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Abstract

Application of concrete-filled steel tubes (CFST) is becoming increasingly prominent in the civil engineering practice. How-
ever, the interaction of cross-sectional elements in CEST columns raises a number of questions, which have to be investigated
in detail to improve design background and analytical resistance formulae. The aim of the current paper is to examine the
structural behaviour of innovative concrete-filled steel tubes using different structural steel grades (S355, S500 and S960)
and concrete classes (C30/37 and C60/75). Combination of normal or high strength steel with normal or high-performance
concrete is a novel research topic of composite structures resulting in economic and optimal design for distinct civil engi-
neering applications such as buildings, bridges, towers and masts, etc. An advanced finite element model is developed and
validated based on previous experimental results found in the international literature in order to investigate the discrepancies
in structural behaviour, load-bearing capacity and failure mode of stub columns subjected to pure compression. Validated
numerical results are compared to formulae-based resistances and the applicability of standardised design methods are
examined. In addition, a novel formula is proposed considering hardening of steel material in accordance with EN 1993-1-
5. The developed formula can be used for the economic design of CFST stub columns, combining normal and high strength

materials, where elastic shell buckling cannot occur (D/t < 90¢?).

Keywords Concrete-filled steel tube - Normal strength steel - High strength steel - Composite - Finite element analysis

1 Introduction

Over the past two decades, application of concrete-filled
steel tubes (CFST) has increased considerably in the civil
engineering practice, while CFST sections have undergone
a major development since they are a competitive alterna-
tive to conventional steel or reinforced concrete columns.
The primary reason for the appearance of concrete-filled
steel tubes was to reduce cross-sectional dimensions of col-
umns, in parallel with increasing the load-bearing capacity
(Han et al., 2014). Concrete-filled steel tubes have gained a
dominant role in buildings and bridges internationally, espe-
cially in China, and as a result, there has been an exponential
growth in the last decade in terms of the range of applica-
tions and different structural designs. In high-rise buildings,
CFST elements are usually used as columns connected to
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some non-composite (steel or reinforced concrete) elements.
The appearance of concrete-filled steel sections in bridge
constructions can be observed in several structural systems.
CFST elements can be found in piles of cable-stayed and
suspension bridges or in truss bridges, but their presence in
bridge construction is most significant in arch bridges. More
than 400 bridges have been built using this innovative struc-
tural system in the last twenty years in China. Five of the ten
arch bridges with the largest spans have concrete-filled steel
tube sections (CFST, 2022). In addition, the Third Pingnan
Bridge, built with CFST elements, is at the top of the list
with a total length of 1035 m and a main span of 575 m. La
Vicaria tied arch bridge in Spain was opened to traffic in
2007 with a total length of 260 m and a span of 168 m. The
bridge arch is built with a polygonal CEST cross-section and
is one of the few European applications of concrete-filled
steel sections. Concrete-filled steel tubes columns can also
be used for metro station columns, utility poles, transmis-
sion towers and wind turbines (Han et al., 2014). Examples
of different applications are shown in Fig. 1.

Steel tubes filled with concrete are characterised by using
a variety of materials (normal strength materials (Abramski,
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Fig. 1 Application of CFST elements in a high-rise buildings (Canton Tower, 2022) and b footbridges and ¢ road bridges (La Vicaria bridge

2022)

2018; Zhang et al., 2019), high-strength materials (Yan et al.,
2019, 2021a), fibre-reinforced concrete (Tretyakov et al.,
2021), self-compacting concrete (Huang et al., 2022; Li
et al., 2020), stainless steel (He et al., 2021; Ye et al., 2021),
etc.) and cross-sectional shapes (circular (Avci-Karatas,
2019, 2021; Han et al., 2014), elliptical (Ren et al., 2014),
polygonal (Hassanein et al., 2017, etc.), allowing the design
of architecturally aesthetic, slender structures. The most
common and oldest design is the circular cross-section. Con-
crete-filled steel tubes have a wide range of practical applica-
tions resulting in the use of new cross-section types. Many
research studies consider the behaviour of circular CFSTs as
a reference when investigating other types of cross-sectional
shapes (Ayough et al., 2021; Zhao et al., 2018). Square and
rectangular cross-sections are becoming increasingly com-
mon in the construction industry (Dong et al., 2018), due
to the simpler design of column-beam connections, the sig-
nificant bending resistance of the cross-section and aesthetic
considerations. However, rectangular cross-sections have the
disadvantage that local buckling resistance is lower than cir-
cular ones and the confinement effect of the steel section,
resulting in increased concrete strength, is less significant
(Zhao et al., 2018). The use of high strength steels (above
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yield strength of 360 MPa according to ISO TR 15608) and
ultra-high strength steels (above yield strength of 690 MPa)
makes it possible to reduce wall thickness of steel sections
and to minimise material consumption. On the other hand,
increased yield strength increases the risk of local buck-
ling (Yan et al., 2021a). In addition, load bearing capacity
and behaviour at both low and elevated temperature have
been investigated in the past years (Romero et al., 2020;
Yan et al., 2019, 2021b; Yu et al., 2019). In the majority of
papers, compressive behaviour has been investigated; how-
ever, structural behaviour under tension, torsion and bending
has been already analysed in some cases (Elchalakani et al.,
2001; Han et al., 2007, 2016; Le et al., 2021; Ye et al., 2021).

A comprehensive literature review is conducted to sum-
marize the directives of design standards and design propos-
als based on experiments and numerical studies regarding
the load-bearing capacity of CFST stub columns subjected to
pure compression. Determination of the load-bearing capac-
ity is a complex task due to interaction of cross-sectional
elements. Consideration or negligence of this effect results
in significant differences in resistance, while dealing with
this phenomenon in design procedures and numerical simu-
lations is an important issue. Therefore, advanced nonlinear
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three-dimensional finite element models are developed and
validated for simulating the fundamental phenomena of
concrete-filled steel tubes with circular hollow sections.

2 Literature Review

Experimental studies are essential to understand the struc-
tural behaviour of concrete-filled steel tubes. Laboratory test
can be aimed at extending available experimental results,
evaluating and developing design formulae or providing suf-
ficient data to develop numerical models. In addition to labo-
ratory tests, numerical modelling can also be a useful tool
to extend experimental results, modelling geometric proper-
ties and other conditions that would be lengthy, difficult or
even impossible to investigate experimentally (Abed et al.,
2013). Design standards, as well as various recommenda-
tions and formula development in the international literature,
can help in everyday design tasks. Concrete-filled steel tubes
are mostly used as compressed elements in civil engineering
practice. In the following, the current paper summarises both
experimental and numerical results of previous studies of
CFST stub columns subjected to pure compression, while
design proposals for analytical calculations are introduced
as well. Typical notations for CFST stub columns are shown
in Fig. 2, where ¢ is wall thickness, D is outer diameter, D,
is inner diameter, while L is column length.

Ellobody et al. (2006) conducted laboratory tests to
investigate the behaviour of axially loaded normal and high
strength concrete-filled compact steel tube circular stub
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Fig.2 Notations for CFST stub columns used in the paper

columns with a wide range of concrete cube strengths vary-
ing between 30 to 110 MPa and D/t ranging from 15 to 80.
They concluded that design approaches in American Speci-
fications and Australian Standards are conservative, while
Eurocode 4 is in general unconservative. On the other hand,
American Specifications and Australian Standards are capa-
ble of predicting reliable results when the contribution of
concrete to the axial resistance is multiplied by a reduction
factor of 0.85. An experimental program was carried out by
Abed et al. (2013) at the American University of Sardinia
in 2013 involving laboratory testing of CFST specimens
and steel tubes. The CFST specimens were designed using
normal and high strength concrete, using normal strength
steel tubes. In all cases, the diameter-to-length ratio of the
specimens was D/L =2, and the tube diameter-to-wall thick-
ness ratio was D/t =20, 32 and 54. Tests were carried out on
a universal test machine with a load capacity of 3000 kN,
while strain gauges were installed on specimens in order
to monitor axial and circumferential strains during testing.
They concluded that higher concrete strength results in sig-
nificantly higher axial compressive strength, and an increase
in D/t ratio decreases the axial strength of CFST elements,
which is primarily governed by the reduction of compres-
sive concrete strength due to less confinement. Experimental
investigations were also performed by Ibafiez et al. (2021)
in 2021. Eighteen CFST stub columns, using high strength
concrete, were tested under axial compression to extend the
available experimental data. Different wall thickness and
cross-sectional shapes were examined. Concrete classes
used in the tests were C30 and C90 combined with hollow
sections made of S275 and S355 structural steel grade. They
concluded that specimens filled with high strength concrete
and those with smaller wall thickness showed less ductility.
In 2021, Yan et al. (2021a) tested twenty-three ultra-high
performance concrete-filled Q690 high-strength steel tubes
at low temperatures, between — 80 and + 30 °C, concluding
that decreasing temperature resulted in improved ultimate
compressive resistance.

In 2003, Hu et al. (2003) carried out numerical analyses
of CFST specimens. They used 27-node solid elements for
both sectional parts in the finite element model. Due to sym-
metry, only one eighth of the CFST column was analysed
with the appropriate boundary conditions. They concluded
that circular steel tubes can provide good confining effect
especially when the diameter-to-wall thickness ratio is small
(D/t < 40). Furthermore, square sections are not effective in
providing large confining effect when the width-to-thickness
ratio is large (D/t>40). Abed et al. (2013) performed numer-
ical studies in addition to their experimental research. The
modelled specimen was a circular concrete-filled steel tube
with end plates. The concrete and steel parts were modelled
using eight-node solid elements, except the end plates which
were modelled using rigid elements. Surface-to-surface
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contact are used to model the interaction between concrete
and steel elements of the specimen, with tangential and
normal contact definitions. For the definition of the con-
crete infill material, an equivalent stress—strain curve, which
theory was invented by Ellobody et al. (2006), and concrete
damaged plasticity model were used. The investigation
showed that there is an insignificant deviation between using
solid and shell elements. In 2019, Patel et al. (2019) pre-
sented axisymmetric simulations, using four-node axisym-
metric quadrilateral elements with reduced integration, to
model circular CFST with ultra-high performance concrete
(UHPC) and performed a parametric study investigating
the effect of D/t ratio. They concluded that the proposed
axisymmetric model is much simpler than detailed three-
dimensional model, and also predicts the behaviour of axi-
ally loaded circular CFST stub columns with fair precision.
The parametric study revealed that the steel contribution
ratio greater than 0.3 and D/f <30 should be maintained to
ensure sufficient ductility of CFST columns with UHSC. In
addition, they concluded that the application of UHPC in
CFST columns approximately reduces the cross-sectional
size by 50% when compared with the use of normal strength
concrete. Ayough et al. (2021) performed numerical analy-
ses in 2021 using circular, square, hexagonal and octagonal
cross-sectional shapes. An idealized five-stage stress—strain
curve was applied for steel, while Drucker-Prager plasticity
model and confined concrete stress—strain curve were used
for concrete. Different cross-sections have varying confine-
ment effect. Based on the numerical simulations they con-
cluded the effect of residual stresses on the behaviour of
CFST stub columns is negligible, while octagonal and hex-
agonal CFST columns show better ductility than the square
ones. On the other hand, confinement effect provided by
square sections was found to be significantly smaller than
that by the circular steel tubes.

Several design standards and design proposals in the liter-
ature are available for the analytical calculation of compres-
sive load-bearing capacity of CFST elements. Theoretical
load-bearing capacity Ny, based on the theory of com-
posite structures according to Abed et al. (2013), ignoring
the increase of concrete compressive strength due to triaxial
loading, yields the equation given by Eq. 1.

Ntheory = Aafy + Acfc (1)
where A, and A, are cross-sectional areas, f; and f; are yield
strength and compressive strength for steel and concrete
parts, respectively. Specifications of the American Concrete
Institute (ACI 318-11) and Australian Standard (AS 3600)

recommend using Eq. 2 for design.

Nacijas = Aufy + 0.85A 1 )
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Giakoumelis and Lam (2004) proposed a coefficient (Eq. 3)
for the analytical equation recommended in ACI/AS stand-
ards to take the effect of concrete confinement into account
on the ultimate axial load-bearing capacity N, of concrete-
filled steel tubes based on experiments.

N, = A,f, + 1.3Af 3)

Mander et al. (1989) developed a formula (Eq. 4) by defin-
ing compressive strength of confined concrete f; . (Eqs. 5-7).

NMander = Aafy + Acfcc (4)
7.94f, f;

Joo =1 | —1.254 +2.2544/ 1+ -2— 5)

fC fC
where
204t

f= - (6)

and

oy = 0.1f, (7

The EN 1994-1-1 standard (EN 1994-1-1) gives guidance
on the verification of CFST elements taking the increase in
compressive strength of concrete caused by confinement.
Plastic resistance to compression Ngc according to Eurocode
can be calculated using Eq. 8, where n, = 0.25(3 + 27») and
n.=49-— 18.5) + 1722 for centrally loaded elements, while
M\ is relative slenderness and material properties are consid-
ered by their design values (fy4 and f.4).

f,
NEC = naAafyd + <1 + nc%f_y>Acfcd (8)
ck

A comprehensive literature review is carried out focusing
on previous experimental and numerical results of CFST stub
columns subjected to pure compression, while different design
approaches and proposals are summarized as well. However, it
can be concluded that there are only a small number of studies
available which summarise and compare the effect of widely
varying material properties, especially combining normal and
high strength materials, and different diameter-to-wall thick-
ness parameters to design formulae found in the literature,
which shows the novelty and relevance of the current study.

3 Development of Numerical Model

Advanced three-dimensional finite element model is devel-
oped in ABAQUS, a general-purpose finite element soft-
ware, in order to take geometrical and material nonlineari-
ties into account during axial loading of normal and high
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strength material CFST stub columns with circular cross-
section. The major importance of the developed numerical
model is investigating the influence of using normal and high
strength steel (S355, S500 and S960) and normal and high-
performance concrete (C30/37 and C60/75) to examine the
structural behaviour of innovative concrete-filled steel tubes
with multiple wall thickness and diameter-to-wall thickness
ratio. Table 1 summarizes the main dimensions and material
properties of analysed specimens presented in the current
paper. Three specimens, with diameters D =114 mm and
167 mm, wall thicknesses r=3.1 mm, 3.6 mm and 5.6 mm,
length L=250 mm, yield strength f, =310 MPa and com-
pressive strength f, =60 MPa, in the list are references for
model validation and was tested by Abed et al. (2013). The
first number in specimen notations indicate yield strength of
the steel tube and the second number denotes the concrete
compressive strength. A total of twelve specimens are con-
sidered in the parametric analysis assuming wall thickness
of both 3 mm and 5.6 mm.

The concrete core and the steel tube are modelled using
linear eight-node solid elements (finite element type C3DSR in
the software) with reduced integration since smaller low-order
elements perform better than larger high-order elements in
nonlinear problems (Michaleris, 2011). The solid element has
three degrees of freedom per node. An essential step in model-
ling is to specify the contact elements between concrete and
steel tube. The interaction definition is based on the numerical
studies by Abed et al. (2013) and Tao et al. (2013). Accord-
ingly, surface-to-surface contact is adopted in the numerical
simulation using tangential and normal contact. Penalty-based
method is applied for the tangential frictional behaviour, with

elements are defined along the wall thickness of the steel tube,
while a mesh size of 5 mm is used in the axial direction for
both concrete and steel parts and finite element size of ~ 10 mm
is used in cross-sectional terms.

End plates of the CFST is modelled with analytical rigid
parts and master nodes. It allows the required constraints and
loads to be defined directly at each master node at the ends.
Supports prevent transverse displacements (Uy and Uy) and
rotation of the cross-section in all directions. In the axial direc-
tion, an elastic lower support with a spring constant of 1000
kN/mm is defined in the model based on the experimental
setup of pure steel tubes in Abed et al. (2013) in order to take
the stiffness of testing device into account and evaluate initial
structural stiffness accurately. On the other hand, prescribed
axial displacement (U, =60 mm) acting at the centre of the
upper cross-section is used for loading.

Definition of proper material models is essential in model-
ling and one of the key parameters of the load-carrying capac-
ity. Multilinear isotropic hardening material models with von
Mises yield criterion and associative flow rule are defined for
normal strength (f, =310 MPa and 355 MPa) and high strength
steel (0.2% proof strength f;,, , =500 MPa and 960 MPa) as
well. Tensile test results introduced in Abed et al. (2013) are
used for validation in the case of f, =310 MPa. Young’s modu-
lus E is 200 GPa and Poisson's ratio v is 0.3 in all the cases. In
the parametric analysis, different material models are used for
normal strength and high strength steels. A quad-linear mate-
rial model, as given by Eqs. 9—14, which has been proposed in
prEN 1993-1-14 (2020) is applied to capture yield plateau and
strain-hardening behaviour of normal strength steels.

friction coefficient of 0.3 as recommended in the literature, Ee, e<e

with finite sliding. On the other hand, hard contact is used to fy, e, <e<egy

describe the normal contact behaviour allowing separation. o(e) = fy +Eg, (g - gsh)’ e, <& <Ce, )

Typical finite element mesh of a CFST is shown in Fig. 3. The £,Cre,+ E:—_rycc 18 su) (8 —Ce, )  Ce, < <s,

total number of nodes and elements are 10,404 and 6800 for (g

the steel tube and 2938 and 2400 for the concrete infill, respec-

tively. A mesh sensitivity analysis is carried out in order to

determine the adequate finite element mesh for evaluating the

load-bearing capacity and failure mode. Therefore, two solid

Table.l Dimens.ions and Purpose of analysis ~ Specimen# D (mm) ¢(mm) L(mm) D/t f, MPa)  f, (MPa)

material properties of analysed i

specimens Validation 310-60-3.1 167 3.1 250 54 310 60
310-60-3.6 114 3.6 250 32 310 60
310-60-5.6 114 5.6 250 20 310 60

Parametric study 355-30-3/5.6 114 3/5.6 250 20/38 355 30

500-30-3/5.6 114 3/5.6 250 20/38 500 30
960-30-3/5.6 114 3/5.6 250 20/38 960 30
355-60-3/5.6 114 3/5.6 250 20/38 355 60
500-60-3/5.6 114 3/5.6 250 20/38 500 60
960-60-3/5.6 114 3/5.6 250 20/38 960 60
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Slave nodes
(rigid region)

Steel tube

Concrete infill

Contact surface

Y X

Slave nodes
(rigid region)

Master node (upper):
Ux=0, Uy=0, Uz =60 mm
ROTx=0,ROTyx=0,ROT,;=0

Master node (lower):
Ug=0, Uy=0
ROTy =0, ROTy = 0, ROT, =0

Fig. 3 Finite element mesh and boundary conditions of the CFST stub column

£, —f
E. = % Y
L (10)
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eq =012 —0055 0.01 <ey, <0.03 (11)
fy
e, =0.6<1—f—>0.06$eu <A =020 (12)
u

¢ = egq +0.25(e, —&y,) 13

&y

C = g +0.4(e, —&g,) 14

gy

Ramberg—Osgood material model is used to model high
strength steels. Relation between strain & and stress o is

n
described with e = % +0.002 ( fi> , where n can be taken

p0.2
as 14 for high strength steels based on the material tests of

Somodi (Somodi, 2018). Applied stress—strain curves of
normal and high strength steels are shown in Fig. 4.
Similarly to steel, multilinear isotropic hardening material
models are defined for normal strength (f,, =30 MPa) and
high strength concrete (f,, =60 MPa). The compressive
strength f;, of unconfined concrete is the uniaxial compres-
sive strength on cylinder. Behaviour of confined concrete
differs significantly (Fig. 5) since concrete compressive
strength increases due to triaxial loading as steel tube pre-
vents lateral expansion of the concrete core. Therefore, a
modified isotropic model is used to consider confinement

@ Springer
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Fig.4 Stress—strain curves of applied structural steels
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Fig.5 Parametric stress—strain curves of confined and unconfined
concrete based on Ellobody et al. (2006)

effect. Definition of stress—strain curves for confined con-
crete are based on Ellobody et al. (2006). Confined concrete
shows linear behaviour up to 0.5f,,, where f. is confined
concrete strength. Hu et al. (2003) proposed to calculate
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confined concrete strength using f.. = f; +k;f,, where f;
is uniaxial cylinder compressive strength (corresponding
strain is £,=0.003), f; is effective lateral confining stress on
the concrete core calculated using Eq. 6, while correspond-
ing increased strain of confined concrete is
Eee = £C<1 + kzj%) Material parameters k; and k, are 4.1

and 20.5, respectively in the analyses. The increased
Young’s modulus of confined concrete E_, associated with
linear behaviour can be calculated wusing
E.. = 47004/f.. MPa. Poisson's ratio is assumed to be 0.2.
Definition of nonlinear behaviour after the linear elastic part
can be found in Saenz (1964). However, stress—strain points
corresponding to stresses 0.5f,, and f,. are connected by a
linear section in the current paper. The ultimate elongation
can be approximated by 11¢_.. The stress associated with this
point can be calculated using rk,f,., where k5 is 1 according
to Ellobody et al. (2006). Parameter r can be assumed to be
1 for concrete cube strength of 30 MPa and 0.5 for concrete
cube strength of 100 MPa based on the study by Mursi and
Uy (2003). Linear interpolation is used for intermediate con-
crete strength. The calculated r value is 0.95 for the mod-
elled normal strength concrete material (cube strength is
37 MPa), and it is 0.68 for high strength concrete (cube
strength is 75 MPa).

Direct solver is used with implicit time integration
scheme in nonlinear static analysis with full Newton—Raph-
son method. Large deflection effects are included in the
analysis, while displacement loads are ramped linearly.

4 Validation of Numerical Model

First, the three-dimensional finite element model devel-
oped in ABAQUS is validated based on previous measure-
ments found in the literature. Three CFST specimens, with
wall thickness of 3.1 mm, 3.6 mm and 5.6 mm, used for
validation purposes are summarized in Table 1. The axial
load—displacement curves of finite element models are
presented in Fig. 6 in a common diagram with the experi-
mental data provided by Abed et al. (2013). Geometrical
and material properties of the centrally loaded CFST stub
column are identical to those investigated experimentally
by the researchers (using measured properties) and are
adopted in the numerical model. The load capacity of the
CFST stub columns were interpreted for 5% principal
strain of the steel section in accordance with EN 1993-1-5.
Based on this criteria, experimental load-bearing capaci-
ties are 1880 kN, 1094 kN and 1357 kN, while numeri-
cal model-based resistances are 1835 kN, 1088 kN and
1360 kN for the CFST specimens with wall thickness of
3.1 mm, 3.6 mm and 5.6 mm, respectively. Differences are

2000

1500 M—--—-—
T, T

2 N
i W e e o o e S e - - . e
= 1000 F
g
3 4 ———Exp - 310-60-3.1 (Abed et al., 2013)
——FEM - 310-60-3.1
500 = = Exp-310-60-3.6 (Abed et al., 2013)

= = FEM -310-60-3.6
==== Exp - 310-60-5.6 (Abed et al., 2013)
====FEM - 310-60-5.6

0 10 20 30 40 50 60
Axial displacement [mm]

Fig.6 Experimental (‘Exp’) (Abed et al., 2013) and finite element
model-based (‘FEM’) axial load—displacement curves for model vali-
dation

2.40%, 0.55% and 0.22%, respectively. Load—displacement
curves based on the finite element models are in a really
good agreement with experimental curves; initial stiffness,
load-bearing capacity, displacement corresponding to the
load peak and hardening or softening are following meas-
urement data with high accuracy.

In the case of the failure mode (Fig. 7), experiments
typically showed the appearance of plastic shell buck-
ling of the steel tube in the lower and upper thirds with
axisymmetric buckling shape resulting in axial waves (i.e.,
dimples), which is also observed in the numerical model
(Fig. 7c, d). For some of the experimental specimens, in
addition to plastic shell buckling in the lower and upper
thirds, plastic buckling was also observed in the mid-
height (similarly to Fig. 7b in the finite element model).
Additional information is provided by the cross-sections
of the finite element models of the failure phenomenon,
which clearly shows that the steel tube separates from the
concrete core during buckling in the vicinity of lower and
upper dimples, while there is contact between concrete and
steel in mid-height even after buckling (Fig. 7b).

Axial and hoop strains were measured by Abed et al.
(2013) with uniaxial strain gauges during the laboratory
tests in the mid-height of the specimens. Displacement
readings of the testing machine were synchronized with
strain measurement data. Measured and numerical model-
based strains are presented in Fig. 8 showing excellent
agreement in the designated reference point in the range
of published strains. It is shown that axial and hoop strains
decrease for specimen ‘310-60-3.1" when buckling occurs
in the mid-height of the specimen (shown in Fig. 7b with
contact between steel and concrete ensuring the confine-
ment effect), while hardening can be observed for the
other two validated cases where plastic shell buckling only
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()

Fig.7 Failure modes a in experiments (Abed et al., 2013) and b—d in the finite element models used for validation (310-60-3.1, 310-60-3.6 and

310-60-5.6, respectively)
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(b)

Fig.8 a Axial (g,) and hoop (&) strains in the experiments (‘Exp’) (Abed et al., 2013) and in the finite element models (‘FEM’) used for valida-

tion and b reference point with strain gauges (Abed et al., 2013)

occurs in the vicinity of lower and upper regions (steel and
concrete surfaces separate).

After proving the accuracy of the developed numerical
model based on test results, it is used for numerical paramet-
ric study presented in the following Section to investigate the
effect of high strength steel and concrete on the compression
resistance.

@ Springer

5 Results of the Numerical Parametric Study

One of the major aims of the paper is to investigate the
effect of high strength materials on the load-bearing
capacity of centrally loaded CFST stub columns using
validated numerical model. The focus of the parametric
analysis is on load—displacement curves, load-bearing
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Fig.9 Axial load—displacement curves in the parametric analysis: a
t=3mmand b t=5.6 mm

capacities and failure modes of each case listed in Table 1.
In addition, relationship between design formulae in the
literature and standards and the load-bearing capacity
predicted by the numerical models are investigated as

355-30-3/5.6

i
.....

355-60-3/5.6

500-30-3/5.6

500-60-3/5.6

well. Axial load—displacement curves of the parametric
analysis are shown in Fig. 9 studying the effect of the
concrete strength, wall thickness and steel yield strength.
Steel grades between S235 to S960, concrete strength
between 30 and 60 MPa are applied. The wall thickness
varies between 3 and 5.6 mm. Based on the results it can
be concluded that the increase in concrete strength, yield
strength of the steel material of the cross-section and wall
thickness increases the load-bearing capacity of the CFST
stub columns in all the studied cases.

Obtained failure modes investigated in the parametric
analysis are summarized in Fig. 10 for wall thickness 3 mm
and 5.6 mm, respectively. The failure modes do not show
significant differences by varying the material properties.
The most significant difference is observed for structural
steel grade S960 and concrete class C60/75 with wall
thickness of 5.6 mm. In this case, a more notable plastic
buckling shape develops around the end of the CFST stub
column. On the other hand, smaller wall thickness of 3 mm
results in less emphasised dimples around the inner quarter
points.

Axial and hoop strains in the mid-height of specimens are
also evaluated as examples for both normal and high strength
steel tubes with wall thickness of 3 mm and 5.6 mm in order
to represent different behaviours. Simulated strains in the
reference point are presented in Fig. 11. It can be concluded
that the presented normal strength steel CFSTs are capa-
ble of bearing loads without reduction of resistance until
reaching 5% axial or hoop strains. On the other hand, high
strength steel CFST with proof strength of 960 MPa showed
a drop after buckling, then increase in load is observed. Wall
thickness in this sense does not have an effect on strains in
the mid-height of the specimen.

960-30-3/5.6

- | T

960-60-3/5.6

Fig. 10 Failure modes in the parametric analysis (extra dimples are denoted with arrows)
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Fig. 11 Examples of axial (g,) 3000
and hoop (gy) strains in the

parametric analysis for CFSTs
with normal and high strength

steel tubes
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2000 €, - 355-30-5.6
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o
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Table 2 Load-bearing capacities [kN] of CFST specimens based on numerical modelling and design formulae

Specimen# Nieory Nacuas N, NMander Ngc Niroposal Nxum
310-60-3.1 (D167) 1713 1531 2079 1868 1504 1961 1880
310-60-3.6 (D114) 925 844 1086 1037 900 1110 1088
310-60-5.6 (D114) 1089 1014 1239 1246 1133 1356 1360
355-30-3/5.6 646 926 605 889 729 1001 750 1085 765 928 800 1238 905 1230
500-30-3/5.6 798 1203 757 1165 880 1277 937 1411 790 1239 1051 1619 1130 1643
960-30-3/5.6 1279 2080 1238 2042 1362 2154 1514 2411 1349 2226 1659 2675 1826 2859
355-60-3/5.6 921 1175 839 1100 1086 1324 1032 1352 800 1096 1115 1504 1208 1489
500-60-3/5.6 1073 1452 990 1377 1238 1601 1224 1689 978 1409 1338 1897 1439 1903
960-60-3/5.6 1554 2329 1472 2254 1719 2478 1823 2733 1540 2399 1967 2996 2157 3118

The load-bearing capacities calculated using each design 10000 [« Ny .o C Lt
formula introduced in the literature review and numerical Nycuas Lt . <
results (Ny,,) are shown and summarised in Table 2 and 8000 « N, . “?E'
Figs. 12 and 13 for each CFST stub column considered _Z: * Mvanger  unsafe side ¥ 4
in the numerical analysis. The tabulated and plotted val- — 6000 1 « Nec 73
ues are determined using the load factor for 5% principal =1 * Noroposa v
strain according to EN 1993-1-5 since no maximum peak E 4000 1 0 s safe side
is observed in most of the modelled cases due to hardening =z & S

. . . . . 2000 |

of steel. Analytical calculations in this section consequently
use characteristic compressive strength of concrete to repre- : ‘ . . ‘ ‘
sent the same design concept. Thus, analytical results can be 0 2000 4000 6000 8000 10000
compared with each other and with the numerical results as N, [kN]

well. It affects only the Eurocode-based formula which basi-
cally uses the design strength of concrete. Comparison of the
numerical results to the previous design proposals showed
that the design method of Mander et al. gives the best approx-
imation for the main part of the analysed cases. However, the
analytically calculated compression resistance is always on
the safe side, and it produces smaller compression resistance
than provided by the numerical model. It is also observed
that the difference increased by increasing the yield strength
of the steel. Therefore, the formula of Mander et al. has been
used as the base of the design method improvement.

@ Springer

test

Fig. 12 Predicted analytical and test results based on the specimens
gathered in Avci-Karatas, (2019)

A novel formula given by Eq. 15 is developed and pro-
posed in the current paper to consider the behaviour of
steel material more precisely. Hardening of steel is taken
into account with steel stress at elongation equal to 5%
(0,5) in accordance with EN 1993-1-5 and the evaluation
of numerical results introduced above. The formulae of
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prEN 1993-1-14 (2020), as given by Eqgs. 9—14, are applied
to capture yield plateau and strain-hardening behaviour of
normal strength steels, while the Ramberg—Osgood material
model, with n= 14 based on test results of Somodi (2018),
are used for high strength steels (above yield strength of
360 MPa according to ISO TR 15608) to describe the
stress—strain relationship presented in the current proposal.
It yields ,5=368 MPa, 435 MPa, 626 MPa and 1197 MPa
for fy=310 MPa (validation), 355 MPa, 500 MPa and
960 MPa (parametric study), respectively. Confined com-
pressive strength f,. of concrete is also taken into consid-
eration in order to include the increase of concrete com-
pressive strength due to triaxial loading according to the
formula (Egs. 5-7) developed by Mander et al. (1989).
Softening in concrete material model is ignored, while the
proposed formula assumes that elastic shell buckling of the
tubular section cannot occur. Thus, class 4 cross-section has
to be avoided meaning that D/t <90&” needs to be fulfilled
according to EN 1993-1-1 and EN 1993-1-12. The limit is
D/t=59.4 and 45.9 for S355 and S460, respectively.

Npmposal = AaGa(S%) + Acfcc (15)

Errors, for different parameters, between analytical and
numerical results are summarised in Table 3. It is unam-
biguous that numerical results are underestimated by all
the formulae found in the literature. Based on the results,
the ACI/AS recommendations (N ,cy,45) and the theoretical
load-bearing capacities (Nye.r,) based on the theory of com-
posite structures have the lowest accuracy in all cases exam-
ined with an error of 9-33%. Formulae proposed by Giak-
oumelis and Lam () and Mander et al. (Ny,n4c;) Provide
the best accuracy of 9-25% and 1-17%, respectively under-
estimating numerical load-bearing capacities. On the other
hand, formula of Mander et al. is applicable for r=5.6 mm,
Jac=60 MPa and f, <355 MPa. Increasing either wall thick-
ness or yield strength or decreasing compressive strength of
concrete results in lower accuracy. It has to be highlighted
that according to EN 1994-1-1, formulae of Eurocode (Ngc)
can be applied only to CFSTs with steel grades up to S460
and normal weight concrete of strength classes up to C50/60
which is not the case for the analysed high strength steels
(S500 and S960) and high strength concrete class (C60/75).

However, deviations from numerical results are quite large
even with using f, instead of f,4; it underestimates numerical
results with a minimum of 15% and a maximum of 34%. On
the other hand, the proposed formula shows smaller devia-
tions for all the analysed parameters and is specifically accu-
rate for wall thickness r=5.6 mm (D/t=20) with deviation
of 1-6% and for high strength materials.

A summary is made in tabular format (Table 4) consisting
of all the analysed formulae and developed finite element
model for comparing approximations in different aspects.
Material behaviour and consideration of interaction between
steel and concrete elements are compared in order to high-
light the novelty and benefits of the proposed analytical
formula.

A total of 104 specimens, summarized by Avci-Karatas
(2019), and the corresponding experimental load bearing
capacities are used for showing the accuracy of the analyti-
cal formulae, including the proposed equation. Only those
test specimens are taken into consideration, out of 149 test
specimens gathered in the referenced publication, in the
evaluation of predicted load bearing capacities which are
not susceptible to elastic shell buckling (D/f < 90&?). Speci-
men data including geometrical dimensions, material prop-
erties, experimental load bearing capacities and correspond-
ing predicted values are available as supplementary material
(Online Resource 1). The compressive strength of concrete
varies between 18 and 193.3 MPa, while yield strength, or
proof strength, varies between 248 and 853 MPa in the ana-
lysed experimental dataset. In the current paper, predicted
analytical results (N, yica) Using different analytical formu-
lae are shown in Fig. 12 with respect to test results (N

Statistical evaluation of load bearing capacities for the
specimens shown in Fig. 12 is summarized in Table 5. It
is demonstrated that mean error for the proposed formula
is much smaller than for the other analytical formulae on
which the comparison is based. Standard deviation of errors
is similar (4-6%) for the theoretical and ACI/AS standard-
based formulae, the formula proposed by Mander et al., and
the one proposed in the current paper. On the other hand,
formulae proposed by Giakoumelis and Lam shows a larger
variance (> 10%). Overall, the proposed formula is capa-
ble of determining load bearing capacities of CFSTs more
accurately.

Table 3 Minimum and

maximum errors [%] between Analysed parameter  Nyeory Nacias N, Nutander Ngc Noroposal

analytical and numerical results, ;=3 mm —24+-30 -31+-33 —10+-25 —15+—-17 —15+-34 —7+-12

‘:i‘(’)ro:(Na"a'Y“w‘"NNum)/N“um t=5.6 mm —21+-27 —262-29 —11+-25 —9:+—16 —22+-26 —6=1
f4=30 MPa —25:+-30 -28:+-33 —19:-25 —12:—17 —15+-30 —12=1
f4=60 MPa —9:-28 —19:-32 —10-10 —1-—16 —18+-34 —9:4
1,<355 MPa —20+-29 -25:-33 —9:-19 —8=—17 —15+-34 —8:4
£,>500 MPa —92-30 —19:-33 -14=10 —1+—17 =26+-32 -7+-9
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Table 4 Comparison of approximations in analytical formulae and developed finite element model

Approach Steel material Concrete material Confinement is Contact
considered between
steel and
concrete
Analytical formulae
Niheory Yield strength Compressive strength on cube Perfect
Nacias Yield strength Reduced compressive strength on cube due to uncertainties Perfect
N, Yield strength Increased compressive strength on cube due to confinement Perfect
Nuander Yield strength Compressive strength of confined concrete Perfect
Ngc Yield strength Increased compressive strength on cube due to confinement Perfect
Nproposal Effective yield strength at Increased compressive strength on cube due to confinement Perfect
5% elongation
Developed finite  Isotropic hardening model Isotropic hardening model, increased compressive strength on Standard
element model cube due to confinement frictional
and tan-
gential
Zlacizl\?a'ljuast:ciltfrtigi ?‘;;]agleiif; in Statistical parameter Nlheury Nacias N, Nuander Ngc NpmpoSal
analytical and test results, Mean error i [%] -11.6 —18.8 29  -57 =225 05
eNrtr:s)tr><:1(OI\(I)amlylical N/ Standard deviation of errors & [%] 5.9 4.6 10.1 5.5 7.0 6.4
Coefficient of variation of errors 6/p [] -0.5 -0.2 3.5 -1.0 -0.3 12.8
Minimum of errors [%] —-26.2 —-29.5 —-19.6 —-19.0 -36.0 —-11.2
Maximum of errors [%] 9.2 -4.9 37.4 11.7 —-4.7 18.2

6 Conclusions

The application of both high strength materials and CFST
columns are increasing in the civil engineering practice, but
their combined application and performance in CFST col-
umns still needed investigation. Therefore, nonlinear three-
dimensional finite element models are developed for simu-
lating the fundamental phenomena of concrete-filled steel
tubes with circular hollow sections combining normal and
high strength materials. The developed numerical model is
validated based on test results and proved that it reliably cap-
tures the analysed physical phenomena and the load-carrying
capacity. A total of twelve different CFST column configu-
rations are investigated in the numerical parametric study
using steel grades between S355-S960, concrete classes
of C30/37 and C60/75 and D/t ratios of 20 and 38. Simu-
lated compression resistances are compared to five different
design models and the obtained tendencies are evaluated.
Results showed that the proposal of Mander et al. showed
the best approximation for the main part of the analysed
cases; however, for increasing material strengths the differ-
ence between analytical and numerical results increased.
Therefore, a novel design method, taking confined compres-
sive strength of concrete and hardening of steel material
into account in accordance with EN 1993-1-5, is proposed

@ Springer

in the current paper to determine the compression resist-
ance of CFST stub columns with a limitation of D/t <90¢?
(elastic shell buckling cannot occur). An experimental data
set of 104 specimens found in the international literature
is used for verifying the applicability and accuracy of the
proposed approach along with existing analytical formulae.
Statistical evaluation showed that the proposed new formula
(Eq. 15) is capable of determining load bearing capacities of
CFSTs more accurately than any other analytical approach.
The data set consists of normal to high strength steels (f, or
Jp02=248+853 MPa), and normal to ultra-high performance
concrete materials (f,=18 MPa+193.3 MPa) covering a
wide range of practical applications.
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