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Abstract

This paper presents an innovative type of concrete-filled cold-formed steel (CF-CFS) built-up composite column. Twenty-
four innovative specimens of four CF-CFS cross-section configurations were used to investigate their behavior at ambient
and elevated temperatures. First, the axial load-bearing capacity of the innovative CF-CFS was obtained using a series of
experimental tests under pure compression. Then their fire resistance was evaluated using another series of experimental
tests subjected to elevated temperatures. Moreover, finite element modeling approaches were developed to further explore
the behavior of the CF-CFS composite columns. The applicability of the available design codes, including EN 1994-1-1 and
EN 1994-1-2 for the CF-CFS composite column, was discussed. The results showed that the design codes could
conservatively predict the CF-CFS composite columns when the effective cross-sectional area was used to determine the
Class 4 CFS components. In contrast, unconservative results were obtained using the gross cross-sectional area. Enhanced
design methodologies were developed, tackling the specificities associated with the use of built-up tubular steel sections.
Therefore, a modification was introduced for the innovative CF-CFS columns to predict buckling and fire resistance with a
good agreement. Reliability analysis was also performed to assess the design methodology further by comparing the

reliability index for each methodology.

1. Introduction

CFS built-up members are widely used in the building
construction industry, and their versatility leads to
continuous evolution in how standard products are used.
The CFS built-up members are susceptible to local buckling
phenomena, leading to low axial capacity. CFS built-up
section filled with concrete can be an option to overcome the
early local buckling and result in a higher load-bearing
capacity. Moreover, formworks are not required for concrete
casting as steel boxes remain in the structure. Moreover,
due to its low thermal conductivity and thermal expansion,
concrete can play an essential role in a composite column
exposed to fire.

Concrete-filled steel tube (CFST) columns have been
evaluated using experimental, analytical, and numerical
research over the past decades [1-15]. Different design
codes [16-17] also provide extensive coverage of the design
of CFST columns. A literature review revealed that no
research study addressed the performance of CF-CFS built-
up composite columns. Moreover, the design codes do not
consider thin-walled CFS profiles when developing
concrete-filled CFS built-up tubular columns. The present
investigation assessed the performance of 24 CF-CFS built-

up specimens with four distinct cross-sectional
configurations. Two types of test setups, including
compression and fire tests, were conducted to investigate
the behavior of the CF-CFS built-up column at ambient and
elevated temperatures. Finite element models were
developed using Abaqus [18], aiming to reproduce the
observed experimental results accurately. The primary
motivation for this study was to understand more about the
buckling and fire resistance of CF-CFS built-up sections.
The experimentally determined axial capacity to theoretical
estimates derived from the EN 1994-1-1 [16] were
compared. The fire resistance of the mentioned columns
was compared with analytical results following EN 1994-1-2
[17]. Additionally, a modified method is suggested and
checked against the obtained experimental and numerical
results.

2. Experimental campaign

The experimental buckling and fire resistance tests were
conducted in the structural laboratory within the research
unit ISISE, Institute for Sustainability and Innovation in
Structural Engineering research unit at the Department of
Civil Engineering, University of Coimbra. The tests were part
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of the project entitled INNOCFSCONC - Innovative hybrid
structural solutions using cold-formed steel and lightweight
concrete [19-23].

2.1 Geometry and material properties

In this investigation, CFS built-up sections were created
using the C, U, and Z-shaped CFS profiles. In Figure 1, the
geometry of these profiles can be seen in detail. The
S280GD+Z structural steel was used to create all the
profiles. Five rows of self-drilling fasteners were used to
connect the different CFS profiles to create the built-up CFS
sections. Each specimen had a length of 1050 mm. The end
distance was 50 mm, while the space between rows of
fasteners was 237.5 mm (see Figure 1). The fasteners were
6.3 mm in diameter and 45 mm in length. It is important to
note that just about 3 mm of the fastener length is utilized to
join the CFS plates, while the remaining 42 mm was
immersed in the concrete-filled, which may aid in improving
the composite action between the steel and concrete.
Lightweight concrete was used to fill all the CFS built-up
columns.

The material properties were measured using a set of
coupon tests for the CFS [19, 20] and cubic compression
tests for lightweight concrete [19, 20]. The modulus of
elasticity (Es), yield strength (fy), ultimate strength (f.), and
proportional stress limit (f,) were determined for the
S280GD+Z structural steel as 204.18 GPa, 306.81 MPa,
424.04 MPa, and 212.50 MPa, respectively [19, 20]. The
mean compressive strength (fom) and density (D) for the
lightweight concrete were obtained as 33 MPa and 1850
kg/m3, respectively.

2.2 Test setup instrumentation

This study used two types of test setups: compression tests
to evaluate the buckling resistance of CF-CFS built-up
columns and fire resistance tests to investigate the structural
behavior of the CF-CFS built-up columns.

2.2.1 Buckling resistance test

The axially compressive force on the CF-CFS built-up short
column specimens was applied using a hydraulic testing
machine with a capacity of 5000 kN (Figure 2a). The CF-
CFS built-up short columns were set up in the testing
machine to ensure the specimens were vertical and in the
same position throughout the experiment. Both columns'
ends were fixed against translational and rotational
movements. A load was applied with the displacement
controlled at a constant rate of 0.01 mm/s. The vertical
shortening displacement was measured during the test
using a 100 mm rage Linear Variable Differential
transformer (LVDTs). The CF-CFS built-up column tests
were stopped when clear drops of the axial load were
observed.

2.2.2 Fire resistance test

The fire resistance test setup is shown in Figure 2b. The
serviceability load was applied using a 3000 kN capacity
hydraulic jack that was permanently mounted to the reaction
frame, while the thermal action was applied using a modular
electric furnace. The serviceability load corresponded to
50% of the buckling load obtained from the compression
test. Once the desired serviceability load was reached, the
furnace was turned on to apply thermal action while the load
remained constant (50% of the buckling load) during the fire
test.

Column ends were fixed to prevent translational and
rotational movements. The top beams of the support frame
were free to expand axially. This furnace was programmed
to reproduce an environment with temperatures based on
the standard fire curve 1SO 834 [24]. The thermocouples
type K were placed at different height levels to measure the
gas temperature inside the furnace. The column in the
furnace collapsed due to the increasing temperatures and
consequent degradation of the mechanical properties of the
structural materials.

An extensive set of thermocouples (type K) were also placed
in different locations along the column to measure the
temperature at the surface of the column. The concrete's
temperature was measured using a thermocouple type K
placed inside the concrete.

3. Numerical modeling

Numerical models were developed using the
software Abaqus [18] to reproduce the observed
experimental  behavior, contributing to a better

understanding of the CF-CFS built-up columns.
3.1 Buckling resistance modeling

The CFS profiles were modeled using the 4-node shell
element type (S4R) available in Abaqus [18]. An 8-node
linear brick element (C3D8R) was used for modeling infilled
concrete. A 10 mm mesh size was used for the modeling.
The fasteners were defined using the combined "beam
connector and fastener" approach from the Abaqus library
[18]. Previous studies showed that the combined "beam
connector and fastener" approach could accurately
represent the fasteners' modeling [19, 20]. The interaction
between surfaces was considered by defining a friction
coefficient of 0.4. Moreover, hard contact was considered to
define normal contact.

The mechanical properties of steel were defined as an
elastoplastic material. The modulus of elasticity was defined
as 204.18 GPa, as mentioned in Section 2.1. The plastic
behavior with isotropic hardening was obtained from the true
stress-strain curve, which was converted from experimental
stress-strain curves [19, 20]. The concrete's modulus of
elasticity (Ecm) was considered 31.476 GPa according to EN



1992-1-1 [25], corresponding to the mean compressive
strength obtained from the cubic tests. The concrete
damage plasticity model (CDP) was used to define the
plastic properties of concrete. The compressive stress-strain
relation was defined using Equation 1 as suggested by EN
1992-1-1 [25], where €1 is the strain corresponding to the
peak stress and is equal to 0.0021.
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The tensile stress-strain curve was defined in elastic and
plastic terms. The peak value of tensile strength (fum) was
considered 2.6 MPa based on EN 1992-1-1 [25]. Tensile
stress increases linearly along with modulus of elasticity, up
to the peak value, then reduces linearly to the cracking strain
of 0.001 and tensile stress of 5% of the maximum tensile
strength [19, 20].

The models were loaded concentrically under displacement
control using the nonlinear dynamic explicit procedure. The
displacement was applied using Abaqus's "smooth
amplitude" technique to prevent convergence error.
According to the literature, the scaling factor was considered
for the CFS built-up and lightweight concrete-filled
components [18-20]. Note that the scaling factor was
selected in a way that the ratio of the kinematic energy to
the total strain energy (ALLIE) remained below 1%.

The initial imperfection was defined for the modeling by
considering the first buckling mode obtained from an elastic
buckling analysis. The amplitude of 1/300 of the column's
length based on EN 1994-1-1 [16] was defined.

3.2 Fire resistance modeling

A similar modeling approach was considered for modeling
the fire resistance behavior of the CF-CFS built-up
composite columns. The same meshing and interaction
were considered. The mechanical properties of concrete
and steel were defined as temperature dependent. The
modulus of elasticity and vyield strength at elevated
temperature was defined according to the stress-strain
curves obtained in [26].

The elastic behavior of concrete was defined by applying a
reduction factor for elevated temperatures, as found in [21-
23, 26]. Concrete was defined as temperature-dependent
material using the CDP model. The compressive and tensile
behavior of concrete was defined according to Equations 2
and 3, respectively, presented in EN 1992-1-2 [27]. In
Equation 2, f. 4 and &., g represent the maximum stress and
its corresponding strain, varied for different temperatures,
and were taken from EN 1992-1-2 [27].
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The nonlinear dynamic explicit was used with the same
assumption as Section 3.1 to apply the service load. The
initial imperfection was defined the same as explained in
Section 3.1. The thermal actions were imported from a
separate heat transfer analysis. The heat transfer analysis
was performed for each configuration step by step, following
[21-23]. Radiation and convection were modeled to
represent heat transfer from the fire to the exterior of the
sections. The values of 0.23 and 20 W/m?K were used as
resultant heat emissivity and convective heat coefficient,
respectively [21-23].

4. Experimental and numerical results
4.1 buckling resistance

Figure 3 compares the final failure modes of the
experimental specimens and numerical models for the CF-
CFS built-up composite columns. As can be seen, the
distortional and local buckling modes are visible in the plain
external channels (U-shaped profiles) for all columns.
Moreover, local buckling for the C-shaped profiles is visible.
A good agreement was observed between experimental and
numerical models in terms of failure modes.

The axial force vs. shortening displacement curves obtained
from the experimental and numerical results are shown in
Figure 4. The axial load bearing capacity was obtained from
the test results as 737.2 kN, 1014.76 kN, 631.27 kN, and
856.95 kN for R-2C+2U, S-2C+2U, R-25+2U, and S-2Z+2U,
respectively. The results show a close agreement (<5%)
between experimental and numerical results. The Square
CF-CFS columns showed relatively higher axial capacities
due to the larger concrete area.

4.2 Fire resistance

Figure 5 compares experimental specimens' failure mode
and finite element models exposed to fire. In terms of
deformation, finite element models and experimental
specimens were in close agreement. As can be seen, the
local buckling mode was the predominant buckling mode for
all CF-CFS built-up columns.

Figure 6 compares the furnace air temperature curves
measured during the fire tests and the reference ISO 834
curve. Figure 6 shows that the internal furnace temperature
takes longer than expected to meet the ISO 834 fire curve.
For the most part, the temperatures in the test furnaces were
stable, allowing for reliable comparisons between the fire
tests. The results of experimental tests and heat transfer
analysis are compared between the CFS surface and infilled
concrete in Figure 6. The results show that the heat transfer
analysis and the experiments agreed well.



Table 1 compares experimental and numerical data for
average steel failure temperature, concrete core failure
temperature, and failure time. It is important to note that all
thermocouples were used to determine the average
temperature of the CFS built-up surfaces. The experimental
and numerical results were found to be in good agreement.

Average temperatures from experiments and numerical
simulations were compared, leading to a CV of 3.88%. In
addition, the average difference in failure time was only 4%.
The concrete core temperature was also compared, with a
maximum 9% variation found (in the case of S-2%+2U).

CF-CFS built-up sections

1050 mm

CFS profiles R-2C+2U

S-2C+2U

\

\

\

\ 237.5mm = 237.5mm  237.5mm N 237.5mm

R-25+2U S-25+2U

Figure 1: The geometry of the CF-CFS built-up composite columns.

la- Universal testing mag
2a-LVDTs
a) 3a- Hydraulic jack b)
Figure 2: Test setup a) compression test, and b) fire test.

1b- Reaction frame
2b- Supportframe
3b- Hydraulic jack
4b- Electric furnace
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Figure 3: Final deformed shapes for the ambient temperature buckling tests a) R-2C+2U, b) S-2C+2U, c) R-2X+2U,
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Figure 4: Axial force-displacement a) R-2C+2U, b) S-2C+2U, c) R-22+2U, and d) S-23+2U.
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22+2U, and d) S-22+2U.

b) S-2C+2U, ¢) R-

Figure 5: Final failure mode for fire resistance tests a) R-2C+2U
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Table 1: Fire resistance tests and model results.

SpeCimen eFailure,s (OC) eFailure,c (OC) Time (mm)

ID EXP FEM EXP/FEM EXP FEM EXP/IFEM EXP FEM EXP/FEM
R-2C+2U 519.99 508.81 1.02 137.36 138.41 0.99 1785 18.31 0.97
S-2C+2U 489.86 511.28 0.96 71.13 67.38 1.05 22.10 23.08 0.96
R-2Z+2U 458.55 451.05 1.02 257.92  249.37 1.03 20.21 19.8 1.02
S-2X+2U 475.45 501.22 0.95 72.35 79.49 0.91 16.98  18.98 0.90

m 0.99 1.00 0.96

S 0.04 0.06 0.05

CV (%) 3.88 6.43 4.43

5. Comparison with design predictions

This section compares the buckling and fire resistance of
the CF-CFS composite columns obtained from the tests
with the analytical methodologies from EN 1994-1-1 [16]
and EN 1994-1-2 [17]. Moreover, a modification was
introduced for the innovative CF-CFS built-up composite
columns to predict buckling and fire resistance. Reliability
analysis was also performed following the AISI [28] to
assess the design methodologies. The assumption for the
reliability analysis can be found in [29]. The reliability index
value of 2.5 was considered the target to assess the
reliability of the discussed analytical methods [20, 29].

5.1 Buckling resistance according to EN 1994-1-1

The buckling resistance (Np.rd,1) Of cOmposite steel-concrete
columns can be calculated using Equation 4 following EN
1994-1-1 [16]. In Equation 4, A is the gross-cross sectional
area of the steel, fyq is the design yield strength of steel, Ac
is the concrete section area, f.g is the design value of
concrete compressive strength, and y is the reduction factor
due to the column's slenderness.

Nprar =X (Aafyd + Acfea) (4)

Furthermore, according to EN 1993-1-1 [30], the individual
CFS sections employed in this research fell under the
category of Class 4 cross-sections. According to EN 1994-
1-1 [16], designers must also account for the potential
impact of local buckling on resistance. Consequently, the
effective areas of the Class 4 cross-sections were calculated
using the Effective Width Method (EWM) described in the
EN 1993-1-3 [31]. Therefore, another prediction (N, gq,) can
be based on Equation 5.

Npraz =X (Aa,efffyd + Acfea) )

Table 2 lists the analytical and experimental buckling
resistance for the CF-CFS built-up composite columns. A
detailed analysis of the results shows an unconservative
prediction by the current EN 1994-1-1 [16] methodology for

CF-CFS built-up composite columns. However, considering
the effective area for steel sections shows a conservative
prediction. Moreover, the results show a reliability index less
than the target value when considering the gross cross-
sectional area. The results show that the reliability index ()
is higher than 2.5 for the analytical prediction that used an
effective cross-sectional area. Therefore, it can be
concluded that the use of EWM leads to a more reliable and
safe axial prediction for CF-CFS built-up short columns

Table 2 Comparing the analytical and experimental buckling resistance

results.
Specimen Pexp Nora1s  Pexe/ Nbrai  Nbrd2 Pexe/ No ra,2
ID (kN)  (kN) (KN)
R-2C+2U 737.20 758.65 0.97 557.98 1.32
S-2C+2U 1014.7 998.61 1.01 797.95 1.27
R-2Z+2U 631.27 695.31 0.90 569.16 1.10
S-2¥+2U 847.87 930.17 0.91 804.02 1.05
m - - 0.95 - 1.18
S - - 0.05 0.12
CV (%) - - 5.45 10.7
[ - - 2.39 2.92

5.2 Fire resistance according to EN 1994-1-2

This section discusses the fire resistance for the CF-CFS
built-up composite columns. The concrete section is
separated into numerous zones of similar thicknesses to
determine the fire resistance of a steel-concrete composite
column, as specified by EN 1994-1-2 [17]. In order to get the
temperature of the steel and concrete, advanced finite
element simulation is needed. In this study, heat transfer
analysis was performed and verified against experimental
data (see Figure 6). The results of the heat transfer analysis
were used to get the temperatures for different concrete
layers and steel sections, as shown in Figure 7.

According to EN 1994-1-2 [17], the buckling load in fire
situations (Nfrga) Of the concrete-filled steel tubular
columns can be calculated using Equation 6. In Equation 6,
the design value of the plastic resistance to axial
compression in the fire situation (Ng;,;z4) is calculated by
Equation 7.
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Nfira1 = XNripira (6)
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Moreover, the effective areas of the Class 4 cross-sections
can be considered instead of the gross cross-sectional area.
Therefore, another prediction (Nf;rq.) can be based on
Equation 8.

A
Nfiraz =X (Zi( a'eff'efay'e)/ Ymfia T

Zm (Ac,@fcy,B)/YM'ﬂ,C) (8)

The fire resistance of the CF-CFS built-up composite
columns obtained from the tests (Pri,exp) was compared with
those calculated from the analytical prediction (Nfrg1 and
Nfird,2), as listed in Table 3. The results show that the current
methodology in EN 1994-1-2 [17] over-predicts the fire
resistance of such columns. However, considering the
effective area for steel sections shows a proper safe and
accurate prediction with an average difference of 6%. The
results show that the reliability index (g) is higher than 2.5

' d)
Figure 7 Heat transfer analysis for a) R-2C+2U, b) S-2C+2U, c¢) R-22+2U, and d) S-2x+2U.

for the analytical prediction that used an effective cross-
sectional area.

Table 3 Comparing the analytical and experimental fire resistance results.

Specimen Priexp NiiRd,1 Piexp/ Niira:  Nira2  Priexe/ Nora2
D (KN)  (KN) (KN)

R-2C+2U 380.56 348.44 1.09 313.40 1.21
S-2C+2U 516.85 558.99 0.92 516.90 1.00
R-2Z+2U 330.32 342.37 0.96 317.94 1.03
S-22+2U 456.98 473.82 0.96 456.39 1.00
m - - 0.98 - 1.06
S - - 0.07 - 0.1
CV (%) - - 7.39 : 96
8 . - 2.46 - 263

6. Conclusions

This paper investigated the buckling and fire resistance of
four concrete-filled cold-formed steel (CF-CFS) built-up
columns using experimental, numerical, and analytical tools.
Twenty-four experimental specimens were tested. A
calibrated modeling approach was also provided for the
loading at ambient and elevated temperatures. The
applicability of the analytical methods of the EN 1994-1-1



[16] and EN 1994-1-2 [17] for such columns were
investigated. A modification was proposed to the analytical
prediction in order to be more on the safe side.

Code predictions using the effective cross-sectional area
exhibit a conservative and close agreement with the
buckling and fire resistance of the tested columns, as
determined by comparison with values derived from EN
1994-1-1 [16] formulas. The effective cross-sectional area
for the class-4 sections of the composite column provides
more reliable results than those with the gross cross-
sectional area, as determined by a comparison of the
reliability analysis for design prediction.
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