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Lately, concrete sandwiched double steel tubular columns (CSDST) has gained focus in
research. Higher strength, stiffness, ductility and fire resistance tendencies are some of the many
structural-performance related advantages of this cross-section. Square CSDST is more efficient
over other CSDST configurations as it simplifies connection design and offers better stability
against global buckling. However, studies on the column stability of square CSDST is not found
in the available literature. Therefore, the present research attempts to investigate the stability
aspects of square CSDST through experimental and numerical works. Axial compressive tests
are carried out on square-CSDST column specimens of length to width ratio (L/D) around 24, to
capture the overall stability effects in the column. Hollowness ratios of 20%, 50% and 70% are
selected as test parameters, and concrete strength of about 80 N/mm? is used for filling the steel
tubes. Maximum axial capacity of around 1990 kN is reached for an outer specimen dimension
of 150x150 mm with 3600 mm height. It proves the potential of square-CSDST in resisting
global buckling. The test axial capacities are compared with code capacity equations (AISC-360
(16) ; EN 1994-1-1 2004) and it shows an over-strength of about 15% in the test results.
Nevertheless, the numerical model which is developed using the measured global imperfections
of the specimen is in good agreement with the experimental results.

Keywords: Overall stability, slender column, sandwiched concrete, hollowness ratio, initial
imperfection.

1 Introduction

Use of tubular steel in construction industry has increased over the years due to its inherent
torsional rigidity, lesser susceptibility to corrosion and structural elegance. However, local and
global buckling of tubular members hinders the achievement of full design capacity. Fabrication
of localized steel stiffeners in tubular cross-sections is tedious, unlike an open steel cross-
section. Conventionally, concrete filling is adopted to improve the local and global stability of
tubular steel (Eggemann 2003). Experimental studies have observed increase in the flexural and
axial resistance of the cross-section upon concrete filling (Gardner and Jacobson 1967; Knowles
and Park 1969; Sakino et al. 2004). Other important structural aspects that had improved in a
concrete filled steel tubular column (CFST) are the stiffness, ductility and fire resistance
properties. Concrete sandwiched double steel tube (CSDST) is a variant of CFST that has been
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in the research foray for the past two decades. The potential of this cross-section as a building
component is found in several experimental studies (Elchalakani et al. 2002; Han et al. 2004; Lu
et al. 2011; Tao et al. 2004; Uenaka et al. 2010). The higher stiffness, ductility and fire
resistance properties of CSDST is evident from the experimental results. Most of the reported
test data is for short column behavior studies, which found the hollowness ratio as a peculiar
parameter in CSDST cross-section (Huang et al. 2010). The presence of inner steel tube and
hollow space formation improves the fire resistance mechanism, and have reported to be better
than a conventional CFST for slender columns (Romero et al. 2015a). On the other hand, studies
on slender CSDST columns are very few (Essopjee and Dundu 2015; Romero et al. 2015b) and
none for square CSDST. Therefore, the present research aims at investigating the stability
aspects of slender square CSDST filled with high strength concrete through experimental and
numerical works.

Experimental results of three slender square CSDST specimens are reported in this paper.
The dimensions of the outer steel tube are selected such that the specimen fails in overall
buckling and interaction with local buckling is avoided. The annular space between the inner
and outer steel tubes is filled with high strength concrete of cube compressive strength around
80 N/mm?. Hollowness ratio (0.2, 0.5 and 0.7) is selected as a primary parameter since it
distinguishes CSDST from a general concrete filled steel tubular column (CFST). The
experimental results projects the global instability of square CSDST to be inversely proportional
to the hollowness ratio of the cross-section. The test axial capacities are compared with
numerical model developed and code provisions in AISC-360 (16) and EN 1994-1-1 2004 with
modifications for CSDST.

2 Experimental Program

The three types of square CSDST cross-sections selected for axial compression test is shown in
Fig. 1. The cross-section dimensions of the inner and outer steel tubes and material property
details are given in Table 1. 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. Material property of the
steel tubes is found by fabricating and testing the coupons as per ASTM-ES/E8M 2009. The
average yield and ultimate strength of the tension coupon is 400 N/mm? and 450 N/mm?,
respectively. Concrete compressive strength was found by casting concrete cubes (per 1S:516-
1959), from each concrete batch prepared for filling the specimens. Mean concrete cube strength
(fom), is reported here in N/mm?. D, and D; are the measured diameters (in mm) of outer and
inner steel tubes respectively, and #, and # are the measured thicknesses (in mm) of outer and
inner steel tubes, respectively.

O
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Figure 1. Selected cross-sections. (a) SS-20-80 (b) SS-50-80 (c) SS-70-80
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Table 1. Geometric and material properties of the test specimens

Measured size
Sp. ID D, o D l bt | Dra | T
(mm) (mm) (mm) (mm) (N/mm?)
SS-20-80 151.05 6.1 32 2 2476 | 16.00 89.02
SS-50-80 150.35 6.14 72.52 3.96 2449 | 18.31 84.95
SS-70-80 149.98 6.08 100.3 3.94 24.67 | 25.46 87.25

2.1 Specimen preparation and test protocol

The steel tubes used for preparing specimens are manufactured by cold forming and cold rolling
process. The 3600 mm long specimens are sensitive to imperfection along the length of the
specimen. Therefore, the along-length imperfection is alone measured using a laser beam
arrangement. The maximum out-of-straightness imperfection at the mid-height of the specimen
is around 0.9 mm (L/4000), which is very small compared to L/1000 consideration as per code
provisions (ANSI/AISC 2016; EN 1994-1-1 2004). The outer and inner steel tubes are placed
coaxially by making suitable fixtures, and the ends are welded to steel plates to facilitate
uniform transfer of load across the cross-section. The specimens are filled with self compacting
concrete in upright position. The schematic test set-up and instrumentation of the specimens is
shown in Fig. 2. Roller bars are fabricated to provide hinge type boundary condition and the
surface is applied with grease to avoid frictional losses while loading (inside photograph in
Fig.2).

The specimens are subjected to axial compression in a 6000 kN load-controlled
compression test frame, and a 5000 kN hydraulic jack is used for loading. Axial load is applied
at a rate of 130 kN/min. The displacements and strains in the test specimens are continuously
recorded in a data logger.

(50mm)

Specimen

MS Plate (20mm)

EN8 Plate (30mmr

500T Load Cell
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7777/

Figure 2. Schematic diagram of test set-up
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2.2 Test results

All the three test specimens failed by global buckling. Load versus lateral deflection measured at
the mid-height of the specimens is shown in Fig. 3. The failure load of the specimens from the
test is given in Table 2. The test capacities are compared with CFST code provisions in
ANSI/AISC 2016; EN 1994-1-1 2004 modified for CSDST to include the contribution of inner
tube. The code predictions are conservative that indicate an over-strength of around 15% in the

test capacities. The test results are also compared with numerical results and presented in
Table 2.
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Figure 2. Test results. (a) Axial load versus axial displacement (b) Axial load versus lateral displacement

Table 2. Test axial capacity compared with code provisions and FE results

Prest Prcy Paisc Pre
Sp. ID Pecy/Prest | Paisc/Prest | Pre/Prest
(kN) (kN) (kN) (kN)
SS-20-80 1901 1750 1732 1744 0.92 0.91 0.92
SS-50-80 1998 1753 1732 1875 0.88 0.87 0.94
SS-70-80 1959 1735 1702 1874 0.89 0.87 0.96

3  Numerical Study

Numerical study is performed using ABAQUS-v6.14. The initial out-of-straightness
imperfection of the outer steel tube is incorporated as a half-sine wave profile through a prior
buckling analysis. A scale factor of L/4000 is considered to mimic the measured magnitude of
imperfection. Imperfection is assigned only for the outer steel tube and over-closure pressure is
invoked at the steel-concrete interface. The steel tubes and concrete are modelled using shell
(S4R) and solid (C3D8R) elements, respectively for the measured geometric properties.
Elements are meshed in sizes less than 1/13" of the steel tube width (Tao et al. 2013), and care is
taken to avoid element distorsion. Loading and boundary conditions are invoked at end plates
that are modelled using C3D8R element. Young’s modulus and Poisson’s ratio of 2x107 N/mm?
and 0.0001 respectively is assigned to the end plates to facilitate complete load transfer to the
specimen with negligible end plate deformation. Tie constraint is used to simulate the weld
connection between the end plates and the specimen. Surface-to-surface contact property is used
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to define the compatibility between the steel tubes and concrete infill. A penalty friction
coefficient of 0.25 is assigned in the tangential direction (Hu et al. 2003), and hard contact is
assigned in the normal direction. Displacement-controlled loading and pinned boundary
conditions (restraining x, y and z translations at base; and x and y translation at loading end) are
assigned along the central line of end plates to simulate the test conditions. STATIC-GENERAL
solver is used for analysis with *CONTACT CONTROL command to avoid convergence issues.
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Figure 3: Material model in numerical study. (a) Steel (b) Concrete

Tri-linear stress-strain model is assumed to define the material property of steel tubes
(Fig. 3a), with pivotal points taken from the tension coupon test. Confined concrete model as
shown in Fig. 3b is considered for the sandwiched concrete property. The pre-peak curve is
based on Mander et al. (1988). The parameters of the model at pre-peak are defined based on the
studies by Liang and Fragomeni (2009) for CFST. The post-peak curve is adopted from the
numerical study by Pagoulatou et al. (2014). Drucker-Prager plasticity option available in
ABAQUS library is used to define the plastic flow in the concrete model. A flow potential ratio
of 0.8 and angle of friction of 20° are used for modelling, and the dilation angle is defined based
on expressions recommended by Tao et al. (2013).

The axial compression behavior of the specimens from test and finite element output is
compared in Figs. 4(a — ¢). The initial stiffness and the ultimate load from test and numerical
predictions are in good agreement. The descending trend in the behavior curve also matches well
with the test results. The finite element axial capacity prediction is close to the test axial capacity
for all hollowness ratios of 0.7, 0.5 and 0.2 (around 6% error). Whereas, the code predictions
give a conservative error of around 15%. Since the actual imperfection measured in the test
specimens are used for developing the numerical model, the results are in good agreement. This
shows that low initial imperfections increases the buckling capacity of long square CSDST
columns. Nevertheless, the code prediction is less conservative for low hollowness specimen
(SS-20-80). The finite element results of the failure pattern (global buckling) and the stress
distribution across the cross-section at the peak-load is shown in Fig. 5(a — ¢).
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Figure 4: Comparison of test and finite element results for various hollowness ratios. (a) 0.2 (b) 0.5 (¢) 0.7
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Figure 5: Finite element results of the failure pattern and stress distribution in the specimens. (a) SS-20-80
(b) SS-50-80 (c) SS-70-80
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4 Conclusions
The salient conclusions from this study are enumerated as below.

e The global buckling behavior of square CSDST with high strength concrete infill is studied
experimentally and numerically

e The test buckling capacity of the specimens are higher than code predictions due to low initial
global imperfections in the outer steel tubes, particularly for specimens with higher
hollowness ratios

e The finite element results are in good agreement with the test results as they are developed
using actual initial imperfections in the test specimen

e The conservativeness in the code axial capacity prediction is lesser for specimens with low
hollowness ratio (i.e. instability of long square CSDST columns is inversely related to the
hollowness ratio of the cross-section).
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