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Abstract

The axial strength and ductility of concrete filled steel tubes is significantly improved due to two major factors namely, firstly due
to confining effect provided by steel tube, and secondly due to the synergistic interaction between steel tube & concrete core.
Sometimes, the contact between concrete core and steel tube is vanished and debonding between concrete core and steel tube (normal
referred as gap) occurs owing to various reasons such as improper compaction, shrinkage in concrete, lack of curing of encased
concrete, and due to non-uniform distribution of load at column top. Due to occurrence of gap, the composite action between
concrete core and steel tube no longer remains effective the concrete core becomes unconfined in the initial phase of loading,
consequently, the axial load carrying capacity of the concrete filled steel tubular (CFST) column decreases. The aim of this paper is
to numerically investigate the effect of the gap between concrete core and steel tube on the axial load-deformation response and to
Comparisons the predicted column strengths according to the Eurocode-4. In the present study, the gap between square section
concrete core and encasing steel tube is considered on all the four sides with the magnitude of gap as | mm and 2 mm. Moreover,
in order to investigate the effect of the gap on different size of square section CFST columns, keeping the length of column and steel
tube thickness as constant 540 mm and 3.8 mm respectively, the side length of square section CFST column has been varied between
140 mm to 200 mm at an interval of 20 mm. The nonlinear finite element analysis of the CFST columns has been performed using
the Abaqus where the C3D8R element has been used to discretize the concrete core as well as steel tube and the Drucker-Prager
model has been used to simulate plastic behaviour of concrete. It has been observed that the presence of gaps between concrete core

and steel tube significantly reduces the axial strength square CFST column.

Keywords: CFST, square section, gap, Abaqus, axial load-deformation, Drucker-Prager model

1. Introduction

In recent eras the use of concrete filled steel tubular
(CFST) columns in structural applications is rapidly growing
due to enhanced strength, high ductility, and large energy
absorption capacity [1]. The improved structural performance
of CFST columns is attributed mainly because of two reasons,
firstly the composite action between concrete core and steel
tube, and secondly the confining effect provided by steel tube.
The adequate composite action between concrete core and
steel tube necessitates the synergistic interaction between the
outer surface of concrete core and the inner surface of steel
tube [2,3]. In the CFST columns, having no gap between
concrete core and steel, the adhesion between the steel tube
and the concrete core develops initial bond and it is termed as
chemical bond. The chemical bond is an elastic brittle shear
transfer mechanism and remains active only in early stage of
loading until the shear stress at interface remains less than the
shear resistance due to chemical bond. Once the interface

In the circular section CFST columns, the gap may be of
two types namely a uniform gap along the periphery of
concrete core, normally referred as circumferential gap, and
a non-uniform gap around the concrete core is called

shear stress exceeds the chemical bond shear strength,
chemical bond is broken, and this phenomenon is referred as
debonding. After the debonding initiation, the shear
resistance at interface is governed by two features namely
mechanical micro-locking between concrete core & steel
tube, and the frictional resistance that depends on the
interface pressure and the coefficient of friction. In the
analysis of CFST columns, normally it is assumed that there
exists a perfect interaction between steel tube and concrete
core, however, it remains of significant concern owing to
improper compaction, shrinkage in concrete, lack of curing
of encased concrete, temperature effects, and due to non-
uniform distribution of load at column top. The imperfect
interaction between the constituent materials of CFST, causes
gap between concrete core and steel tube, as a result, the
concrete core becomes unconfined and the axial strength of
CFST column decreases.

spherical gap [3]. However, in square section CFST columns,
gaps may be of along the all the four sides of square section
concrete core, as shown in Fig 1.
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Fig. 1 Square CFST column of cross-section with and without Gap

The structural response of CFST column is complex owing to
the nonlinear material behaviour of concrete and steel, and
also the non-linearity associated with friction between steel
tube & concrete. Moreover, the complexity in the structural
behaviour of CFST is further enhanced due to presence of gap
between concrete core and steel tube, if any. In order to
understand the axial load-deformation response of CFST
columns, generally, tests are performed in the laboratory
which portray the real behaviour of CFST columns. Few
experimental studies have been made in the past to investigate
the effect of gaps on the ultimate load-carrying capacity of
circular section CFST columns [9 -11], however, no
experimental study appears in the context of square section
CFST columns with gaps. Liao [10 - 12], tested the circular
section short columns with circumferential and spherical gaps
and observed that the ultimate compressive strength of the
CFST short column decreases by 23% and 29%, respectively
for the gaps of magnitude 0.55% and 1.1% of the column
diameter [3]. Xue et al. performed the experiments to
examine the effect of debonding on the ultimate load capacity
and ductility in terms of reduction coefficients. They
observed that the coefficients for both axial load and ductility
decrease with increase in debonding arc-length to perimeter
ratio. Moreover, they noticed that in the post-peak regime, the
axial load in circular CFST columns with gaps decreases
much faster than that in circular CFST column without
debonding.

With the advent of the computer, it is possible to simulate
the experimentally observed structural performance of CFST
columns by carrying out the nonlinear finite element analysis
using proper modelling for materials behaviour and the
interaction between steel tube and concrete core [4-6]. Liao
et al. [10] simulated the experimentally observed behaviour
of axially loaded circular section CFST columns with
circumferential gaps [8] and observed that the numerically
determined ultimate strengths of CFST columns were close
to those obtained experimentally and the difference in
strengths were 1.82% and 4.82% for 1 mm and 2 mm gaps
respectively. Han [11] compared the numerically determined
collapse load of eccentrically loaded circular section CFST
columns with circumferential gaps and concluded that the
experimentally obtained structural response of eccentrically
loaded CFST column may satisfactorily be predicted using
the non-linear finite element analysis. The published
literature revels that no study has been performed to assess
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the effect of gap on structural response of square section
CFST columns.

The aim of this paper is to employ the nonlinear finite
element program ABAQUS [10] to numerically evaluate the
impact of the gap between square concrete core and encased
steel tube on the axial load-deformation response of section
CFST columns. In this study, the plastic behaviour of
concrete has been modelled using the Drucker-Prager (D-P)
model available in Abaqus [10], and a five-stage stress-strain
relation has been assumed to model the steel tube. For the
validation of adopted materials modelling and mesh size, the
finite element results for the CFST columns with no-gap are
compared for circular as well as square sections. To validate
the finite element modelling for CFST columns with gap, the
circular sections are considered, since no experimental data
are available for the square section CFST with the gap.
Finally, to investigate the effect of gaps between steel tube
and concrete core on the structural response of the square
CFST, keeping the tube thickness and length constant, the
side length of the square section is varied from 140 mm to
200 mm at an interval of 20 m and the gaps between the
concrete core and steel tube are considered as 1 mm and 2
mm as shown in Fig. 1 (a & b), and the results are compared
with CFST columns with no-gap.

2. Modeling of Material and Interaction

In order to predict the non-linear structural response of
CFST columns via the finite element method using the
Abaqus, it is essential to develop the stress-strain relationship
for steel and concrete together with the modelling of the
interaction between steel tube and concrete core [11]

2.1 Modeling of Steel Tube

The stress-strain curve was divided in to five stages. The
elastic stage (O-A), elastoplastic stage (A-B), plastic stage
(B-C), hardening stage (C-D), and the secondary plastic
stage (D-E) as shown in Fig.2

o =E¢ for & < & (=0.8fsy/Es)

oc=-Ae>+Bs+C fore <e<eg (=1.5¢)

0= fo fore, <& < g5(=10¢,)
£e—¢
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Fig. 2 Stress-strain curve for steel

Where, A = % , B =2Ag,, C = 0.8f,, + Ac? —
Beg,, and, E; is the modulus of elasticity of steel. In the present
study the modulus of elasticity of steel is considered as 2x103
N/mm? and the Poisson’s ratio (us) is taken as 0.3.

2.2 Modeling of Concrete Core

In the CFST columns, concrete is subjected to laterally
confining pressure, as a result the uniaxial compressive
strength and the corresponding strain are significantly
enhanced. The enhanced compressive strength of concrete,
fie and the increased ultimate strain &, due to lateral
confining pressure, f; are defined as

fee = fe + kifi

Eee = &, [1 +k, ;_3]
Where f; is the compressive strength of concrete in the
unconfined state, €, is the peak strain in unconfined concrete
which is taken as 0.003 and the constants k; and k, are
assumed as 4.1 and 20.5 respectively [16]. The lateral
confining pressure, f; for circular and square section CFST
columns is calculated using following empirical equations
[4].
For Circular Section
2L = 0.043646 — 0.000832 ||
1 t

y

51— 0.006241 — 0.0000357 [9]
f; t

y

for21.7 <2 <47

for 47 <2 <150

For Square Section
N1 — 0.055048 — 0.001885 [ﬁ]
£ t

y
hi_p
fy

for17 <2<29.2

for29.2 <% <150

Where, f,; = yield strength of the steel tube, D = outer
dimension of steel tube, a = side length of the CFST column
section, and t = thickness of the steel tube.

The uniaxial stress-strain relationship for the confined
concrete developed by Hu et al. [8] is a combination of
parabolic segment (O to A) followed by a straight line (A to
B) as shown in Fig.3. The stress-strain relation for parabolic
segment is expressed as

f=

Ece

E, E, 2 E’
1+(R+RE—2)[+]—(2R—1)[,—C] +R[,—”]
Ecc Ecc Ecc

RE(Rg—1) 1 Ec €l
where, R = 22—~ —— ; R =-5%;
(Rg_l) RE fcc

R.= R, =4
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Fig. 3. Stress-Strain Curve of Confined

In the descending part of the curve (A to B) stress is
assumed vary linearly up to the failure stage of concrete. The
stress and strain at failure stage f,, and &, are assumed K f;
and 11g; respectively [17]. The value of K; for circular and
square sections concrete filled steel tubes is calculated using
following empirical equations:

For Circular Section

Ks=1 for 21.7 <2 < 40

D> D
K3 = 0.0000339 [2|" — 0.010085 [2| +1.3491 for 40 <
2 <150

For Square Section
2
Ky = 0.000178[%] - 0.02492[%] + 1.2722  for17 <
=<70

K; = 0.4 for70 <= <150

In the CFST columns containing gap between concrete
core and steel tube, concrete core remains unconfined in the
initial phase of loading, nevertheless, with increase in load on
column, concrete expands laterally and for the gaps of
magnitude less than 1 mm, concrete may re-interact with tube
to initiate confining pressure [13]. This infers that for
modelling the concrete encased in steel tubes with the initially
assumed gaps of 1 mm and 2 mm gaps (= 1 mm), the
unconfined stress-strain curve must be used. The Attard-
Setunge's [23] uniaxial stress-strain model for unconfined
concrete has been adopted in present study for modelling the
concrete core.

In the Attard-Setunge's [23] model, stress-strain
relationship for unconfined concrete consists of two
segments, namely ascending part (from point A to B) and
descending part (from point B to C) and for both the segments
the variation of stress with strain is assumed parabolic. In this
model, the stress-strain relationship for unconfined concrete
is presented in the non-dimensional form where the stress and
strain at any stage are normalized by strength of concrete f/
and the strain at peak €.. respectively. At any stage of loading,
f and ¢ are the stress and strain in concrete, then the stress-
strain relation for unconfined concrete in terms of non-
dimensional parameters X (=e¢/e;) and Y = f/f)) is
defined as

_ AX+BX?
T 14CX+DX?2
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Fig. 4 Finite Element Model
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Where A, B, C, and D, are the parameters defining the
stress-strain curve for unconfined concrete. For the ascending
part of the curve (from A to B) the model parameters are
given as

_ Engo, p _ _(A-1)? A2-a) o
A= fo = a(l—@) oﬂﬁ(p@) Le=(-2);
fo fo fo
D=(B+1)

Where, a = %, Eq is the initial tangent modulus, E. is the
secant modulus measured at a stress level £, usually taken as
0.45f. The initial tangent modulus Ey, is assumed to vary
linearly between 1.17E_.and E,. for concrete strength 20 and
100 MPa respectively.

p 1-5
E. = (3320,/f/+6900) (ﬁ)

Where, f, is the cylindrical strength of concrete and p is
surface dry unit weight of concrete in kg/m®. Moreover, the
strain at peak, & for the concrete produced with crushed
aggregates is calculated as [23]

r_ fE 426

¢ T & 4\/7’:’
For the descending part of the curve, the model parameters A
through D are calculated as

N2
a=Jielact) g c=a-2 D=1,
ec€ic fe—fic
Where, ’;— = 1.41 - 017 In(f/) and % = 2.5 — 0.3 In(£)
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2.3 Modeling of Interaction Between Steel Tube and

Concrete Core

In the CFST columns, concrete core is confined with
steel tube as a result, in addition to confining pressure, there
exist the bond as well as the frictional resistance at the
interface. The shear resistance at interface is normally
incorporated in analysis using the Coulomb's friction law.
According to Coulomb's friction model, shear stress across
the surfaces may be transmitted until the magnitude of shear
stress at interface is greater than the limiting value 7.. Once
the relative slip is developed between the concrete core and
steel tube then shear stress is assumed constant. The T,
depends on the lateral confining stress p between concrete
core and steel tube, and its magnitude is expressed as

Tc = UP 2 Tpond

Where, 1 is the friction coefficient and its value is
commonly considered as 0.6 in this study and Tpong 1S
average surface bond stress and for circular section CFST
columns, it is determined as [25].

Tyona = [2314 = 00195 - ()]

Where 'B' and 't' are the outer dimension and thickness of
the steel tube, respectively. The bond strength of square
section CFST column is taken as 0.75 times the bond strength
of circular section.

3. Finite Element Discretization

The eight-node reduced integration based linear solid
elements C3D8R having three translation degrees of freedom
at each node is used for meshing the concrete core as well as
the steel tube [3]. The number of elements in the concrete core
along the length and the perimeter were kept equal to the
number of elements used to discretize steel tube along the
length and perimeter respectively to coincide the nodes of
core and steel tube. To determine the optimum mesh size, a
mesh sensitivity analysis was carried out. The mesh
sensitivity study was revealed for square section CFST
columns with no-gap, twenty elements along the length and
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Table -1. Comparisons between Experimental and Finite Element simulation results to verify FE Model

. . Length ) Ultimate strength of CFST column (in kN) for
Side or | Thick. of Yield | Comp. No-Gap 1 mm gap all around 2 mm gap all around
Sec. | Dia. of |of steel CFST Str. of | Str. of
shape| Sect. | tube | Steel | Conc. Exper. Abaqus Exper. Abaqus Exper. Abaqus
col. Pub. Pub P (Pub. Pub P (Pub. . P
(mm) | (mm) (MPa) | (MPa) (' ub. res. ' ub. res. ' res.
(mm) Liter.) Liter. | Study | Liter.) Liter. | study | Liter.) Pub. Liter. study
Cir. | 180 3.80 540.0 | 360.0 | 51.28 | 211011 | 2100081 | 2100 |16400' | 1610(8 1649 | 1440011 | 146018 1461
Sq. | 127 434 | 609.6 | 357.0 | 26.00 | 1106171 | 1130(4 | 1128 - - - _ - -

seven elements along the side of the square section gives
results closer to experimental data and the same number
elements are used to discretize all the square section CFST
columns (with and without gap) was taken in this study. A
typical finite element mesh for the square CFST column is
shown in Fig. 4 (a-c). For circular section columns with and
without a gap, which were used for validation of finite
element modeling, the column length was divided into 20
elements same as square and discretization the circumference
into 20 elements was found adequate to produce the FEM
results closer to experimental data.

3.1 Application of Load and Boundary Conditions

For the application of boundary conditions and axial
load on the CFST column, the rigid body tie constraints were
considered. At the top face of the column, a reference point
(RP1) was assigned, and all the nodes at the top face of the
column were connected to RP1 through rigid ties. At the top
face of the column, the boundary conditions, as well as an
axial load, was applied at RP1. In the similar way, the
reference point RP2 was assigned at the bottom face of the
column and the corresponding boundary condition to the
bottom end of the column was applied at RP2. While
determining the axial load carrying capacity of the column
experimentally the column is generally supported on the rigid
bottom plate, and the load is applied to the rigid plate placed
at the top of the column in order to uniformly distribute the
applied load over the entire cross-sectional area, i.e., steel
tube as well as the concrete core. Since these plates are in

direct contact with the infilled concrete as well as the
periphery of steel tube, the rotation and lateral translation of
the column ends were restricted due to friction between rigid
plates and concrete core & steel tube. In order to replicate the
same boundary conditions, the bottom reference point RP2
was fully restrained (i.e., ux= vy = w,= 0= 0,= 0, = 0) while
the top reference point RP1 was allowed to displace in the
loading direction only (ux = vy = 6x= 6,= 6,= 0; w, # 0) as
shown in Fig 6. The load was applied at the top reference
points RP1 in the form displacement-controlled load.

4. Verification of Numerical Modeling

In order to validate the material modelling and mesh size
used in the present study, the finite element results obtained
in the present study for circular and square section CFST
columns are compared with the experimental data. The
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experimental data obtained by Liao [11] for circular section
columns have been considered for validating the proposed
modelling in simulating the axial load-deformation behaviour
of CFST circular columns with and without the gap. For the
square section CFST columns with gaps, no experimental
data are available, therefore, experimental data obtained by
Schneider [17] for the square section with no-gap only have
been considered for validating the modelling of the CFST
square section columns. Moreover, the results obtained in the
present study have also been compared with the finite element
results presented by Liao [8] and Hu et al. [4] for circular and
square sections, respectively. The geometrical details and
material properties of circular and square sections considered
for validation purposes are shown in Table 1. For the
simulation of plastic deformation in the concrete core, the

Drucker-Prager model has been used, and the parameters
associated with this model given as input in Abaqus are:
Angle of friction = 20°, Flow Stress ratio = 0.8; and Dilation
angle = 20°. Comparisons between Experimental and Finite
Element simulation results to verify FE Model

In the present study, the ultimate axial load carrying
capacity and the axial load-deformation response of square
section CFST columns with no-gap, and for the circular
section CFST columns with- and with-out gap are compared
together with the experimental data and numerical simulation
results obtained by Liao [8] and Schneider [17]. Table 1 and
Fig.7. show that the ultimate load-carrying capacity vs. the
axial load-deformation response determined in the present
study is in close agreement with the experimental data as well
as the FEM results obtained in previous studies.

RP1

*

u=vy,=0
ex: ey: 62:0

Fig. 6. Boundary condition with the reference point
(RP1 and RP2
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Table-2. Effect of different Side Gaps on Ult. Str. of CFST Square Columns of various side lengths

Side length of T.ube ]ililsg;l‘h For gap (g)=1 mm Ultlmal;er ;; d(g)ZZ mm P
Sq.,section ‘a’ | Thick.,t | (a/t) L P, e, P, Pugs (L‘fﬁ
(mm) (mm) e (%)x 100 | s (@)x 100
140 3.8 36.8 540 1655 98.10 1636 96.98 1687
160 3.8 42.1 540 2070 98.67 2038 97.14 2098
180 3.8 474 | 540 2524 98.59 2501 97.70 2560
200 3.8 52.6 540 3012 99.60 2980 98.54 3024

5. Finite Element Modeling of Square Section CFST
Column with Gap

In order to investigate the influence of the gap between
the concrete core and steel tube on the axial load-deformation
behaviour of CFST columns, the side length (a) of CFST
column sections is varied between 140 mm to 200 mm at an
interval of 20 mm. For all the cross-sectional dimensions
considered, the CFST columns with no gap have been
considered as the reference sections and to examine the effect
of gaps, 1| mm and 2 mm gaps are considered on all four sides
of the square section. The yield strength of steel tube and
compressive strength of concrete have been kept constant for
all the columns considered, and their values considered are
360 N/mm? and 51.28 N/mm? respectively. Moreover, the
Poisson's ratio of concrete is taken as 0.2, and the modulus of
elasticity is calculated from the compressive strength of
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concrete as E.~= 4730,/f/, where f; is the cylindrical
compressive strength of concrete.

6. Influence of Gap on Ultimate-Load Carrying Capacity
of CFST Column

The ultimate load-carrying capacity of square section
columns of different side-lengths for no-gap case (Pugo)
together with the ultimate load-carrying capacity of the
column corresponding to the gap of 1 mm (Py,1) and a gap of
2 mm (Pyg) on all four sides are summarized in the Table.2.
For examining the effect of gaps on different sized columns,
the Py g1, and Py g are normalized with respect to the ultimate
load-carrying capacity of corresponding reference section
(Pu0). The normalized load factor [= (Pug/ Pugo)x100] for
various sized columns with for 1 mm and 2 mm gaps are
shown in the Table.2, and the same are plotted in Fig.9. It may
be observed from the table.2 that due to all four side gap
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Table-3. Lateral displacement of Square CFST column with and without Gap

Side Lateral Disp. at Mid-ht. Gap Lateral Disp. (mm) at mid-ht. of column for gap all around
Length. of column for no gap (mm) Min. Lateral Displacement Max. Lateral Displacement
(mm) (mm)
1 21.71 21.71
140 3795 2 19.41 19.41
1 16.91 16.91
160 17.32 2 17.12 17.12
1 16.91 16.91
180 14.41 2 14.41 14.41
1 18.52 18.52
2 19.
00 930 2 16.91 16.91

between steel tube and concrete core, the ultimate load-
carrying capacity of column decreases compared to reference
section and the propagation of gap from 1mm to 2mm on all
four sides monotonically reduces the strength of the column.
Moreover, the reduction in strength increases with an increase
in the gap between the concrete core and steel tube. For the
CFST columns having 1 mm and 2 mm gaps on all four sides,
the maximum reduction in strength is observed as 3.3% and
3.2%, respectively, compared to reference section. The

reduction in strength of columns with gaps is less owing
to lack of bonding between the steel tube and concrete due to
the gap; as a result, the CFST column exhibit poor composite
action.

7. Influence of Gap on Axial Load-Deformation
Response of CFST Columns

The axial load-deformation response of CFST columns
plays a vital role in understanding its inherent ductile
behavior. To investigate the effect of the gap between steel
tube and concrete core on the post-peak response of axial
load-axial strain behavior of square section CFST columns,
the axial load vs. axial-strain curves are plotted in Fig.9. The
load-deformation response is plotted for 540 mm long CFST
columns of square sections of side length varying between

Outward
buckling

No Gap

Imm Gap

140 mm to 200 mm at an interval of 20 mm having 1 mm and
2 mm gaps on all four sides. Their response is compared with
a column of the same size but without the gap. It may be
observed from the Fig.9. That, though, due to the gaps
ultimate load is reduced, the post-peak axial load-
deformation response of the CFST columns with various gaps
is close to those having no-gap. This is due to the fact that as
the axial load on column increases, concrete expands in a
lateral direction due to Poisson's ratio. Once the gap between
the steel tube and concrete core is filled, the concrete core
comes in contact with a steel tube and develops composite
action.

8. Influence of gap on Deformed Shape of CFST columns

In order to investigate the effect of the gap on the
failure mode of CFST columns, the deformed shapes of CFST
columns are examined. The deformed shapes for a typical
column (140 mm size and 1&2 mm gap) for no-gap case
together with for gaps on all four sides are shown in Fig 8.

The magnitudes of lateral displacements at mid-height
of the column for all the cross-sections associated with
different gap configurations are summarized in table 3. It may

Outward
buckling

Outward
buckling

2mm Gap

Fig.8 Influence of Gap on Deformed shape CFST columns at failure
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Fig. 9 Effect of gap on Axial Load-Deformation of CFST column of Different Cross-sections

be observed from the Table.3. that for the CFST columns with
no-gap, the magnitudes of maximum and minimum lateral
displacements at mid-height are equal and, consequently, no
differential buckling occurs in this case as shown in Fig.10.
Moreover, the table.3. indicates that while increasing the size
of the column from 140 mm to 180 mm, the magnitudes of
maximum, as well as minimum lateral displacements,
decrease. However, for the size greater than 180 mm, they
increase. Moreover, the table indicates that the smaller side
length columns with the gaps are more prone to buckling, and
the buckling decreases with an increase in the size of the
column

9. Comparison of FEA Results with Euro Code
Standards

The design provisions of Eurocode EC4 are used to
compare the load-carrying capacity of the CFST columns
under concentric load. The Eurocode-IV (EC4) presents
expression to predict the load capacity of concrete-filled
tubular columns, wherein the axial load carrying capacity is
calculated as the sum of the axial strength contributions of
concrete and steel together with the confinement effect if any.
In the EC4 code, the confinement effect is considered for
circular steel tubes only, and no confinement effect is
considered for rectangular and square sections [24].
Schneider [17] and Hu [4] performed the tests on square
section concrete-filled tubes and concluded that the
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confinement effect provided by the square steel tube
increases the ductility of the concrete core. Still, there was no
significant improvement in the ultimate strength of CFST
columns having depth-to-thickness ratios greater than 30
[15]. The lack of confinement effect in square section
columns, especially for the high depth-to-thickness ratio, is
due to local buckling of sidewalls. Therefore, while
calculating the capacity of square section CFST columns,
according to EC4, the confinement effect is neglected.
Moreover, in order to include the gap between the steel
tube and concrete core, actual dimensions of the core have
been considered for calculating the area of cross-section and
moment of inertia of concrete core. The calculations for load
carrying capacity for the square section column for a typical
section (160 mm with a 2 mm gap on all four sides) are shown
in the Appendix of this paper. The ultimate load-carrying
capacities of square CFST columns with different sectional
safely to design the square section columns even with the
details determined using numerical simulation are compared
with those calculated according to EC4[24]. It may be
observed from Table.4 that the presence of a gap between
steel tube and concrete core decreases the axial carrying
capacity; however, for a given gap magnitude, on all four
sides with gaps increases, the axial load carrying capacity
decreases. Further, it may be noticed from the Table.4 that for
CFST square section columns with no-gap, the EC4
underestimates the strength of more than 3.3% compared to
numerically simulated strength. It is important to note for
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both the gap configurations considered, the strengths on
numerical simulation, which infers that EC4 may be used

10. Conclusion

In order to validate the finite element modeling, the

strength of a circular and square section CFSTs subjected to
axial compressive load has been compared with the
experimental data and the results found in good agreement.
Further to check capability, the finite element simulation used
in the present study in predicting the axial load carrying
capacity of CFST with gaps, the axial load carrying capacity
of circular sections containing gaps between steel tube and
the concrete core was determined using the numerical
simulation and found close to experimental data. Based on the
study made to examine the effect of gaps between concrete
core and steel tube on the structural response of CFST
columns, the following conclusions have been drawn:

The axial load carrying capacity of square section CFST
columns monotonically reduces with an increase of size
of gaps from Imm to 2mm. Due to gaps between
concrete core and steel tube, the maximum 3.3%
reduction in strength was found in 140 mm side square
CFST column having a 2 mm gap on all four sides.

For all the sizes considered in this study, ultimate
strength was found to decrease with increase in the gap
from 1 mm to 2 mm and the maximum effect of an
enhanced gap was found in 140 mm square side section
CFST column with the gaps on all four sides where the
strength decreased by 1.8% due to increase in the gap
from 1 mm to 2 mm.

Due to the gaps between concrete core and steel tube,
though the noticeable reduction in ultimate load
carrying capacity is found, the post-peak axial load-
deformation response of the CFST columns remains
similar to that for the CFST column of the similar
section having no gap.

Smaller sizes of the columns with the gaps are more
prone to the buckling, and the buckling decreases with
an increase in size of the column.

According to the Eurocode-4, the prediction of the
ultimate load-carrying capacity of the Square CFST
column has been found with a maximum difference of
increase in 1.8% and a decrease of 3.2% compared to
the FEM result.
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