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Abstract

Concrete-filled hollow steel tubular (CFHST) columns have become appropriate solution for the
construction of offshore platform supports, columns for large industrial workshops, as well as high rise
buildings. In this research, a numerical study was conducted to investigate the optimal design of the
CFHST columns. The numerical study comprises two phases: verification of experimental work using a
nonlinear finite element software ANSYS 18.1 and a parametric study on the behavior of 33 full-scale
CFHST columns. The cross-sectional shape, the depth to width (ts/bs) ratio, the slenderness ratio, and
the distribution of the total steel area through the concrete core and the steel tube were the main
variables. The reinforcement of the concrete core as well as the confinement of the external steel tube
enhanced the ultimate loads, stiffness, and ductility of the CFHST columns. The Use of 4% internal
longitudinal steel reinforcements for the CFHST columns results in up to 30 % increase for the values
of the ultimate loads.
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1. Introduction

The development of the construction and the
spread of high buildings led to the use of
composite  reinforced concrete  sections.
Concrete-field hollow steel tubular CFHST
column is a structural component that combines
a steel tube with a plain or reinforced concrete [7] examined the behavior of CFHST columns
core to enhance the load bearing capability. The under partial compression. Twenty-six CFHST
concrete-external steel tube interaction results in ~ column specimens were tested as part of the
a cost-effective and highly efficient member investigation, and the behavior of each specimen
among the wide range of structural elements in ~ was confirmed by establishing a finite element
building and bridge construction [1-6]. model using ABAQUS software. According to
Numerous benefits of CFHST columns include  the study, partially compressed CFHST columns
their high load-carrying capacity, high ductility, behave in a manner that is comparable to fully
high energy absorption capacity, and quick  compressed CFHST columns.

construction. Considering different variables
such as the length to diameter ratio, the cross-
sectional shape, and the partial compression area,
Yang and Han et al.

The compressive behavior of circular CFHST
sections with a separation gap between the
concrete and the exterior steel tube was
researched by Chen et al. [8]. The gap depth,
compressive strength of concrete, steel yield
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strength, steel tube thickness, and load
eccentricity were the main variables. Using
ABAQUS software, a finite element model was
created, and the output was compared to the
outcomes of experimental tests. As the gap
depth and load eccentricity rise, the strength of
the CFHST columns was decreased.
Additionally, due to the confinement effect, the
thickness of the steel tubes increases the
strength of the CFHST sections. Many
researchers have examined the behavior of the
CFHST columns [9-12]. These investigations
have demonstrated that the axial load-strain
relationships that exhibit compression behavior,
axial stiffness, and post-peak behavior can be
used to describe the behavior of CFHST
columns under axial loading.

The performance of high strength CFHST
rectangular columns was experimentally
studied by Huang et al. [13]. CFHST columns
with width-to-steel-plate thickness (B/t) ratios
ranging from 18 to 68 were made by cutting
steel plates into the required shapes and
welding them together. Concrete had a
compressive strength of up to 50 MPa while
steel had a yield strength of up to 750 MPa. In
rectangular steel boxes with high B/t ratios,
local buckling was seen. Additionally,
increasing the B/t ratio severely decreased the
stiffness and capacity of CFHST columns.
Experimental testing of CFHST columns with a
centric static load was conducted by Tao et al.
[14]. The main variables were the dimensions
of the cross-section, the types of steel and
concrete, and whether shear studs or internal
rings were included. The results of the tests
showed that the bond strength of stainless steel
CFHST columns was lower than that of carbon
steel. Welding an internal ring and shear
connectors, the bond between the self-
compacting concrete and the steel plates was
increased. Yasser R. Tawfic et al. [15]
investigated the characteristics of steel plate-
reinforced concrete composite beams and
concluded that the use of mechanical anchors
increases the load bearing capacity of
composite sections.

Using ABAQUS software to generate a finite
element model, the compressive behavior of
elliptical slender CFHST sections was
examined by Dai et al. [16]. For accuracy and
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validation, the software findings of the
elliptical CFHST column were compared with
those of the experimental tests. The researchers
determined the buckling load of the elliptical
sections of the CFHST columns in accordance
with the requirements listed in Euro Code (EC-
4). The elliptical CFHST section can be
designed using the procedure outlined in the
Eurocode to evaluate the axial compression
behavior of the circular and rectangular CFHST
sections.

This research aims to enable the designers to
define the optimal design of the full-scale
CFHST columns. Different variables were
investigated such as the area of the longitudinal
steel reinforcements and the area of the external
steel tube, the shape of the cross-section, the
Ts/bs ratio, and the slenderness ratio.

2. Finite element idealization

Nonlinear finite element software ANSYS 18.1
was used to evaluate the overall behavior of the
CFHST columns.

2.1. Element descriptions

Solid 65 simulates the concrete core elements
that cracks under tension and crushes under
compression. The element has eight nodes with
three degrees of freedom at each node:
translations in the nodal x, y, and z directions
[17]. Solid 185 is implemented to simulate the
steel tube elements. Solid 185 has eight nodes
with three degrees of freedom at each node:
translations in the nodal X, y, and z directions.
The element has plasticity, hyper elasticity,
stress stiffening, large deflection, creep, and
large strain capabilities [17]. Link 180 is
adopted to simulate the steel reinforcement
elements. The element is a uniaxial tension-
compression element that has three degrees of
freedom at each node: translations in the nodal
X, Yy, and z directions [17].
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3. Verification of the program

Nine CFHST  columns, which  were
experimentally tested [18], were used to verify
the finite element program (ANSYS (18.1)).
Table (1) and Figure (1) sketches the cross-
section details for all investigated CFHST
columns. All the tested CFHST columns have
the same height (850 mm) and the same
concrete compressive strength (25 MPa).
Although all investigated columns have the
same steel/concrete ratio (us %), equal to
12.77%, they vary in steel area distribution,
between internal reinforcement and external
casing, in addition to cross-section shape and
the depth to width ratio ts/bs. The geometry and
specifics of the analyzed CFHST columns are
presented in Figure (2). The elastic moduli of
concrete and steel reinforcements (bars and

tubes) were E. = 4400,/fc’ MPa and E = 200
GPa, respectively. The Poisson’s ratio v was
0.2, 0.3, and 0.3 for the concrete, steel bars, and
steel tube, respectively.

3.1. Mesh idealization, loading, numerical
parameters, and boundary conditions
To achieve desirable results, the mesh was
considerably refined, and the model was
constrained by the displacement condition, as
shown in Figure (2). The applied boundary
conditions  simulated the  experimental
conditions of the module end. The applied load
was divided among the top nodes of the

, Longitudinal steel bars
(internal concrete core) ™.
- External _—
Ds Steel tube S

Circular column
(CF-2)

(SF-2)

+—bs—+F

Square column

column. Finer increments were used in
applying the static load. In this analysis, the
convergence tolerance was set at (0.05) for
displacement and force with a maximum
iteration number of (15) to reduce the
accumulation forces within the iteration. The
contact between Solid185 (steel casing) and
Solid65 (concrete core) was defined by the
standard condition, which allows vertical
sliding and separation between the two
surfaces. The friction coefficient was set to
0.30 according to Lam et al. [19], and the
contact cohesion was 0.01.

3.2. Analysis and comparison of the

experimental with the theoretical results
Modes of Failure: Figure (3) shows the modes
of failure for the theoretical and experimental
CFHST columns. Generally, the failure modes
obtained by the finite element analysis using
ANSYS 18.1 were similar to those of the
experimental results. The performed theoretical
analysis and the experimental test results
showed local buckling of the external steel tube
within the lower or upper third as shown in
Figure (3). Compatibly with the experimental
modes of failure of the CFHST columns, the
presence of longitudinal steel reinforcements
and external steel tube exhibited a delay in the
appearance of the local buckling compared
with the columns without
internal reinforcements.

Longitudinal steel bars _
(internal concrete core) -

]
External __
Steel tube

#—bs—#

Rectangular column
(RF-2)

Figure (1): The geometry of the tested columns.

-mesh of steel bars S

_ mesh of concrete ———

_~mesh of steel tube -
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mesh of steel bars _ i

mesh of concrete _

mesh of steel tube

Figure (2): Meshing, location of load, and support of the model.
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Table (1): Details and results of the experimental and the analytical results of CFHST columns [17].
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Min: longitudinal steel bars ratio, ey Steel tube ratio, Py exp: experimental ultimate loads, Py neq): theoretical
ultimate loads, 3, (xp): Maximum displacement at ultimate loads (experimental), 8, (neo): theoretical maximum

displacement at ultimate loads.

a) Square columns

b) Circular Columns

c¢) Rectangular columns

Figure (3): Experimental and ANSYS modes of failure for the CFHST columns.

Ultimate loads: The experimental and the
theoretical results for all models are
summarized in Table (1). Good agreement in
the values of the ultimate load was detected for
the finite element analysis and the
experimental test results, with deviations
ranges from —2% to +7%. Columns having a
constant steel reinforcement distributed
between the internal concrete core and the
external steel tube exhibited higher values of
ultimate load capacity than those without
internal longitudinal steel reinforcements.
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Axial displacement curves: Figure (4) shows
the experimental and the theoretical values of
load—axial displacement. The finite element
analysis highly agreed the behavior of the
experimentally tested CFHST columns. The
load-displacement curves showed two stages.
The first stage from zero load up to the
occurrence of the first local buckling. Slightly
higher initial stiffness values were predicted
that may be attributed to the effect of the
considered boundary condition or modulus of
elasticity of concrete. The second stage began
at the first local buckling up to the column
failure and it is characterized by a significant
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reduction for the column stiffness. The
analytical analysis shows ductile behavior

CFHST columns. Table (1) summarizes the
the experimental and the theoretical axial

similar to the experimental behavior of the displacement at the ultimate loads.
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Figure (4): The experimental and ANSYS Load-displacement curves for the CFHST
columns.
4. The Numerical Investigation Studies The first category comprised three
conventional  reinforced concrete  (RC)

4.1. Details of Theoretical Program

The properties of tested CFHST columns
were numerically investigated using ANSYS
(18.1) software. Table (2) shows the
description of the modeled thirty-three CFHST
specimens. The thirty-three columns were
subsequently divided into two categories. The
main variables of these categories were the
distribution of the total steel area between the
internal longitudinal steel reinforcement and
the external steel tube, the cross-sectional
shape (square, or rectangular), the depth to
width (ts/bs) ratio, and the slenderness ratio (A).
The specimens label in Table (2) are designed
based on the following rules: S, R1, and R2
represent the cross-section shape of the
column that is square, rectangular with t¢/bs
1.78 and rectangular tJ/bs = 2.56. The letter
"D" refers to the steel distribution ratio, and
the numbers after "D" are equal to 1, 2, and 3,
representing an internal longitudinal steel ratio
of 0%, 2%, and 4%, respectively. The numbers
"3, 7.5, and 8.25" refer to the height of the
CFHST columns (meter).
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columns and three CFHST columns filled with
plain concrete. All columns in this category
had the same height and cross-sectional area of
the concrete and steel. The second category
comprised twenty-seven columns that were
subsequently divided into three groups. The
nine columns in each group differed in their
steel area distribution  between core
longitudinal  reinforcement and external
casing, and the slenderness ratio ().

4.2. The finite element idealization and

material properties

The cross-sectional geometries, the mesh,
the boundary conditions, the finite element
models, and the loading of the analyzed
CFHST columns are shown in Figure (5). For
all columns, the yield strength of the steel
tubes, steel bars, stirrups, and concrete
compressive strength were 360 MPa, 360
MPa, 240 MPa, and 25 MPa, respectively. The
materials properties and parameters were
found to be suitable for the composite column
analysis. the convergence tolerance was set at
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(0.05) for displacement and force with a
maximum iteration number of (15) to reduce
the accumulation of forces within the iteration.
The interface between Solid185 and Solid65
allows vertical sliding and separation between
the the steel plate and the concrete core. The
friction coefficient was set to 0.30, and the
contact cohesion was 0.01.

4.3. Analytical Results and Discussion

4.3.1. Failure Modes

In the first category; the CFHST columns
(CFHST-1, CFHST-2, and CFHST-3) were
failed due to the occurrence of local buckling
of the external tube and the crushing of the
concrete core. However, the RC columns (RC-
1, RC-2, and RC-3) failed due to the concrete
crushing. The concrete was crushed near the
top of the RC columns, whereas the CFHST
columns buckled near the bottom (lower
quarter) of the steel tube.

The failure modes of the analyzed CFHST
columns of the second category are shown in
Figure (6). Because of almost similar modes of
failure for all the analyzed CFHST columns,
SO representative few output modes of failure
are considered in this section. Generally, the
failure modes were identical to the failure
modes of the short columns in the first
category (with a slenderness ratio ranging
from 22.5 to 36); this may be due to the stress
concentration. Overall buckling is the most
common failure mode for all the long CFHST
columns (with a slenderness ratio ranging from
56.5 to 99). The columns with internal
longitudinal steel reinforcements showed a
delay in the appearance of the local buckling
or overall buckling compared to the columns
without internal reinforcement. The presence
of the local buckling for the majority of the
square and rectangular short CFHST columns
was in their lower-or-upper third sections.

Table (2): Details and results of the analyzed columns
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b) Rectangular columns
Figure (5): Cross-sectional geometries and meshing of FEA models of the CFHST columns.
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a) Columns with slenderness (22.5 ~ 36)

4.3.2. Ultimate loads

Table (2) and Figure (7) show the values of
the ultimate loads of the reinforced concrete
and CFHST columns. The values of the
ultimate loads for the CFHST columns in the
first group were found to be up to 33% higher
than the values of the ultimate loads of the
reinforced concrete columns. The external
steel tube increased the confinement and as a
result the compressive strength of the concrete
core.

The increase of the slenderness ratio of the
square CFHST columns (from 22.5 to 61.88),
the rectangular CFHST columns (ts/bs=1.78)
(from 30 to 82.5) and the rectangular CFHST
columns (ts/bs=2.56) (from 36 to 99) resulted
in about 10% reduction for the values of the
ultimate load. The value of the ultimate load
for the rectangular CFHST column (R2- D1-3)
(height 3 m — ts/bs=2.56) was about 12%
lower than the values of the ultimate loads of
the square CFHST columns (S-D1-3). For the
CFHST columns that has a height equal 8.25
m, the value of the ultimate load of the
rectangular cross-sectional column (R2- D1-
8.25) (without internal reinforcement) was
17.3 % lower than that of the square column
(S-D1 -8.25). However, the use of 4% internal
reinforcements enhanced the efficacy of the

b) Columns with slenderness ratio (56.5 ~ 99)
Figure (6): Failure modes for analyzed CFHST columns.

rectangular cross-sectional column (R2- D3-
8.25) that showed 3.8% lower than the
ultimate load of column (S-D3 -8.25).

For the studied slenderness-ratios of the square
and rectangular cross-sections, the distribution
of the total steel reinforcements between the
concrete core and the external steel tube
resulted in higher values of ultimate loads
when compared with those of the CFHST
columns have zero internal reinforcements.
Increasing the percentage of internal
reinforcements from 0% to be 4% resulted in
20.37%, 24.7% and 32.45% increase for the
values of the ultimate load of the square
column (S-D3 -3), rectangular column (R1-
D3-3) and the rectangular column (R2- D3-3),
respectively. The presence of 4% internal steel
reinforcements for the CFHST columns
(Height = 8.25m) resulted in 12.47%, 16.0%
and 31.07% increase for the values of the
ultimate load for the square column (S-D3 -
8.25), rectangular column (R1- D3-8.25) and
the rectangular column (R2- D3-8.25),
respectively. The presence of internal steel
reinforcements and the confinement effect of
the external steel tube improve the concrete
core's ability to withstand higher values of
ultimate loads.
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Figure (7): Ultimate load for CFHST columns under the effect of the distribution of the total steel
and slenderness ratio.

4.3.3. Axial displacement
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The load-axial displacement relationships
of the CFHST columns are plotted in Figure
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(8) showing the effect of the total steel area
distributions and slenderness ration. The
resulted axial displacement values at the
ultimate load are presented in Table (2). The
load-displacement curves for all columns
exhibit  three  stages. Linear elastic
deformations were occurred for the concrete
and steel tubes in the first stage. In the second
stage (plastic stage), some cracks in the
concrete core begin to develop leading the
steel tubes to buckle or overall buckling. The
presence of internal steel reinforcement delays
steel tube buckling, allowing the tube to
maintain higher bearing capacity. In the third
stage (failure stage), after reaching the peak
load, the curves show sharp drops, indexing
brittle failure.

As the internal steel reinforcement area
increases, the stiffness of the core of the
CFHST columns increases and as a result the
axial displacements decreases. The application
of 2% internal steel reinforcements resulted in
a slight reduction in the longitudinal
displacement values at the ultimate load. For
CFHST columns that have a slenderness ratio
ranging from 22.5 to 36, the presence of 4%
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internal reinforcement results in 27%, 17%,
and 16% reductions for the values of the axial
displacements at the ultimate load of the

square, rectangular (t/bs= 1.78), and
rectangular (ts/bs= 2.56) columns, respectively.
The application of 4% internal steel

reinforcements for columns with a slenderness
ratio ranging from 56.25 to 99 results in 23%,
10%, and 3% reduction for the values of the
vertical displacement at the ultimate load of
the square, rectangular (t/bs= 1.78), and
rectangular (ts/bs= 2.56) columns. This
reduction may be referred to the increased in
the concrete core stiffness. In addition,
increasing the slenderness ratio  with
increasing the depth to width ratio has very
little effect on the values of the axial
displacement at the ultimate load for the
CFHST column. For all the loading stages, the
increase of the slenderness ratio and the
decrease of the stiffness resulted in an increase
for the axial displacement for all the cross-
sectional shapes of the columns.
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4.3.4. Ductility index

The ductility Index (DI) has been used to
investigate the ductile behavior of CFHST
columns [20]. The DI herein is defined as the
following equation:

DI — 50.85
63’1

1)

Where §,,; is 1.33%8, 75 in which &, ;5 is the
axial displacement at 75%
the pre-peak load, and 6,45 Is the axial
displacement when the post-peak load drops to
85% of the peak load. The DI of the analyzed
CFHST columns was calculated and is
presented in Figure (9). The distribution of the
total steel area between the internal concrete
core and the external steel tube increases the
ductility index.

The use of 2% internal steel reinforcements for
the square, rectangular (ts/bs= 1.78), and
rectangular (ts/bs= 2.56) CFHST columns
increases the axial compressive ductility index
values by up to 5.28%, 50.15%, and 24.3%,
respectively. However, the placement of 4%
internal steel reinforcement for the square,
rectangular (ts/bs= 1.78), and rectangular
(ts/bs= 2.56) CFHST columns results in up to
9.1%, 61.7%, and 51.6% increase for the DI,
respectively.

Increasing the slenderness ratio from 22.5 to
61.88 for the CFHST square columns have
0%, 2% and 4% internal reinforcements, the
DI values were found to be reduced by 21.6 %,
23.5 %, and 21.7 %, respectively. Using 0 %,
2 %, and 4 % internal steel reinforcements for
the rectangular (ts/bs = 1.78) CFHST columns,
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increasing the slenderness ratios from 30 to
82.5 resulted in 42.7 %, 20 %, and 23.9 %
reductions in the values of the DI,
respectively. Increasing the values of the
slenderness-ratio for the studied CFHST
columns, the presence of internal steel
reinforcements enhances the efficiency of the
concrete core to resist higher values of axial
loads and improves the ductility.

4.3.5. Strain in the steel tube

The load-tube strain relationships for the
CFHST columns that have constant area of
total steel reinforcements are shown in Figure
(10). Generally, at a certain load and for all
cross-sectional shapes and slenderness-ratios,
the strain in the steel tube decreases with the
increase of the internal steel reinforcement
ratio. However, the ultimate values of steel
tube strains were found to be increased with
the increase of the internal steel
reinforcements indicating high efficiency. The
use of 4% internal steel reinforcement for the
square columns (S-D3-3), (S-D3-7.5), and (S-
D3-8.25) results in a 9.22%, 2.33%, and
4.58% increase for the values of the strain at
the ultimate load, respectively. However, the
placement of 4% internal steel reinforcements
for the rectangular CFHST columns (R1-D3-
3), (R1-D3-7.5), and (R1-D3-8.25), which
have a width-to-breadth ratio of 1.78, results in
considerable increase of 16.04%, 11.58%, and
4.38% in the strain at the peak load,
respectively. Whereas, the rectangular CFHST
columns (R2-D3-3), (R2-D3-7.5), and (R2-
D3-8.25), which have a depth to width ratio of
2.56, resulting in a considerable increase of
36.80%, 16.71%, and 17.80% in the strain at
the peak load, respectively.
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Figure (10): Load-strain curves of CFHST columns steel tubes.

Conclusions

1. The theoretical study showed that the
failure mode for the CFHST columns, with a
slenderness ratio ranging from 22.5 to 36, was
due to local buckling in the steel tubes and
crushing of the concrete cores; this may have
been due to the stress concentration of the
concrete core. Overall buckling is the most
common failure mode for CFHST columns
with a slenderness ratio ranging from 56.5 to
99. The columns with the total steel area
distributed between the internal concrete
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longitudinal reinforcement and the external
steel casing show a delay in the appearance of
local buckling or overall buckling.

2. Fixing the total steel reinforcements,
The CFHST columns have internal steel
reinforcements showed higher values of

ultimate loads than the columns without
internal reinforcements. The use of 4%
internal steel reinforcement for the square
columns (S-3D-3), (S-3D-7.5), and (S-3D-
8.25) results in 20.4%, 14.9%, and 12.6%
increase for the values of the ultimate loads,
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respectively. However, the rectangular CFHST
columns (R2-3D-3), (R2-3D-7.5), and (R2-
3D-8.25), which have a depth to width ratio of
2.56, results in 32.5%, 31.9%, and 31.1%

increase in the values of ultimate loads,
respectively.
3. Having a slenderness ratio ranging

from 22.5 to 36, increasing the internal steel
reinforcement ratio from zero to 4% results in
27%, 17%, and 16% reduction for the values
of the axial displacements at the ultimate loads
of the square, rectangular (ts/bs= 1.78), and
rectangular (ts/bs= 2.56) CFHST columns,
respectively. Meanwhile, the use of 4%
internal steel reinforcements for columns with
a slenderness ratio ranging from 56.25 to 99
results in a 23%, 10%, and 3% reduction for
the values of the vertical displacement at the
ultimate loads of the square, rectangular (ts/bs=
1.78), and rectangular (t/bs= 2.56) CFHST
columns.

4. Having constant area of steel
reinforcements, the placement of 4% internal
steel reinforcement for the square, rectangular
(ts/bs= 1.78) and rectangular (ts/bs= 2.56)
CFHST columns results in up to 9.1%, 61.7%,
and 51.6% increase of the ductility index,
respectively. The presence of internal steel
reinforcements and the confinement action of
the external steel tube enhance the efficiency
of the concrete core resulting in higher values
of ductility index.

5. For a constant total steel area,
increasing the internal steel reinforcement
from zero to 4% results in 9.22%, 2.33% and
4.58% increase for the values of the strain in
the steel tube at the ultimate loads for the
square columns (S-D3-3), (S-D3-7.5) and (S-
D3-8.25),  respectively.  However, the
placement of 4% internal steel reinforcements
for the rectangular CFHST columns (R1-D3-
3), (R1-D3-7.5) and (R1-D3-8.25), results in a
considerable increase of 16.04%, 11.58%, and
4.38% in the values of the steel tube strain at
the peak load, respectively.
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