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Abstract

Concrete-Filled Double-skinned Steel Tubular columns (CFDST) are proved to possess
exceptional structural resistance in case of fire and multi-hazard situations. This superior
quality of CFDST makes it preferable in long column applications. However, studies on
the long column behaviour of CFDST is very few, and their results are not in line with the
behaviour of CFST long columns. Whereas, several researches on stub column CFDST
shows that, the axial compression behaviour of CFDST is similar to CFST. In this paper,
selected results (4 numbers of circular CFDST specimens) from a large test data is
presented. Axial compression behaviour of long column CFDST specimens is studied, with
non-dimensional slenderness A around 1.0, and hollowness ratio as the governing parameter
for study. Test results namely, axial load carrying capacity, axial deformation and lateral
deflection are presented in this paper. Numerical models are also developed and validated
with the experimental results, to carry out more parametric studies. Further, the
experimental axial capacity values are compared with modified capacity equations from
EC4 and AISC. Results show that extended EC4 and AISC equations gives conservative
predictions for CFDST column even in the long column range. Moreover, the initial
imperfections in the specimen and their corresponding boundary conditions for load

application, are found to be governing parameters in long column buckling study.

Keywords: CFDST; long column; composite column; global buckling; initial

imperfections.

1. Introduction

Concrete filled double skinned steel tubes
(CFDST), a variant of concrete filled steel tubes
(CFST) have been studied by various researchers
[1-5] in the recent past. The concrete
confinement effect in CFDST 1is rigorously
evaluated by these authors, studies [6-9] have
used numerical means to determine the
confinement effect, which is validated against
experimental results. Here, concrete confining
stress is given utmost priority in research
findings, as CFST got the limelight due to its
inherent ability to enhance the core concrete
strength at higher strain levels. Even though, the
concrete confining stress is found to be lesser in
CFDST compared to CFST sections under axial
compression, the absolute strength and stiffness
are higher due to its high steel area ratio. Further,
CFDST has many practical advantages over

CFST, by possessing large member ductility [10,
11], fire and corrosion resistance [12, 13], and
ease in connection design [14, 15].

In most of the above research works, short
column (A = 0.2) behaviour is studied, in order to
understand the concrete confining action.
However, in practical applications, slender
members will be used, as the axial load carrying
capacity is high for small cross-sections. Many
studies are found for long column CFST sections
[16-18]. International standards like EC4 and
AISC accounts for the length effects in CFST
columns similar to a steel column, except that,
El.y is used in finding the critical buckling loads.
This approach has been validated through a large
set of experimental data [17] and it is found to be
conservative. Recently, few experimental
studies were carried out for CFDST long
columns [19-21] to understand their behaviour
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and to evaluate the member stability approach as
used for CFST. It is found that the present
approach over estimates the load carrying
capacity.

The present study was started with an
objective to wunderstand the long column
behaviour of CFDST in a comprehensive
manner. Experiments were designed carefully on
a wide range of cross-sections, with governing
parameters like, shape of the cross-section,
hollowness ratio and concrete strength. Test
result shows that the long column bahaviour of
CFDST is as same as that of CFST columns, with
significant conservativeness.

Here, test results of selected 4 circular
columns are reported. The procedure adopted for
conducting the test, and the test results are
explained in detail. Numerical model is
developed using ABAQUS and compared with
test results. The test load capacity is also
compared with EC4 and AISC axial capacity
formulae, modified for CFDST cross-section.

2. Experimental program

The primary objective of this program is to
study the global buckling in CFDST long
columns. Therefore, tubes sizes are selected such
that the specimens fail by global buckling under
axial compression. A nominal diameter of 165.1
mm is selected as the outer steel tube, with three
different inner steel tubes sizes to develop
hollowness ratios of, 70%, 50% and 20%
(Fig. 1). Length of all the specimens is 3600 mm.
The cross-sectional geometric and material
properties of the specimens are shown in
Table 1. Material property of the steel tubes is
found by fabricating and testing the coupons as
per ASTM E8-04. The average yield strength of
the tension coupon is 520 N/mm? Concrete
compressive strength was found by casting
concrete cubes (per IS:516-1959), from each
concrete batch prepared for filling the
specimens. Mean concrete cube strength (fem), is
reported here in N/mm?. D, and D; are the
measured diameters (in mm) of outer and inner
steel tubes respectively, and t, and t; are the
measured diameters (in mm) of outer and inner
steel tubes, respectively.

Table 1. Geometrical and material properties.

CC-50 165.62 524  76.66
CC-70  166.00 5.04

3.58 55.50
114.10 5.20 60.61

Sp. ID Do to Di ti fem

C0-00 165.84 5.06 58.61
CC-20 166.34 524 33770 4.00 57.94
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Fig. 1. Selected cross-sections

2.1. Specimen preparation

Maximum care is taken in cutting the
specimens to exact length and angle of cut, by
using spirit level and measuring scale. The
3600 mm  specimens are sensitive  to
imperfection along the length of the specimen.
Therefore, the along-length imperfection is
alone measured by placing on lathe bed, which
is considered to be devoid of any imperfections.
A laser beam was fixed to a vice and the
specimen is run along the lathe bed, stopping at
every 100 mm, where the position of steel
surface is measured using laser beam with an
accuracy of 0.1 mm (Fig. 2). It was found that
the imperfections were very small (around
1.2 mm, which is L/3000) and predominantly
out-of-plumb.

Fig. 2. Imperfection measurement.

The specimens were placed in upright
position (Fig. 3) for concreting. SCC was used to
avoid concrete compaction difficulties in long
columns.

Fig. 3. Concreting of specimens.
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2.2. Testing of specimens

Specimens were tested in upright position in
a compression testing frame of 6000 kN
capacity. Compressive Load was applied
concentrically using a hydraulic jack of 5000 kN
capacity. The specimen ends are attached to stiff
end plates with a groove and roller bar
arrangement to develop a hinge-hinge boundary
condition. Instrumentation was designed such
that the load, axial deformation, lateral
displacement at the mid-height of the specimen
are recorded continuously. Strain gauges were
also pasted at the mid-height to record the axial
and circumferential strain during the loading
process. Load was applied at a rate of 1/15" of
assumed ultimate load per minute. Test was
terminated with the failure of specimens, which
is essentially global buckling. Typical failure
pattern of the specimen is depicted in Fig. 4.

Fig. 4. Typical specimen before and after loading.

2.3. Test results

All the specimens failed by global buckling,
as expected. Load versus axial deformation and
lateral deflection are shown in Fig. 5 and Fig.6,
respectively.
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Fig. 5. Axial load versus axial deformation
curves.
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Fig. 6. Axial load versus lateral deflection.

The measured axial loads are compared with
axial capacity equations specified in EC4 and
AISC, in Table 2. It could be observed that the
test capacity is much higher than the predicted
values using EC4 and AISC specifications. This
is synonymous with test data reported by [17],
where the CFST long column -capacity
predictions were reported to be highly
conservative in nature. However, it is totally in
contrast to the reported test data for long column
CFDST [19,20,21]. Most governing reason for
this variation in the results is due to the low
initial imperfection of tested specimens in the
present study.

Table 2. Measured axial load capacity compared with
EC4 and AISC specifications modified for
CFDST long columns.

Sp.ID  Piest  Prca  Paisc Peca/Prest  Paisc/Prest

C0-00 1726 1285 1294 0.76 0.76
CC-20 1557 1350 1371 0.83 0.85
CC-50 1771 1362 1386 0.76 0.77
CC-70 1803 1503 1532 0.87 0.88

3. Numerical study

ABAQUS commercial software is used to
develop the numerical model of the specimens.
Geometric as well as material non-linearities are
considered in the model to replicate the post-
buckling behavior of the specimens from
experiments.

3.1. Modelling criteria

The specimen model is generated in five parts
for CFDST and four parts for CFST specimen, in
3D space. The inner and outer steel tubes are
modelled using 4-noded shell elements with
reduced integration (S4R), as the strain variation
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across the thickness could be assumed to be
uniform (D/t > 20). The concrete in-fill is
modelled using 8-noded brick elements, C4D8&R.
The mesh size of 12.5 mm is maintained at the
cross-section level and 25 mm along the length
based on convergence study found in
literature [22]. Two end plates are modelled at
top and bottom of the specimens to distribute the
applied loads evenly to the specimen surface,
again using C4D8R elements. Very stiff material
properties (E = 102 N/mm?, v = 0.00001) are
considered for end plates, so that it undergoes
neglible deformation while loading.

A tri-linear stress-strain curve is adopted for
material model of steel tubes, where the pivotal
inputs are taken from the tension test data. For
the concrete material model, confined stress-
strain model recommended [8] for CFDST with
CHS in CHS cross-section is adopted. Drucker-
Prager yield criteria is applied for the concrete
plasticity model, with an angle of friction of 20°
and a flow ratio of 0.8. Steel tubes are connected
to the end plates by shell-to-solid coupling,
while tie constraint is used for concrete core to
end plate connection. End plates act as master
surface while in contact with steel tubes and
concrete surface. Whereas, for the interface
modelling of steel tubes with concrete core, the
steel tube is assigned as the master surface and
concrete core as the slave, during loading
process. Penalty friction of 0.25, and hard
contact are given as tangential and normal
contact properties respectively for the contact
modelling. The surface is allowed to separate
after contact.

Loading and boundary conditions are applied
at the centerline of the two end plates as shown
in Fig. 7, to simulate the test loading condition.
Static-general algorithm is chosen for analyzing
the model with contact stabilization, to avoid
convergence issues. The nodes at the centerline
of the base plate is selected and restrained from
translating in X, y and z directions, and rotation
about z-dir is also restrained. Similar boundary
condition is applied at the top plate, except for
translational restraint in the z-dir, to facilitate
loading. Initial imperfections are incorporated
from a previously run buckling analysis model.
Fundamental eigenmode is adopted as the initial
buckled shape with a maximum deformation at
the mid-height of the specimen as L/3000.
Pressure overclosures are applied at the steel-
concrete interfaces at the beginning of the
analysis.
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Fig. 7. Boundary condition applied over the
centerline of end plate.

Fig. 8. Deflected shape of simulated specimen at
failure load.

The deflected shape of a typical model is
shown in Fig. 8, which is global buckling similar
to the failure pattern observed from experiments.

2000

1600

1200

Axial load (kN)

— C0-00-Test
= = -C0-00-FE
EC4
AISC

400

0 5 10 15 20 25 30 35 40
Lateral displacement (mm)

(a)



U. M. Sulthana and S. A. Jayachandran

2000

1600

1200

Axial load (KN)

800 |/

—— CC-20-Test
— — - CC-20-FE
EC4
AISC

400

0 5 10 15 20 25 30 35 40

Lateral displacement (mm)
(b)

2000

1600 //\

1200 s

Axial load (kN)
N

800 —— CC-50-Test

= = CC-50-FE
EC4
AISC

400

0 5 10 15 20 25 30 35 40
Lateral displacement (mm)

(c)

2000

1600

1200

Axial load (kN)

[4
|

800 1' —— CC-70-Test
’ - - CC70-FE
EC4

400 AISC

0 5 10 15 20 25 30 35 40
Lateral displacement (mm)

(d)

Fig. 9. Axial load versus lateral displacement curves
compared with numerical results and analytical
predictions
(a) C0-00; (b) CC-20; (c) CC-50; (d) CC-70.

Axial load vs. lateral displacement curves
extracted from the numerical results are
compared with the test results for the selected
specimens as presented in Figs. 9(a-d). It should
be noted that the initial stiffnesses and the
overall behavior from tests, and numerical model
matches well. However, the ultimate loads from
experiments are consistently high in all the
specimens compared to the numerical values. It
should be noted that the actual initial
imperfection in the selected specimens was out-
of-plumb, whereas, the fundamental buckling

mode for hinge-hinge boundary condition is out-
of-straightness. This is the reason for the
mismatch between the test and numerical results.
Further, the increase in load carrying capacities
observed in experiments for CFDST, is lesser
compared to CFST specimen, which could be
due to the low confinement in CFDST compared
to CFST. Therefore, it is inferred that the
inelasticity in concrete which has set before the
overall elastic buckling, has triggered the
confinement action at the cross-section level, as
the actual initial imperfection is not the
fundamental buckling mode for the selected
boundary condition. This is the reason for the
highly conservative capacity predictions by EC4
and AISC specifications as well. Nevertheless,
for practical applications, it is important to study
the buckling behaviour of long columns with
perturbations in its fundamental buckling mode.
Therefore, it recommended using numerical
approach to study the member effects in strength
prediction.

4. Conclusions

Long column behaviour of concrete filled
double-skinned steel tubes (CFDST) are studied
by conducting experiments and developing
numerical models. Observations from the studies
are enumerated as below.

e The long column behavior of CFDST is
similar to CFST section, in experimental as
well as numerical studies.

o Test ultimate capacity for all the specimens
is very high compared to numerical results
and analytical predictions, which has
happened due to concrete confinement
action.

e Test specimens has undergone concrete
confinement, as the actual 1initial
imperfection is not the fundamental
buckling mode of the selected test boundary
condition.

o Axial load predictions using EC4 and AISC
specifications could be extended for
CFDST long columns also, with good
degree of conservativeness.
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