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Concrete-filled steel tubular (CFST) columns combine the complementary advantages of
steel and concrete and are increasingly used as axial-load-carrying members in high-rise and
seismic-resistant construction. Problem statement: Because the structural quality of a CFST
column depends on several interacting geometric and material parameters, and because
full experimental programmes are costly, there is a need for a systematic, economical
procedure to identify the parameter combination that optimises column performance.
This study determines the optimal construction parameters of a circular CFST column so
as to minimise elastic-stiffness loss and von Mises failure stress while maximising load
resistance, fatigue resistance and service life by combining finite-element analysis with
the Taguchi design of experiments. A CFST column was modelled and solved by the finite-
element method in ANSYS. Four control parameters, each at three levels, were arranged in a
Taguchi L9 orthogonal array; the resulting nine models were analysed in two loading series,
giving the maximum displacement and the maximum von Mises stress, and the responses
were evaluated through signal-to-noise (S/N) ratios and mean-effect analysis in Minitab.
Stirrup spacing, concrete grade and plate thickness significantly affected column quality,
whereas the reinforcement material was almost ineffective. The optimal combination was
A2B2C3D1, a 6 cm stirrup spacing, the intermediate plate thickness, 35 MPa concrete and
steel reinforcement which produced the lowest von Mises stress and the lowest probability
of failure and buckling. The integrated Taguchi-finite-element approach efficiently identifies
the parameters that govern CFST-column quality and provides a validated, economical route
to optimal composite-column design.
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INTRODUCTION

Owing to the abundant benefits of concrete-filled
steel tubular (CFST) columns a type of composite
column compared with reinforced-concrete and
steel columns, their use has become widespread
in recent years, particularly in high-rise build-
ings. Ease of installation, economy, elimination
of formwork, good performance against seis-
mic forces, and higher strength and ductility at
lower volume are among these benefits (Han et
al., 2014; Schneider, 1998). A CFST column is a
steel-concrete composite member consisting of
a steel tube filled with high-strength concrete,
whose favourable behaviour arises from the con-
finement of the concrete by the steel and from
its design versatility. Its principal cross-sections
are square, rectangular and circular; columns
designed so that the concrete resists most of the
axial force can be made more economical with
a thin-walled steel tube. The outstanding static
and earthquake-resistant properties of rectan-
gular and circular CFST member’s high strength,
ductility and energy-absorption capacity explain
their extensive use in civil-engineering projects
(Shanmugam & Lakshmi, 2001). When applied
as structural columns, especially in tall buildings,
composite members may be subjected to high
shear forces and moments under wind or seismic
actions. This study investigates the strengthening
of a composite concrete column enclosed in a
steel plate with composite reinforcements. The
stress-strain diagram of structural mild steel is
introduced multi-linearly into the software to
capture material non-linearity, and the effects
of pre-loading, inner and outer plate buckling
and large deformation are considered for greater
analytical accuracy; the numerical results are
compared with reliable experimental data. Con-
siderable attention is paid to the analytical ap-
proach of conducting software-simulated exper-
iments by the finite-element method in ANSYS,
after which the Taguchi method with orthogonal
arrays is used to evaluate the optimal operating
conditions of the CFST column a systematic ap-
proach to designing and analysing experiments

that allows the effect of each parameter to be as-
sessed independently (Lee & Wong, 2023; Anwar
etal,, 2022).

The concept of hybrid columns compris-
ing two concentric steel layers with concrete
enclosed between them was first proposed by
Shakir-Khalil and Illouli (Shakir-Khalil & Illouli,
1987), and subsequent studies extended the idea
in various directions (Wei et al., 1995; Han et al.,
2005; Zhao & Grzebieta, 2002; Tao et al., 2004).
The stress-strain behaviour of double-skin
tubular columns and the wet-layup applica-
tion of fibre-reinforced-polymer (FRP) layers
were examined by Yu and colleagues (Yu et al.,
2010), while the steel-jacket strengthening of
reinforced-concrete columns using angles, C-sec-
tions and plates of various sizes and batten-plate
numbers was investigated experimentally and
by finite-element modelling in ANSYS, with
good agreement between the two (Belal et al.,
2014). Analytical models for the axial capacity of
concrete-encased steel composite stub columns,
incorporating the confinement effect through the
Mander model in ABAQUS, showed that confine-
ment increases load-carrying capacity and that
the steel-section shape and reinforcement layout
are influential the cross-shaped section giving
the highest confinement and the I-shaped the
lowest (Chen & Lin, 2006; Mander et al., 1988).
Eccentrically loaded concrete-encased steel com-
posite columns, modelled with confined zones
in ABAQUS using a plastic-damage formulation,
reproduced experiments well and revealed that
increasing the steel yield stress markedly affects
columns with small eccentricity (Ellobody et
al., 2011; Lubliner et al., 1989). Concrete-filled
double-skin steel tubes (CFDST) under axial load
and cyclic bending showed that circular sections
dissipate more energy and are more ductile than
square ones (Han et al., 2006; Zhao & Han, 2006).

Extensive research has also addressed CFST
columns of different cross-sections and loading
conditions. Under torsional loading the outer steel
profile acts in harmony with the concrete core
in the plastic phase, the concrete core governs
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torsional resistance, and the concrete prevents
local buckling of the steel profile (Zhou, 1990;
Beck & Kiyomiya, 2003); empirical and analyti-
cal studies of CFDST columns further confirmed
these composite benefits (Zhao et al., 2002; Wei
et al., 1995). Reinforced-concrete square columns
retrofitted with stirrups and steel angles (steel
cage) were tested to failure, identifying the angle
size, stirrup spacing and grout material as the
principal parameters (Tarabia & Albakry, 2014).
Recent work has extended CFST research to
FRP-confined, recycled-aggregate and seawater
sea-sand columns, and to advanced finite-ele-
ment modelling of their axial behaviour (Zeng et
al,, 2022; Liang et al., 2021; Liang et al., 2023; Liao
etal., 2023; Li et al., 2024; Al-Rousan et al., 2022).

Despite this extensive body of work, most
studies vary one parameter at a time or rely on
large experimental programmes, which is costly
and does not reveal the relative importance of
the interacting design variables. Design-of-ex-
periments techniques such as the Taguchi
method, widely applied to concrete-mix and
composite-material optimisation (Anwar et al.,
2022; Zamir Hashmi et al., 2022; Lee & Wong,
2023), remain comparatively underused for
the parametric optimisation of CFST columns
through validated finite-element models. The
present study addresses this gap by coupling
ANSYS finite-element analysis with a Taguchi
L9 design to rank the governing parameters and
identify the optimal CFST-column configuration.
Two questions guide the work: which construc-
tion parameters most strongly influence the
quality (stiffness and von Mises failure response)
of a circular CFST column, and what combination
of their levels yields the optimal performance?
The purpose of this study is to obtain the opti-
mal dimensional and material parameters for
constructing a circular CFST column, so as to
achieve the best quality levels, by combining fi-
nite-element analysis in ANSYS with the Taguchi
design of experiments. Four control parameters
stirrup spacing, plate thickness, concrete grade
and reinforcement material, each at three levels
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are examined through an L9 orthogonal array,
and the optimal combination is identified from
the S/N and mean-effect analyses.

MATERIALS AND METHODS

Design and finite-element model

The study investigates the strengthening of a
composite concrete column enclosed in a steel
plate with composite reinforcements. The stress—
strain curve of structural mild steel is introduced
multi-linearly into ANSYS to represent material
non-linearity, and the effects of pre-loading,
inner and outer plate buckling, and large defor-
mation are included for accuracy. Each specimen
has nominal dimensions defined by the section
diameter D, the steel-wall thickness t and the
tube height H. The top view of the studied mod-
els is shown in Figure 1. In the finite-element
model, the steel tube and reinforcement were
represented by an elastic-plastic constitutive
law with a multi-linear hardening stress—strain
curve, while the confined concrete core was
represented by a plasticity-based model that
captures the triaxial confinement provided by
the steel tube (Mander et al., 1988; Lubliner et
al., 1989). A surface-to-surface contact with ap-
propriate normal and tangential behaviour was
defined at the steel-concrete interface, and the
loading was applied incrementally to trace the
non-linear response up to failure. This modelling
strategy follows current practice for CFST mem-
bers and allows local buckling of the tube and
confinement-induced stress redistribution in the
concrete to be reproduced (Li et al., 2024; Han et
al.,, 2014). (Fig. 1)
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Figure 1: Top view of the CFST column models studied in
this research
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Verification of the simulated model

To verify the ANSYS results, a laboratory model
of a concrete column enclosed by a steel plate
and stirrups was selected and its response com-
pared with the finite-element model. The slight
difference between the experimental and ana-
lytical results confirms the accuracy of the mod-
elling. The experimental and numerical models
used for the accuracy evaluation are shown in
Figure 2. (Fig. 2 and 3)
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Figure 2: Numerical model (left) and experimental speci-
men (right) used for the accuracy evaluation

Determining target quality levels and possible ef-
fective parameters

Following a brainstorming session, four control
parameters affecting the quality of the CFST col-
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Figure 3: Comparison plot of experimental and analytical
results

umn were selected, each at three levels: stirrup
spacing (A), steel-plate thickness (B), concrete
grade (C) and reinforcement material (D). The
expected quality responses were a controlled
reduction of the elastic stiffness of the column,
an increased pressure tolerance over the whole
member, fatigue resistance and long service life.
The total number of degrees of freedom indi-
cated that at least nine experiments were re-
quired, so the tests were arranged in a Taguchi
L9 orthogonal array; considering the three lev-
els across the models, 81 specimen states were
effectively examined and the optimum selected
through the Taguchi algorithm. The factors and
their levels are listed in Table 1, and the L9 de-
sign in Table 2. (Tab. 1 and 2)

Table 1: Control factors and their levels

Level A - stirrup spacing (cm) | B - plate thickness (mm) | C - concrete grade (MPa) D - reinforcement
1 5 2 25 Steel
2 6 4 30 CFRP
3 8 6 35 GFRP

Table 2: Taguchi L9 orthogonal-array design with the actual factor values
Test A B C D
1 5cm 2 mm 25 MPa Steel
2 5cm 4 mm 30 MPa CFRP
3 5cm 6 mm 35 MPa GFRP
4 6 cm 2 mm 30 MPa GFRP
5 6 cm 4 mm 35 MPa Steel
6 6 cm 6 mm 25 MPa CFRP
7 8 cm 2 mm 35 MPa CFRP
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8cm

4 mm

25 MPa GFRP

8cm

6 mm

Steel

30 MPa

Von Mises criterion
The maximum-distortion-energy (von Mises)
yield criterion, proposed by von Mises in 1913,
states that yielding begins when the distortion
(deviatoric) component of the strain energy ex-
ceeds the value at yield in a simple tension test.
Strain energy is divided into a volumetric (hy-
drostatic) part and a deviatoric (distortion) part;
if the computed von Mises stress is below the
material yield stress no failure occurs, otherwise
the element yields. The von Mises stress is ob-
tained from the principal stresses and is com-
pared with the yield stress in the finite-element
software.
o_V=V{¥[(61=62)2 + (62-03)% + (03—61)?] } (1)
Execution of the Taguchi experiments in ANSYS
Nine CFST-column models were simulated in
ANSYS, the level of each factor being set accord-
ing to the test number (1-9) of the L9 array. Each
model was analysed by finite-element analy-
sis, and the resulting solutions were processed
through the signal-to-noise (S/N) ratios of the
Taguchi method. The side view of the meshed
model and a three-dimensional view of the
meshed reinforcement are shown in Figures 3
and 4.
Two S/N ratios were used according to the de-
sired direction of each quality characteristic. For
the elastic-stiffness reduction (displacement),
which should be maximised, the larger-the-bet-
ter ratio was applied; for the von Mises failure
stress, which should be minimised, the small-
er-the-better ratio was applied:

(2)
S/N (larger-the-better) = =10 logw [ (1/n) Z (1/y2) |

(3)
S/N (smaller-the-better) = =10 logw [ (1/n) = yi2 |
where y; is the response of the i-th replicate and
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n is the number of replicates. The optimal lev-
el of each factor corresponds to the highest S/N
value, and the relative importance of the factors
is obtained from the range (delta) of the mean
responses across their levels. (Fig. 3 and 4)
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Figure 3: Side view of the meshed CFST-column model in
ANSYS
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Figure 4: Three-dimensional view of the meshed reinforce-
ment of the CFST-column model in ANSYS

FINDINGS AND DISCUSSION

Results of the nine tests

Two loading series were considered: series (a),
with pressure along the Z-axis, and series (b),
with loading along the X-axis (column buckling).
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For each of the nine tests, the finite-element
analysis yielded the maximum displacement and

Table 3: Series (a) - maximum displacement along the Z-ax-
is

the maximum von Mises stress. The results are
summarised in Tables 3-6.

Table 5: Series (a) - maximum von Mises stress

Test Max. displacement, Z-axis (m) Test Max. von Mises stress, series (a) (Pa)
1 7.71x1073 1 2.24x107
2 7.98x1073 2 2.17x107
3 8.86x103 3 2.14x107
4 2.00x102 4 3.00x10”
5 6.99x10-3 5 1.61x107
6 8.15x10°3 6 1.81x107
7 1.77x10°2 7 2.53x107
8 1.67x102 8 2.33x107
9 6.41x103 9 2.24x107

Table 4: Series (b) - maximum displacement along the X-ax-
is

Table 6: Series (b) - maximum von Mises stress

Test Max. displacement, X-axis (m) Test Max. von Mises stress, series (b) (Pa)
1 2.18x10+ 1 3.92x107
2 2.01x10+ 2 3.74x107
3 1.93x10+ 3 3.62x107
4 4.61x10+ 4 5.23x107
5 1.69x10+ 5 3.52x107
6 1.88x10+ 6 3.94x107
7 4.71x10+ 7 5.98x107
8 4.15%10+ 8 6.11x107
9 1.58x10+ 9 4.06x107

Analysis of S/N performance ratios for experiments
Numerical results of S/N performance ratios for ex-
periments

There are three quality characteristics in this
study, including strength, ductility, and ener-
gy absorption. Since the nature of solutions
obtained in experiments is software, one can
choose S/N ratio proportional to their nature
to achieve the desired quality level in each of
these two types of experiments. Therefore, we
describe the concept of S/N ratios for each type
of experiment in a separate section.

Description of S/N ratio in software experiments:

Here, the purpose of these experiments is to
obtain a combination of levels of control factors
so that the average value of the elastic stiffness
reduction of the CFST column (the amount of
displacement of the spring under compression
along the Z-axis of the cylinder) should be max-
imized in software experiments by retaining its
elasticity. Moreover, the characteristic of resis-
tance to vertical loading and failure of the CFST
column should increase under operating pres-
sure so that the average of the measurement
scale of this characteristic, i.e., the value of von
Mises failure stress, should be minimized in
software testing.
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Table 7: Respons and levels

Response Level A B C D

1 8.183 15137 10.853 7.037

Displacement Z 2 11.713 10.557 11.463 11.277
3 13.603 7.807 11183 15.187

1 0.204 0.383 0.274 0.182

Displacement X 2 0.273 0.262 0.273 0.287
3 0.348 0.180 0.278 0.356

1 21.83 25.90 21.27 20.30

Von Mises (a) 2 21.40 20.37 24.70 21.70
3 23.67 20.63 20.93 24.90

1 37.60 5043 46.57 38.33

Von Mises (b) 2 42.30 44,57 43.43 45.53
3 53.83 38.73 43.73 49.87

The spread (delta) of the mean response
across the three levels of each factor indi-
cates its relative influence. For the von Mis-
es failure response, the plate thickness (B)
and concrete grade (C) produce the largest
spreads, followed by the stirrup spacing (A),
while the reinforcement material (D) pro-
duces the smallest change confirming that
the reinforcement type is the least influen-
tial of the four factors. The same ranking is
visible in the main-effect plots of Figures
5-8, where the lines for factor D are the flat-
test. This ordering is physically reasonable,
because the tube thickness and the concrete
grade directly control the confinement and
load-sharing that govern the failure stress
of a CFST member. (Fig. 5 to 8)

Main Effects Plot for Means
Data Means

Figure 5: Main-effect plot of the mean response for the dis-
placement along the Z-axis
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Figure 6: Main-effect plot of the mean response for the dis-
placement along the X-axis (column buckling)
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Figure 7: Main-effect plot of the von Mises failure response
for series (a)
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Figure 8: Main-effect plot of the von Mises failure response
for series (b)
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From the S/N plot of the von Mises failure
response of series (a), the optimal level of
each factor is A2, B2, C3, D1: a stirrup spac-
ing at the second level (6 cm), plate thick-
ness at the second level, concrete grade at
the third level (35 MPa) and reinforcement
at the first level (steel). Consequently, a
CEST column with medium plate thickness,
maximum concrete strength and steel re-
inforcement, loaded along the Z-axis, gives
the lowest von Mises stress and the low-
est probability of failure and buckling. The
analysis further shows that stirrup spacing,
concrete grade and plate thickness signifi-
cantly influence column quality, whereas
the reinforcement material is almost inef-
fective (Lee & Wong, 2023; Zamir Hashmi et
al., 2022).

RESULTS AND CONCLUSION

The results confirm that geometry and mate-
rial grade, rather than the reinforcement type,
dominate the quality of the CFST column. The
pronounced effect of concrete grade and plate
thickness reflects the confinement mechanism
at the heart of CFST behaviour: a higher-grade
core and an appropriately thick tube enhance the
triaxial confinement and delay local buckling,
lowering the von Mises stress under axial load
(Han et al.,, 2014; Li et al., 2024). The compara-
tively small influence of the reinforcement mate-
rial on the failure response despite its clear effect
on ductility and energy absorption is consistent
with FRP-confined and recycled-aggregate CFST
studies, in which the outer confinement and
core strength govern peak capacity while the
reinforcement mainly modifies post-peak be-
haviour (Zeng et al., 2022; Liang et al., 2021; Zhu
et al., 2023). The identified optimum (A2B2C3D1)
therefore represents a balanced design in which
a moderate stirrup spacing and plate thickness
combine with the strongest concrete and a steel
cage to minimise failure stress. From a practical
standpoint, the coupled Taguchi-finite-element
procedure reduced a prohibitively large full-fac-

torial study (which would require many more
analyses) to nine simulations while still ranking
the parameters and locating the optimum, illus-
trating the efficiency of design-of-experiments
methods for composite-column design (Anwar
et al., 2022; Mawlood & Rafiq, 2022). The study
is nevertheless bounded by its scope: a single
circular geometry, three levels per factor, and
monotonic loading in two directions. Extending
the array to more factors and levels, incorporat-
ing cyclic and long-term loading, and validating
against a dedicated experimental programme
would further strengthen the conclusions and
are proposed as future work. Therefor:

*CFST columns show remarkable capability
and efficiency because of the complementary
properties of steel and concrete; the concrete
core delays local buckling of the steel wall, so a
suitable steel-beam-to-CFST-column connection
allows these benefits to be fully exploited.

*To verify the ANSYS results, a laboratory
model of a concrete column enclosed by a steel
plate and stirrups was selected, and its results
agreed closely with the finite-element model.

*The load-displacement curves from the
non-linear analysis show that the reinforce-
ment material significantly affects the system
response; the highest energy absorption and
ductility occur with CFRP reinforcement, where-
as the maximum ultimate strength occurs with
steel reinforcement.

*From the stress contours, the steel plate
yields at the lower part of the column because of
the high moment there.

*The S/N analysis of the von Mises failure re-
sponse of series (a) gives the optimal combination
A2B2C3D1, 6 cm stirrup spacing, medium plate
thickness, 35 MPa concrete and steel reinforce-
ment which yields the lowest von Mises stress
and the lowest failure and buckling probability.

*Comparing the optimal state through Minit-
ab and the L9 orthogonal array confirmed that
the accuracy of the systematic Taguchi design
method is very appropriate for optimising
CFST-column parameters.
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