛼2𝜋∕2)
𝛽1 𝑠𝑖𝑛(𝛼2𝜋∕2)

+
𝜇
𝛼

]

(3)

=
𝜀𝑐 − 𝜀𝑐𝑢,𝐴

𝜀𝑐𝑢,𝐵 − 𝜀𝑐𝑢,𝐴
𝑎𝑛𝑑 𝛽1 =

𝑓𝑐𝑚
𝑓𝑐𝑢,𝐴

(4)

Note that 𝑓𝑐𝑢,𝐴 is the compressive strength at point A (Fig. 4-c) that
is calculated according to Eq. (1) corresponding to nominal ultimate
strain (𝜀𝑐𝑢,𝐴 = 𝜀𝑐𝑢1 = 0.0035). 𝜀𝑐𝑢,𝐵 also was considered 0.02.

The mathematical model for the tensile stress–strain curve of con-
crete was plotted in Fig. 4-d. The tensile stress–strain curve is defined
in elastic and plastic terms. Tensile stress increases linearly along with
modulus of elasticity, up to the reach the peak value (𝑓𝑐𝑡𝑚) which is
2.6 MPa based on EN 1992-1-1 [66] for concrete with the same mean
compression strength (𝑓𝑐𝑚). After this point, stress is reduced with the
inusoidal manner and at the cracking strain of 0.001, the stress of 0.05
f 𝑐𝑡𝑚 is achieved.

2.3. Finite element modeling

A finite element modeling was conducted for understanding the
behavior of CF-CFS built-up section. Abaqus was used for modeling the
innovative CF-CFS built-up composite sections.

2.3.1. Material properties
The mechanical properties of steel were defined as an elastoplastic

material. Modulus of elasticity of 𝐸𝑠 = 210 GPa and Poisson’s ratio
of 𝑣 = 0.3 were used to define the elastic behavior of CFS profiles.
Moreover, the plastic behavior with isotropic hardening was derived
based on the experimental stress–strain curve with yield stress and
ultimate stress of 306.81 and 424.04 MPa, respectively (see Fig. 3).
The concrete damaged plasticity (CDP) model in Abaqus [61] was
used to define the behavior of concrete material. CDP model consists
of compressive and tensile behavior, defined separately in terms of
plasticity and damage parameters [61–64]. Modulus of elasticity 𝐸𝑐 =

31.476 GPa and mean compression cube strength 𝑓𝑐𝑚 = 33.0 MPa were

5

used (see Table 4). The compressive stress–uniaxial strain (𝜎𝑐 - 𝜀𝑐)
curve was defined based on EN 1992-1-1 [66]. In addition, concrete
tensile behavior is defined as the function of tensile stress and cracking
strain based on EN 1992-1-1 [66]. Tensile stress increases linearly
along with modulus of elasticity, up to the peak value 𝑓𝑐𝑡𝑚 = 2.56
MPa (see Fig. 4-d). The plasticity parameters including flow potential
eccentricity, biaxial/uniaxial compressive strength ratio, dilation angle,
viscosity parameter, and the ratio of the second stress were defined
based on [68,69] as 0.1, 1.16, 30, 0.01, and 0.67, respectively.

2.3.2. Meshing and interactions
S4R shell element, available in Abaqus element library [61] was

used for modeling CFS profiles (see Fig. 5). C3D8R solid element
was selected to model the concrete infill. Concerning mesh size, a
mesh sensitivity analysis was performed to obtain accurate results
with reasonable computational times. Different mesh sizes of 5 mm,
10 mm, 15 mm, and 20 mm were analyzed. As the difference between
the results from models with a mesh size of 5 mm and 10 mm was
negligible (≤1%). Moreover, a 5% difference between the results from
models with a mesh size of 10 mm and models with a mesh size
of 15 mm were observed. Therefore, a mesh size of 10 mm was
considered for CFS profiles and concrete infill. ‘‘General contact’’ was
used to define the interaction between steel parts and steel to concrete
surfaces. The contact properties among all surfaces were defined in-
cluding normal hard contact and penalty tangential contact. A friction
coefficient sensitivity analysis conducted by Lam et al. [70] and their
results reported a negligible effect of friction coefficient value on axial
capacity of composite columns. Therefore, a friction coefficient of
0.3 was defined as tangential contact property. The combined ‘‘Beam
connector and fastener’’ approach from the Abaqus library was selected
to model fasteners. In this technique, the ‘‘Beam connector’’ defined
the connection between two nodes of two surfaces. The ‘‘fastener’’ tool
applied the real radius of the fasteners to the beam connector from
one certain surface to another one. Previous research carried out by
the authors showed that the combined ‘‘Beam connector and fastener’’
approach represents the fasteners effects accurately [71]. The modeling
technique for the combined ‘‘beam connector and fastener’’ is shown in
Fig. 5.

2.3.3. Analysis procedure and boundary condition
Two reference points including RP-1 and RP-2 defined on each col-

umn end to apply displacement loading and boundary conditions. Each
column end cross-section was coupled to the corresponding reference
point. Moreover, the shear deformations at both ends were restrained.
The nonlinear dynamic explicit was used to apply pure compression
displacement loading to the models. The displacement loading was ap-
plied to the models using the ‘‘smooth amplitude’’ technique available
in Abaqus [61] to avoid convergence error. The scaling factor (𝛥𝑡)
also was considered for CFS and lightweight concrete to conduct a
quasi-static analysis using the dynamic explicit Solver in Abaqus using
Eq. (5), where, 𝐿𝑒 is the smallest element size and 𝐶𝑑 is the wave speed
of the material and is calculated according to Eq. (6). Note that the ratio
(ALLSD/ALLIE) of the energy dissipated by viscous damping (ALLSD)
to the total strain energy (ALLIE) remained below 1%.

𝛥𝑡 = 𝐿𝑒𝑙

𝐶𝑑
(5)

𝐶𝑑 =
√

𝐸
𝜌

(6)

2.3.4. Initial imperfection and residual stresses
The elastic buckling analysis was carried out to consider geometric

imperfections. The pinned support was defined as the boundary con-
dition for the elastic buckling analysis (see Fig. 5). The first buckling
mode was selected to be used as input for the imperfections (Fig. 6) [52,
53]. Concerning the magnitude of the imperfections, three scenarios
were considered based on previous studies including (a) scenario 1
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Table 4
Mechanical properties of the tested concrete cube samples.

Test 𝐷 (kg∕m3) 𝐷 (kg∕m3) Max. load (kN) 𝑓𝑐𝑘,𝑐𝑢𝑏𝑒 (MPa) 𝑓 𝑐𝑘,𝑐𝑢𝑏𝑒 (MPa) 𝑓 𝑐𝑚 (MPa) 𝑓𝑐𝑑 (MPa) 𝐸𝑐 (GPa) 𝜀𝑐1
#1 1848

1856
596.2 26.5

30 33 25 31.476 0.0021#2 1860 702.5 31.2
#3 1860 736.9 32.8
Fig. 4. The standard concrete cube tests and results; (a) compressive test machine, (b) cubic test samples, (c) compressive behavior and (d) tensile behavior.
Fig. 5. Meshing and boundary conditions for the FE model.
p
e
l

3

a
F
C
e

(S1): no imperfection [58–60], (b) scenario 2 (S2): 1/300 of the col-
umn’s length based on EN 1994-1-1 [15], and (c) scenario 3 (S3):
1/1000 of the column’s length [38,49].

Note that the first predicted buckling mode by Abaqus shows a
global buckling mode only for the models R-2C + 2U, S-2C + 2U,
and R-2𝛴 + 2U (Fig. 6). Concerning S-2𝛴 + 2U model, since linear
buckling analysis showed local buckling modes for the first 200 modes,
the local buckling mode (see Fig. 6-d) was then used as input for
the geometric imperfection in the nonlinear dynamic analysis. The
imperfection magnitudes used for local buckling were (a) scenario
1 (S1): no imperfection [58–60], (b) scenario 2 (S2): 1/200 of the
section’s height [72], and (c) scenario 3 (S3): 1/450 of the section’s
width [44].

Previous studies [6,7,58–60] reported that residual stresses have a
negligible effect on the axial capacity of the composite columns due to
support provided to the steel tubes by the concrete. Therefore, residual
stresses were not included in the current FE models.
 w

6

3. Experimental campaign

3.1. Introduction

In this experimental study, 12 specimens including four configu-
rations of CF-CFS built-up columns were tested. The closed built-up
CFS specimens were built using C-shaped and U-shaped and 𝛴-shaped
rofiles (as presented in Fig. 1 and Table 1). A general view of the
xperimental tests is shown in Fig. 7 and the general information is
isted in Table 5.

.2. Test set-up and instrumentation

A 5000 kN capacity hydraulic testing machine was used to apply the
xial compressive force to the CF-CFS built-up short column specimens.
ig. 8 shows a schematic view of the test set-up. The innovative CF-
FS built-up short columns were positioned in the testing machine,
nsuring perfect alignment and verticality of the specimens. Loading
as applied under displacement control assuming a constant rate of
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Fig. 6. Buckling modes for the FE models.
Fig. 7. The experimental specimens (unit in mm).
able 5
xperimental campaign.
Configurations Loading Boundary conditions Repetitions

R-2C + 2U Displacement controlled
until failure – 0.01 mm/s

Fixed supports 3
S-2C + 2U 3
R-2𝛴 + 2U 3
S-2𝛴 + 2U 3

Total 12

0.01 mm/s. The CF-CFS built-up column tests were stopped when

clear drops of axial loads were observed. A 100-mm range Linear

Variable Differential Transformer (LVDT) was used to measure the end
7

shortening of the specimens. This LVDT was placed to the bottom
bearing plates (LVDT-7) as shown in Fig. 9.

In the first test, a set of two endplates were used at both ends of
the short columns, simulating a CFS track channel (S-2 𝛴 + 2U-1),
however, premature local crushing phenomena was observed at the
end of the short column (see Fig. 16-d). To prevent this phenomenon a
specific device was fabricated to protect both ends of the short columns
avoiding localized crushing. The clamping devices were connected to
the column ends as shown in Fig. 9. The column ends were also
corrected and rectified using cement mortar, ensuring that both ends
were parallel and that both concrete and steel profiles were perfectly
aligned and leveled.

Six LVDT were positioned along the length of the column in both
orthogonal directions to measure out-of-plane deformations (Fig. 10).
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Fig. 8. Schematic view of the setup.
Fig. 9. Experimental test setup and clamping device.
Strain gauges were positioned in the perimeter of the tested cross-
sections (the same direction of the loading) at various levels, as de-
picted in Fig. 11.

4. Results and discussion

4.1. Failure modes

The observed buckling modes for the innovative CF-CFS built-up
composite column corresponding to the buckling load are presented
in Fig. 12. In Fig. 12-a, showing the deformation of the R-2C +
2U specimen, the distortional and local buckling modes are visible
in the external plain channels (U-shaped profiles). Moreover, due to
local buckling, a gap between both internal C profiles appeared. From
observations, local buckling occurred first on the web of the plain
8

channels (U-shaped profiles) between fasteners. The fastener spacing
and position influence the occurrence of distortional and local buckling.
Moreover, there were no shear deformations at the fastener locations
during the loading of all tested CF-CFS built-up columns. In Fig. 12-b,
showing the deformation of the S-2C + 2U specimen, the distortional
and local buckling modes are visible in the external plain channels (U-
shaped profiles). Fig. 12-c shows the deformed shape of the R-2𝛴 + 2U
specimen. The distortional buckling mode occurred on the flange of the
U-shaped profile. Moreover, the local buckling modes are visible in the
external plain channels (U-shaped profiles).

Fig. 12-d shows the deformed shape of the S-2𝛴 + 2U specimen.
The distortional buckling mode occurred on the flange of the U-shaped
profile. Moreover, the local buckling modes are visible in the web of
external plain channels (U-shaped profiles) and internal plain chan-
nels (𝛴-shaped profiles). From the observation, local buckling at once

occurred after distortional buckling for all other types of specimens.
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Fig. 10. Positioning of LVDTs for all CF-CFS built-up sections; (a) Positions along the length for the LVDT, (b) R-2C + 2U, (c) R-2𝛴 + 2U, (d) S-2C + 2U, and (e) S-2𝛴 + 2U.
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oreover, it is worth mentioning that at the peak load of each one of
he tested CF-CFS built-up columns global buckling was not visible.

The final deformed shapes for all the CF-CFS built-up composite
olumns at the end of the loading stage are presented in Fig. 13.

A comparison between the final deformed shapes of tested speci-
ens and developed FE models is presented in Fig. 14. A close agree-
ent between experimental and FE results was seen in terms of the

bserved failure modes.

.2. Load bearing-capacity

The axial load versus end shortening displacement curves for all
he innovative CF-CFS built-up columns are plotted in Fig. 15. The
umerical results, considering the developed FE models are also plotted
nd compared with the experimental results. The experimental results
howed a good level of reproducibility (<5%). However, for the case
f S-2𝛴 + 2U, a significant difference in terms of load-bearing capacity
20%) was observed between the first test repetition (S-2𝛴 + 2U-1) and
he others (S-2𝛴 + 2U-2 and S-2𝛴 + 2U-3). The premature collapse
ccurred because the clamping devices were not used in the first test.
his test result was not considered for additional comparisons.

Comparing the results, it was found that the square CF-CFS built-
p columns comprising lipped channels (C) and lipped channels with
tiffened web (𝛴) (S-2C + 2U and S-2𝛴 + 2U) provided greater load-
earing capacity, mainly due to the larger concrete area. The results
f the experimental tests are also listed in Table 6. The average load-
earing capacity recorded for the tested CF-CFS built-up columns was
04.13 kN (CV = 4.37%), 976.71 kN (CV = 3.79%), 603.64 kN (CV
3.96%) and 856.96 kN (CV = 1.49%), respectively for the R-2C +

U, S-2C + 2U, R-2𝛴 + 2U, and S-2𝛴 + 2U specimens. The developed
inite element models were able to accurately reproduce the observed
xperimental behavior (Fig. 15). The finite element models slightly
nderestimated the load-bearing capacity for the R-2C + 2U specimens
y 7.3% (656 kN) and for the R-2𝛴 + 2U specimens by 0.36% (605.83
9

N). The finite element models slightly overestimated the load-bearing
apacity for the S-2C + 2U specimens by 3.1% (1007 kN) and for the
-2𝛴 + 2U specimens by 1.8% (873 kN).

Comparing experimental and numerical results with different imper-
ection magnitudes (scenario 1 to scenario 3), it was found that scenario
provided the best fit against experimental results (Table 6). Therefore,

he numerical results from scenario-2 were used in Section 5.
The efficiency of the composite action (steel and concrete) may be

nvestigated using the load–weight ratio. Therefore, the load–weight
atios for the concrete–steel section of all tested configurations are
isted in Table 7. It can be seen that load–weight ratio (𝑃∕𝑊 ) for

the rectangular sections especially the specimens comprising lipped
channels with stiffened web (𝛴) provided a bigger value.

4.3. Lateral deformation and strain gauge readings

Lateral deformations along the height of the tested columns and
in orthogonal directions were measured. In Fig. 16 the monitored
deformations along the length of the columns (see Fig. 10) are plotted
for two specific load levels, namely 𝑃𝑚𝑎𝑥∕2 and 𝑃𝑚𝑎𝑥. The results for all
specimens show that the deformation of the columns was representing
local buckling (global buckling was not observed).

By comparing the results, it was found that the maximum lateral
deflection (corresponding load - 𝑃𝑚𝑎𝑥) for rectangular CF-CFS built-up
columns (R-2C-2U and R-2𝛴 + 2U) was recorded in the direction about
minor axis (D1). Moreover, the lateral deformation about minor axis
(D1) is almost two times higher than those deformations about major
axis (D2).

The monitored data from the strain gauges for all the tested con-
figurations are presented in Figs. 17, 18, 19, and 20. The positioning
of the strain gauges is depicted in Fig. 11 for all tested configurations.
From Figs. 17 to 20, it was observed that during the loading stage the
entire cross-section was subjected to compressive stresses. The great
majority of the strain gauge readings indicated that when the buckling
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Fig. 11. Positioning of the strain gauges for all configurations.
Fig. 12. Deformed shaped of the tested specimens corresponding to the buckling loads; (a) R-2C + 2U, (b) S-2C + 2U, (c) R-2𝛴 + 2U, and (d) S-2𝛴 + 2U.
b
t
i

oad was reached the limit elastic strain was not attained. However, at

ome locations, in level-1 (SG-1 and SG2) of the closed built-up R-2C +

U section, plastic strains were monitored before attaining the buckling

oad.
 s

10
This was due to the local buckling and concrete dilatations. Similar
ehavior was observed from the strain gauges positioned at level 2 of
he CFS built-up section S-2C + 2U section (strain gauges positioned
n the web of the U-channel; SG13, SG 14, and SG4 from the left-
ide of the cross-section and SG19, SG20, and SG21 from the right-side
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Fig. 13. Final deformed shape of the all specimens; (a) R-2C + 2U, (b) S-2C + 2U, (c) R-2𝛴 + 2U, and (d) S-2𝛴 + 2U.
able 6
uckling loads recorded in the experimental tests and FE models.
Test Reference Pu,test (kN) FEM (Scenario-1) FEM (Scenario-2) FEM (Scenario-3)

𝑃FE (kN) PFE
Pu,test

𝑃FE (kN) PFE
Pu,test

𝑃FE (kN) PFE
Pu,test

R-2C + 2U-1 676.3 753.23 1.11 700.97 1.03 719.33 1.06
R-2C + 2U-2 737.2 1.02 0.95 0.97
R-2C + 2U-3 698.88 1.07 1.00 1.03
Mean value 704.12 1.06 0.99 1.02

Standard deviation 30.78 – 0.04 – 0.04 – 0.04
CV (%) 4.37 – 4.33 – 4.33 – 4.33

S-2C + 2U-1 974.62 1049.69 1.07 1019.05 1.04 1028.03 1.05
S-2C + 2U-2 1014.76 1.03 1.00 1.01
S-2C + 2U-3 940.78 1.11 1.08 1.09
Mean value 976.72 1.07 1.04 1.05

Standard deviation 37.03 – 0.04 – 0.04 – 0.04
CV (%) 3.791 – 3.78 – 3.78 – 3.78

R-2𝛴 + 2U-1 590.26 622.25 1.05 610.27 1.03 622.1 1.05
R-2𝛴 + 2U-2 631.27 0.98 0.96 0.98
R-2𝛴 + 2U-3 589.38 1.05 1.03 1.05
Mean value 603.63 1.03 1.01 1.03

Standard deviation 23.93 – 0.04 0.04 – 0.04
CV (%) 3.96 – 3.88 3.88 – 3.88

S-2𝛴 + 2U-1∗ 712.99

905.49

1.26

858.24

1.20

882.42

1.23
S-2𝛴 + 2U-2 866.04 1.04 0.99 1.02
S-2𝛴 + 2U-3 847.87 1.06 1.012 1.04
Mean value 856.955 1.05 1.00 1.03

Standard deviation 12.84 – 0.01 – 0.01 – 0.01
CV (%) 1.49 – 1.49 – 1.49 – 1.49

Mean value (all) 1.05 – 1.01 – 1.03
Standard deviation (all) 0.019 – 0.02 – 0.012
CV (%) (all) 1.8 – 2.2 – 1.2

S-2𝛴 + 2U-1∗ was not considered in comparison and discussion.
recorded plastic strains). This was due to the fact that local buckling
and concrete dilatations occurred close to the location of strain gauges.
Also, SG14 shows the highest plastic strain compared to the other strain
gauges due to the thinner plate thickness in its location. For the R-2𝛴 +
11
2U specimen (Fig. 19), the SG-1 and SG-23 recorded plastic strain and
the rest of the other strain gauges behaved only linearly. Also, it was
observed that the entire cross-section presented compressive stresses
and only SG5 suddenly turned to tensile stress due to the occurrence of
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Fig. 14. Final deformed shape for tested specimens and FE model; (a) R-2C + 2U, (b) S-2C + 2U, (c) R-2𝛴 + 2U, and (d) S-2𝛴 + 2U.
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oad–weight ratio for experimental specimens.
Test reference 𝑃𝑡𝑒𝑠𝑡,𝑎𝑣𝑒𝑟𝑎𝑔𝑒 (kN) 𝑊𝑠𝑢𝑚 (N) 𝑃∕𝑊𝑠𝑢𝑚

R-2C + 2U 704.13 351.0 2005.7
S-2C + 2U 976.71 533.9 1829.1
R-2𝛴 + 2U 603.64 294.3 2050.6
S-2𝛴 + 2U 856.96 473.3 1810.3

the distortional buckling mode in the plain channel flange (U-shaped
profiles) between fasteners. Fig. 20 shows that during the loading the
entire cross-section was subjected to compressive stresses and then
four strain gauges from the same side and different levels of the plain
channel flange (U-shaped profiles) turned to tensile stresses. Also, it was
observed that SG6, SG8, SG20, SG26, SG43, and SG44 suddenly turned
to tensile stress due to the buckling occurrence in the web and flange
of the plain channel (U-shaped profiles) between fasteners (the distor-
tional buckling mode for SG6 and local buckling mode for the others).

5. The contribution of the individual components of the composite
member

In this section, the contribution of individual components, namely
CFS sections and concrete infill, on the load-bearing capacity of the
composite column was investigated. For this purpose, the axial load
bearing capacity for both contributing parts (steel sections and concrete
infill) were measured using the results obtained from the validated
numerical models.

Additionally, the behavior of the bare CFS closed built-up columns
was assessed using the finite element method, to assess in detail the
12
influence of the concrete infill in the overall behavior of the composite
solution.

The geometries, boundary conditions, interaction among steel sur-
faces, and mesh size considered were the same as for the CF-CFS
built-up sections to allow the direct comparison of the results. The CFS
built-up column models were analyzed using elastic buckling analysis
to consider geometric imperfections. Since linear buckling analysis
showed local buckling modes for the first 300 modes, the local buck-
ling mode (see Fig. 21) was then used as input for the geometric
imperfections in the nonlinear static analysis. The same magnitude
for the imperfections (0.765 mm) was considered. Additional details
concerning the adopted modeling techniques, mesh sensitivity analysis,
and verification of bare CFS columns is available in [71]. It should be
noted that the results of the bare CFS closed built-up columns were also
verified against experimental data presented in [73].

The finite element load-bearing capacity for CF-CFS built-up com-
posite column (𝑃𝐶𝐹−𝐶𝐹𝑆 ), concrete infill contribution (𝑃𝐶𝐹 ), cold-
ormed steel contribution (𝑃𝐶𝐹𝑆 ) and CFS built-up columns (𝑃𝐶𝐹𝑆𝑏)
re listed in Table 8. Note that the results of Scenario-2 from Sec-
ion 4.2 were selected as the most accurate for CF-CFS built-up com-
osite columns (𝑃𝐶𝐹−𝐶𝐹𝑆 ). This was due to the fact that FE modeling
ith Scenario-2 predicted the capacity of CF-CFS built-up composite

olumns in closer agreement (less than 1%) with experimental results.
n the composite solution, the contribution of the steel part is higher
han the load-bearing capacity of the bare steel cold-formed steel closed
uilt-up columns, clearly showing the advantage of combining steel and
oncrete and the contribution of the concrete infill to mitigating local
uckling phenomena, hence leading to the higher load-bearing capacity
f the steel part.
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Fig. 15. Force vs. axial shortening curves for all tested CF-CFS built-up composite columns; (a) R-2C + 2U, (b) S-2C + 2U, (c) R-2𝛴 + 2U, (d) S-2𝛴 + 2U.
able 8
omposite component contribution on load-bearing capacity.
Models CF-CFS

column (kN)
Concrete infill (CF) contribution from CF-CFS Cold-formed steel (CFS) contribution from CF-CFS Cold-formed steel built-up (CFSb) column

𝑃𝐶𝐹 (kN) 𝑃𝐶𝐹∕𝑃𝐶𝐹−𝐶𝐹𝑆 (%) 𝑃𝐶𝐹𝑆 (kN) 𝑃𝐶𝐹𝑆∕𝑃𝐶𝐹−𝐶𝐹𝑆 (%) 𝑃𝐶𝐹𝑆 𝑏 (kN) 𝑃𝐶𝐹𝑆∕𝑃𝐶𝐹𝑆 𝑏

R-2C + 2U 700.97 343.12 48.95 357.85 51.01 256.4 1.39
S-2C + 2U 1019.05 672.77 66.02 346.28 33.98 245.2 1.41
R-2𝛴 + 2U 610.27 244.84 40.12 365.43 59.88 328.8 1.11
S-2𝛴 + 2U 858.24 499.32 58.18 358.92 41.82 322.6 1.11
p
c
m
c

Comparing the composite solution with the bare steel one it was
ound that the load-bearing capacity of the steel part increased 39%,
1%, 11%, and 11%, respectively for the tested cross-section shapes
-2C + 2U, S-2C + 2U, R-2𝛴 + 2U, and S-2𝛴 + 2U.

As listed in Table 8, the contribution of steel in the CF-CFS built-up
olumns was 51.01%, 33.98%, 59.88%, and 41.82% for R-2C + 2U,

S-2C + 2U, R-2𝛴 + 2U, and S-2𝛴 + 2U, respectively.

. Comparison with current design predictions according to the
N 1994-1-1

The resistance (𝑃𝑢,𝑡𝑒𝑠𝑡) of all CF-CFS built-up specimens was com-
ared to the design predictions according to the EN 1994-1-1 [15]
s listed in Table 9. In general, the plastic resistance (𝑃𝑝𝑙,𝑅𝑑) of the
oncrete-filled steel tubular columns should be predicted using equa-
ion (6.30) of the EN 1994-1-1 [15] (Eq. (7) in this paper). In this
quation, the plastic resistance (𝑁 ) of the composite column is
𝑝𝑙,𝑅𝑑

13
redicted by adding the plastic resistance of the steel tubular section,
oncrete infill, and steel reinforcement. In this case, as no reinforce-
ent was used, the plastic resistance (𝑁𝑝𝑙,𝑅𝑑,1) of the CF-CFS built-up

omposite sections can be predicted by Eq. (8):

𝑁pl, Rd = 𝐴𝑎𝑓𝑦𝑑 + 0.85𝐴𝑐𝑓𝑐𝑑 + 𝐴𝑠𝑓𝑠𝑑 (7)

𝑁pl, Rd,1 = 𝐴𝑎𝑓𝑦𝑑 + 0.85𝐴𝑐𝑓𝑐𝑑 (8)

According to the EN 1994-1-1 [15] the 0.85 factor for concrete is
used to consider the influence of long-term effect due to acting loads,
excluding creep and shrinkage (Eq. (7)). However, this factor can be
replaced by 1.0 for concrete-filled tubular sections due to confine-
ment. Therefore, the plastic resistance (𝑁𝑝𝑙,𝑅𝑑,2) of the CF-CFS built-up
composite columns were also predicted by Eq. (9):

𝑁 = 𝐴 𝑓 + 𝐴 𝑓 (9)
pl,Rd,2 𝑎 𝑦𝑑 𝑐 𝑐𝑑
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Fig. 16. Lateral displacement based on LVDT records; (a) R-2C + 2U, (b) S-2C + 2U, (c) R-2𝛴 + 2U, (d) S-2𝛴 + 2U.
able 9
omparison of test results and analytical prediction.
Test reference 𝐴𝑐

(mm2)
𝜆 𝐸𝐼𝑒𝑓𝑓

(kN m2)
𝑃𝑢,𝑡𝑒𝑠𝑡
(kN)

𝐴𝑎
(mm2)

𝑁𝑏,𝑅𝑑,1
(kN)

𝑃𝑢,𝑡𝑒𝑠𝑡∕𝑁𝑏,𝑅𝑑,1 𝑁𝑏,𝑅𝑑,2
(kN)

𝑃𝑢,𝑡𝑒𝑠𝑡∕𝑁𝑏,𝑅𝑑,2 𝐴𝑒𝑓𝑓
(mm2)

𝑁𝑏,𝑅𝑑,3
(kN)

𝑃𝑢,𝑡𝑒𝑠𝑡∕𝑁𝑏,𝑅𝑑,3 𝑁𝑏,𝑅𝑑,4
(kN)

𝑃𝑢,𝑡𝑒𝑠𝑡∕𝑁𝑏,𝑅𝑑,4

R-2C + 2U-1
12 121.50 0.24 354.9

676.3
1485 713.19

0.948
758.65

0.891
830.96 512.53

1.319
557.98

1.212
R-2C + 2U-2 737.2 1.033 0.972 1.438 1.321
R-2C + 2U-3 698.88 0.978 0.921 1.363 1.252

Mean value 704.13 – – 0.987 – 0.928 – – 1.373 – 1.261
Standard deviation 30.79 – – 0.043 – 0.040 – – 0.060 – 0.055
CV (%) 4.37 – – 4.372 – 4.372 – – 4.372 – 4.372

S-2C + 2U-1
21 720.00 0.12 1664.0

974.62
1485 917.16

1.062
998.61

0.976
830.96 716.5

1.360
797.95

1.221
S-2C + 2U-2 1014.76 1.106 1.016 1.416 1.271
S-2C + 2U-3 940.78 1.025 0.942 1.313 1.179

Mean value 976.71 – – 1.064 – 0.978 – – 1.363 – 1.224
Standard deviation 37.02 – – 0.040 – 0.037 – – 0.051 – 0.046
CV (%) 3.79 – – 3.791 – 3.791 – – 3.791 – 3.791

R-2𝛴 + 2U-1
8912.80 0.21 407

590.26
1540 661.88

0.891
695.31

0.849
1128.84 535.74

1.101
569.16

1.037
R-2𝛴 + 2U-2 631.27 0.953 0.907 1.178 1.109
R-2𝛴 + 2U-3 589.38 0.890 0.847 1.100 1.035

Mean value 603.64 – – 0.912 – 0.868 – – 1.126 – 1.060
Standard deviation 23.93 – – 0.036 – 0.034 – – 0.044 – 0.042
CV (%) 3.79 – – 3.965 – 3.965 – – 3.965 – 3.965

S-2𝛴 + 2U-2 18 307.10 0.13 1320 866.04 1540 851.61 1.005 930.17 0.931 1128.84 735.37 1.177 804.02 1.077
S-2𝛴 + 2U-3 847.87 0.984 0.911 1.153 1.054

Mean value 856 – – 0.994 – 0.921 – – 1.165 – 1.065
Standard deviation 12.84 – – 0.015 – 0.013 – – 0.017 – 0.015
CV (%) 1.49 – – 1.499 – 1.499 – – 1.499 – 1.499
Mean value (all) – – – 0.989 – 0.924 – – 1.265 – 1.161
Standard deviation (all) – – – 0.067 – 0.051 – – 0.125 – 0.102
CV (%) (all) – – – 6.779 – 5.601 – – 9.948 – 8.827
Reliability Index, b – – – 2.6 – 2.2 – – 4.04 – 3.54
14
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Fig. 17. Force vs. strain curves for R-2C + 2U.
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ased on EN 1994-1-1 [15] the effective flexural stiffness (𝐸𝐼𝑒𝑓𝑓 ), steel
ontribution ratio (𝛿) and relative slenderness (𝜆) should be considered

as well. The steel contribution ratio (𝛿) is defined using Eq. (10):

𝛿 =
𝐴𝑎𝑓𝑦𝑑
𝑁𝑃 𝑙, 𝑅𝑑

(10)

According to EN 1994-1-1 [15], a section with 0.2 ≤ 𝛿 ≤ 0.9 can
e calculated as a composite column. It should be mentioned that all
pecimens in this study fulfill this requirement. The relative slenderness
𝜆) for the plane of bending is calculated by Eq. (11), where 𝑁𝑝𝑙,𝑅𝑘

is the characteristic value of the plastic resistance. Moreover, 𝑁𝑐𝑟 for
a column with fixed ends is calculated from Eq. (12) where 𝐿𝑒 is
0.5 × 1050 mm, and the effective flexural stiffness (𝐸𝐼𝑒𝑓𝑓 ) is presented
s Eq. (13). In Eq. (13), 𝐼𝑎, 𝐼𝑠 and 𝐼𝑐 are the second moments of area
f the structural steel section, the uncracked concrete section, and the
einforcement, respectively, for the bending plane being considered.
oreover, 𝑘𝑒 is a correction factor that should be taken as 0.6 according

o EN 1994-1-1 [15]. The influence of long-term effects on the effective
lastic flexural stiffness must be considered according to (Eq. (14)). The
odulus of elasticity of concrete 𝐸𝑐𝑚 should be reduced to the value
𝑐,𝑒𝑓𝑓 according to Eq. (15), where 𝜑𝑡 is the creep coefficient that is
onsidered as 1.05 [15]. To calculate the design buckling resistance
𝑁𝑏,𝑅𝑑), the reduction factor must be calculated, based on EN 1993-1-

[74] Section 6.3.1.2 as presented in Eqs. (16) and (17), where the
mperfection factor (𝛼) is defined referring to Table 6.1 of EN 1993-1-1
in this study curve b) [74].

Considering the gross area of the CFS built-up section, the design
uckling load (Nb,Rd) is determined using Eqs. (18) and (19).

𝜆 =

√

𝑁𝑝𝑙,𝑅𝑘 (11)

𝑁𝑐𝑟

15
𝑐𝑟 =
𝜋2 (𝐸𝐼)𝑒𝑓𝑓

𝐿𝑒
2

=
𝜋2 (𝐸𝐼)𝑒𝑓𝑓
(0.5𝐿)2

(12)

𝐼𝑒𝑓𝑓 = 𝐸𝑎𝐼𝑎 + 𝐸𝑠𝐼𝑠 + 𝑘𝑒𝐸𝑐𝑚𝐼𝑐 (13)

𝐼𝑒𝑓𝑓 = 𝐸𝑎𝐼𝑎 + 𝐸𝑠𝐼𝑠 + 𝑘𝑒𝐸𝑐,𝑒𝑓𝑓 𝐼𝑐 (14)

𝐼𝑐,𝑒𝑓𝑓 = 𝐸𝑐𝑚
1

1 +
(𝑁𝐺, 𝐸𝑑

𝑁𝐸𝑑

)

𝜑𝑡

(15)

𝜒 = 1

𝛷 +
√

𝛷2 − 𝜆
2

(16)

𝛷 = 0.5
[

1 + 𝛼
(

𝜆 − 0.2
)

+ 𝜆
2]

(17)

𝑁b, Rd,1 = 𝜒𝑁pl, Rd,1 (18)

𝑁b, Rd,2 = 𝜒𝑁pl, Rd,2 (19)

Moreover, the individual CFS sections used in this study were classified
as Class 4 cross-sections based on EN 1993-1-1 [74]. In addition, based
on 6.7.1. 8(P) - EN 1994-1-1 [15] the influence of local buckling of
the steel section on the resistance shall be considered in the design.
Therefore, considering the Effective Width Method detailed in the EN
1993-1-3 [62], the effective areas of the Class 4 cross-sections were
determined. Therefore, two other predictions (𝑁b,Rd,3 and 𝑁b,Rd,4) can
be based on Eqs. (20) and (21).

𝑁b,Rd,3 = 𝜒(𝐴𝑒𝑓𝑓𝑓𝑦𝑑 + 0.85𝐴𝑐𝑓𝑐𝑑 ) (20)

𝑁b,Rd,4 = 𝜒(𝐴𝑒𝑓𝑓𝑓𝑦𝑑 + 𝐴𝑐𝑓𝑐𝑑 ) (21)

The effective area of a steel plate element (𝐴𝑒𝑓𝑓 ) is determined accord-
ing to the EN 1993-1-3 [62] by considering the EN 1993-1-5 (Clause
4.4, and Tables 4.1 and 4.2) [75]. The effective area of a lipped channel

was calculated using Eq. (22), where the effective plate length (𝑏𝑒𝑓𝑓 )
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C .
Eq. (23)) is obtained by calculating the reduction factor for plate
uckling (𝜌), based both on the elastic local buckling stress (Eq. (24))
nd on the elastic distortional buckling stress (Eq. (25)).

𝑒𝑓𝑓 = 𝑡
[

ℎ𝑒1 + ℎ𝑒2 + 2𝑏𝑒1 + 2
(

𝑏𝑒2 + 𝑐𝑒2
)

𝑐𝑑
]

(22)

𝑏𝑒𝑓𝑓 = 𝜌.𝑏 (23)

𝜎𝑐𝑟 =
𝑘𝜎𝜋2𝐸

12
(

1 − 𝜐2
)

(𝑏∕𝑡)2
(24)

𝜎𝑐𝑟,𝑠 =
2
√

𝐾𝐸𝐼𝑠
𝐴𝑠

(25)

he experimental axial capacities obtained from the experimental tests
n the innovative CF-CFS built-up short columns were compared with
hose buckling design load predictions using the EN 1994-1-1 [15] as
iven in Table 9. It can be noticed from Table 9 that there is a slight
ifference (6.5%) between the predicted values based on Eqs. (18)
nd (19) (𝑁b,Rd,1 and 𝑁b,Rd,2) in the case of concrete-filled cold-formed
teel (CF-CFS) built-up short columns. Moreover, there is 9% difference
etween the predicted values based on Eqs. (20) and (21) (𝑁b,Rd,3 and
b,Rd,4). But still the predicted values (𝑁b,Rd,1), based on the EN 1994-
-1 [15] considering the steel gross cross-section area and the 0.85
oefficient for concrete, are in good agreement with the test results for
-2C + 2U (6.4%) and S-2𝛴 + 2U (0.6%). The predicted values based
n EN 1994-1-1 [15] considering the steel gross cross-section area and
he 1.0 coefficient for concrete (𝑁b,Rd,2), show slightly unconserva-

tive results (8% higher than 𝑃test). On the other hand, the predicted
value based on EWM [62] for CFS section and the 1.0 coefficient for
concrete (𝑁b,Rd,4) present close and conservative results (6.5% lower
than 𝑃test). Moreover, the predicted value based on EWM [62] for
CFS section and the 0.85 coefficient for concrete (𝑁 ) presents a
b,Rd,3

16
able 10
omparison of the concrete-filled contribution for Eurocode predictions and FE results
Test
reference

𝑃𝐶𝐹
(kN)

𝑃𝑐1 = 0.85 ×
A𝑐 × f𝑐𝑑
(kN)

𝑃𝐶𝐹∕𝑃𝑐1 𝑃𝑐2 = A𝑐 × f𝑐𝑑
(kN)

𝑃𝐶𝐹∕𝑃𝑐2

R-2C + 2U 343.12 257.58 1.33 303.03 1.13
S-2C + 2U 672.77 461.55 1.45 543.00 1.23
R-2𝛴 + 2U 244.84 189.39 1.29 222.82 1.1
S-2𝛴 + 2U 499.32 389.02 1.28 457.67 1.09

Mean value 1.34 – 1.14
Standard deviation 0.08 – 0.068
CV (%) 5.98 – 5.98

conservative result (the design buckling load for R-2C + 2U, S-2C +
2U, R-2𝛴 + 2U, and S-2𝛴 + 2U is 37.3%, 36.3%, 12.6%, and 16.5%
lower than 𝑃test , respectively). Similarly, the predicted value based
on EWM [62] for CFS section and the 1.0 coefficient for concrete
(𝑁b,Rd,4) also presents a conservative result (the design buckling loads
for R-2C + 2U, S-2C + 2U, R-2𝛴 + 2U, and S-2𝛴 + 2U are 26.1%,
22.4%, 6%, and 6.5% lower than 𝑃test , respectively).

A comparison between finite element model results and EN 1994-1-
1 [15] predictions was presented for steel and concrete contributions to
understanding and analyzing the validity of the EN 1994-1-1 [15] for-
mulations. The analysis of composite column components was reported
in Section 5. To assess the contribution of the concrete infill according
to the Eurocode formulation both 0.85 and 1 coefficients (coefficient for
concrete considering the influence of long-time acting loads, excluding
creep and shrinkage) were considered. As recommended by the Eu-
rocode, adopting the coefficient as 1 provides a better agreement with

the FE results (Table 10).



R. Rahnavard, H.D. Craveiro, R.A. Simões et al. Thin-Walled Structures 170 (2022) 108638

t
u
o
b
t
e
c
c
d
s
o
m

a
s
p

𝑁

w
i
f

Fig. 19. Figure 19 Force vs. strain curves for R-2𝛴 + 2U.
T
a
o
u
i
m
w
r
+
A
a

t
o
i
m
w
t
a
p
N

r
(
p
a
v
H
p

For the contribution of the steel component based on the Eurocode,
wo expressions from Eq. (8) (𝐴𝑎 × f𝑦𝑑) and Eq. (20) (𝐴𝑒𝑓𝑓 × f𝑦𝑑) were
sed (see Table 11). As it is indicated, the Eurocode formulation based
n the gross sectional area (𝐴𝑎) overestimated the steel contribution
y 23% when comparing with the FE results. This is due to the fact
hat in prediction based on gross sectional area (𝐴𝑎), no local buckling
ffect is considered. When the effective sectional area (𝐴𝑒𝑓𝑓 ) was
onsidered, the Eurocode formulation underestimated by 21% the steel
ontribution when comparing with the FE results. This difference is
ue to the lack of specific design guidelines for built-up cold-formed
teel sections, since no indication is provided regarding the influence
f overlapping steel plates and the restraint provided by the fasteners
itigating local buckling phenomena.

Therefore, a new modification was proposed to determine more
ccurately the effective area considering the overlapping effect of the
teel plates and the confinement provided by the concrete infill. The
roposed prediction was obtained based on Eq. (26):

b,Rd,5 = 𝜒(𝐴𝑒𝑓𝑓 ,𝑝𝑓𝑦𝑑 + 𝐴𝑐𝑓𝑐𝑑 ) (26)

here the proposed effective area of a steel plate element (𝐴𝑒𝑓𝑓 ,𝑝)
s determined according to the EN 1993-1-3 [62] by considering the
ollowing assumptions:

– The effective areas of the flanges of U, C, and 𝛴-shaped profiles
were calculated assuming their total thickness (i.e., 3 mm instead
of 1.5 mm) as the steel plates were overlapped and fastened
to each other, for the R-2C + 2U, S-2C + 2U, and R-2𝛴 + 2U
columns.

– The gross area was considered for concrete-encased steel plates
(i.e., webs of the C profiles for the R-2C + 2U columns).

– The effective areas of the webs of U-shaped profiles were calcu-
lated assuming their plate width equal to the distance between
17
the fasteners (i.e., 110 mm instead of 153 mm), for the S-2C +
2U and S-2𝛴 + 2U (square) columns.

he buckling design load predictions using the proposed modification
nd concrete coefficient 1.0 (𝑁b,Rd,5) were compared with those results
btained from the experimental tests on the innovative CF-CFS built-
p short columns as given in Table 12. It can be noticed that there
s a close agreement between the predicted values based on proposed
odification (𝑁b,Rd,5) and experimental results for all configurations
ith an average difference of 5% (𝑃𝑢,𝑡𝑒𝑠𝑡∕𝑁𝑏,𝑅𝑑,5 = 1.05). The average

atios of 𝑃𝑢,𝑡𝑒𝑠𝑡∕𝑁𝑏,𝑅𝑑,5 for R-2C + 2U, S-2C + 2U, R-2𝛴 + 2U, and S-2𝛴
2U were obtained as 1.056, 1.124, 1.001, and 1.019, respectively.
comparison of the analytical predictions based on EN 1994-1-1 [15]

nd experimental results are plotted in Fig. 22.
Reliability analysis was performed to evaluate the reliability of

he predicted methods for CF-CFS built-up short columns. The safety
f the design prediction can be relatively evaluated by the reliabil-
ty index (𝛽). A higher value of the reliability index represents a
ore reliable design prediction. In this study, the reliability analysis
as performed according to the commentaries of the AISC Specifica-

ion [76] and the NAS Specification [77] with the statistical parameter
ssumptions based on [52]. More details about reliability analysis are
resented in the commentaries of the AISC Specification [76] and the
AS Specification [77].

The reliability index of 4.04 and 3.54 was obtained for the predicted
esults considering the effective sectional area for CFS built-up elements
Table 9). Smaller values of 2.6 and 2.2 were obtained for those
redictions based on EN 1994-1-1 considering the gross cross-sectional
rea for CFS built-up elements (Table 9). Moreover, a reliability index
alue of 3 (Table 12) was obtained for the proposed design approach.
ence, considering the effective sectional area provided more reliable
redictions for the investigated configurations.
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Fig. 20. Force vs. strain curves for S-2𝛴 + 2U.
Fig. 21. Buckling modes for CFS built-up columns.
able 11
omparison of the CFS built-up sections contribution for Eurocode predictions and FE
esults.
Test
reference

𝑃𝐶𝐹𝑆
(kN)

𝑃𝑠, 𝑎 =
A𝑎 × f𝑦𝑑 (kN)

𝑃𝐶𝐹𝑆∕𝑃𝑠,𝑎 𝑃𝑠, 𝑒𝑓𝑓 =
A𝑒𝑓𝑓 × f𝑦𝑑 (kN)

𝑃𝐶𝐹∕𝑃𝑠,𝑒𝑓𝑓

R-2C + 2U 357.85 455.61 0.78 254.94 1.40
S-2C + 2U 346.28 455.61 0.76 254.94 1.35
R-2𝛴 + 2U 365.43 472.48 0.77 346.34 1.05
S-2𝛴 + 2U 358.92 472.48 0.76 345.34 1.04

Mean value 0.77 – 1.21
Standard deviation 0.01 – 0.19
CV (%) 1.60 – 15.95
18
7. Conclusions and future work

In this paper, an experimental investigation on concrete-filled cold-
formed steel (CF-CFS) built-up short columns, comprising four different
cross-section shapes, was presented. A numerical investigation also
was performed to obtain the contribution of individual components
including steel sections and concrete-filled on the composite column
axial capacity, based on validated numerical models. The findings are
summarized as follows:

1. The average buckling loads for R-2C + 2U, S-2C + 2U, R-2𝛴 +
2U, and S-2𝛴 + 2U composite columns were 704.13 kN, 976.71
kN, 603.64 kN, and 856.96 kN, respectively. The square section
columns showed a higher load-bearing capacity comparing to
the rectangular ones due to the larger concrete area. In terms
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Fig. 22. Comparison of test results and analytical predictions.
able 12
omparison of test results and proposed analytical prediction.
Test Reference 𝐴𝑒𝑓𝑓 ,𝑝 (mm2) 𝑁𝑏,𝑅𝑑,5 (kN) 𝑃𝑢,𝑡𝑒𝑠𝑡 (kN) 𝑃𝑢,𝑡𝑒𝑠𝑡∕𝑁𝑏,𝑅𝑑,5

R-2C + 2U-1
1184.14 666.34

676.3 1.014
R-2C + 2U-2 737.2 1.106
R-2C + 2U-3 698.88 1.048

Mean value 1.056
Standard deviation 0.046
CV (%) 4.372

S-2C + 2U-1
1179.47 904.87

974.62 1.121
S-2C + 2U-2 1014.76 1.168
S-2C + 2U-3 940.78 1.082

Mean value 1.124
Standard deviation 0.042
CV (%) 3.791

R-2𝛴 + 2U-1
1239.11 602.99

590.26 0.978
R-2𝛴 + 2U-2 631.27 1.046
R-2𝛴 + 2U-3 589.38 0.977

Mean value 1.001
Standard deviation 0.039
CV (%) 3.965

S-2𝛴 + 2U-2 1360.82 873.36 866.04 1.029
S-2𝛴 + 2U-3 847.87 1.008

Mean value 1.019
Standard deviation 0.015
CV (%) 1.499
Mean value 1.060
Standard deviation (all) 0.014
CV (%) (all) 1.336
Reliability index, b 3.0

of strength-to-weight ratio, the highest value was obtained for
R-2𝛴 + 2U columns (2050.6), followed by R-2C + 2U (2005.7),
S-2C + 2U (1829.14), and S-2𝛴 + 2U (1810.3). Perhaps due to
the high confinement effect of concrete in rectangular columns.

2. The local buckling in the plain channels was observed as the pre-
dominant buckling mode for all CF-CFS built-up short columns.
However, for the case of S-2𝛴 + 2U, the distortional buckling on
the flanges of the plain channels governed the failure mode.

3. The results showed that the load bearing capacity of CFS built-up
sections when were used in CF-CFS column increased compared
to those CFS built-up with no concrete since concrete enhanced
built-up steel sections against buckling deformation.

4. The comparison between finite element results and code pre-
dictions was shown that the EN 1994-1-1 [15] formulations
19
based on the gross sectional area (𝐴𝑎) overpredicted the steel
contribution, however, the effective cross-sectional area (𝐴𝑒𝑓𝑓 )
in the Eurocode formulations estimated significantly lower con-
tribution.

5. A modification was proposed by considering overlapping plates
and fastener positioning to reduce the slenderness of the individ-
ual plate elements. Moreover, the area of the fully encased plate
elements was considered fully effective due to the confinement
provided by the concrete infill. This resulted in a close agree-
ment between the predicted values and experimental results. It
should be mentioned that at this stage the proposed method-
ology is only valid for the tested configurations. Additional
studies are required to fully validate the adopted assumptions
and to generalize the adopted formulation for any type of Class
4 cross-section shape.

6. A close agreement between the results obtained using experi-
mental tests and FE models in terms of deformation and load
bearing capacity was observed. Therefore, these used techniques
for finite element models can also be used for future parametric
study as a reliable tool. More parameters such as the influence of
fastener spacing, b/t ratio, steel section and concrete-filled con-
tributions on composite column capacity, and composite column
slenderness effects will be further investigated.
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