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Concrete filled double skinned steel tubes (CFDST) are proved to have good structural performance in terms of
strength, stiffness, ductility and fire resistance. Long CFSDT columns find application in elevated corridors, bridge
piers and also in buildings. However, the behaviour of CFDST long columns is still not fully understood and there
is limited research in this area. In this paper, axial capacity equations for long column CFDST sections are pro-
posed based on strength super-position method of design. Column capacity computed using the proposed equa-
tion is validated through experimental studies conducted by the authors (for columns having L/D ratio of 20) as
well as additional tests reported in literature. Tests were conducted on CFDST, Concrete Filled Steel Tube (CFST)
and Concrete Filled Hollow Single skinned Steel Tube (CFHSST) cross-sections. Parameters considered in the test
include (i) length of the column, (ii) shape of the inner tube, and (iii) absence of inner tube. Results from the test
viz., (a) load carrying capacity, (b) load vs. axial deformation curves, and (c) load vs. lateral deflection curves,
have been reported. Test result shows that the contribution of inner tube on the axial capacity of long column
is less than the predicted value, as the column undergoes elastic buckling prior to yielding. A reduction factor
is proposed to account for the reduced contribution of inner steel tube, and it is applied as a correction to the ini-
tially proposed equations. The results from proposed capacity equation are compared with experimental results
and are found to be in good agreement. It is concluded that the long column axial capacity equation specified for
CFST in AISC-360 and EC4 could be extended for CFDST sections after incorporating the new reduction factor.

© 2016 The Institution of Structural Engineers. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The concept of CFDST was first introduced in underwater pressure
vessels [1], where the high bending stiffness of the cross-section was
utilized to prevent instability under external pressure. It is also applica-
ble for nuclear, liquid and gas containment, and blast resistant shelters
[1]. Owing to its good damping and energy absorption properties and
steel tube; Asi, Aso, area of inner
ecimen; Dh, diameter of hollow
respectively; Ec, modulus of

Esi, Eso, modulus of elasticity of
flexural rigidity; fyi, fyo, yield
28-day mean cube strength of
-filled concrete; Ic, moment of
is of the composite section; Is,
l axis of the composite section;
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light weight cross-sections, CFDST was used as tall piers for bridges in
Japan [2]. Further, CFDST columns have been used in electric transmis-
sion towers in China [3]. They are predicted to perform well under
blast load [4], impact load [5] and in the instance of fire, they show bet-
ter structural response due to the presence of concrete encased inner
tube [6]. The inner steel tube also plays an important role in mitigating
a rupture failure when ultra-high strength materials are used [7]. A
state-of-art report on development and advanced applications of con-
crete filled steel tubular structures is reported by Han et al. (2014) [8].

Studieswere carried out on CFDST stub columns having L/D b 5, [2,9,
10,11]. However, studies to ascertain the behaviour of long column
CFDST is limited. Mechanics based model was developed by Han et al.
(2009) [12], to predict the beam-column behaviour of CFDST section
under axial and cyclic loading and design formulae for CFDST columns
and beam-columns were suggested. Tapered CFDST long columns
were studied experimentally and numerically Li et al. (2013) [13], and
an equation to predict the elastic buckling capacity of tapered CFDST
long column is recommended. Finite Element Analysis (FEA) model
was developed in ABAQUS to study the preload effect on steel tubes in
CFDST column and design formulae were proposed to estimate the re-
duced axial strength of CFDST with preloads [14]. It was observed that
the column slenderness has the highest significance on CFDST column
reserved.
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strength index. Even though, long column range is covered in the above
studies, the parameters considered are on diverse features like, tapered
section, eccentric loading, preloads etc.

Comprehensive studies on long column CFDST under pure axial
loads is found in very few experimental works [15] and [16]. Circular
Hollow Section (CHS) in CHS cross-section is considered in both studies.
Steel sections with yield strengths ranging from 319 MPa to 549 MPa
and concrete with compressive strengths ranging from 28 MPa to
33 MPa was used by Essopjee and Dundu (2015) [15], for L/D ratio in
the range of 5 to 18. In Romero et al. (2015) [17], normal strength
steel (yield strength ranging from 272MPa to 414MPa) and a combina-
tion of normal strength concrete (30MPa) and ultra-high strength con-
crete (150 MPa) was used for experiment with column L/D ratio of
16.575. It was found that the axial capacity predicted using the equa-
tions specified in EC4 [18] for CFST (modified and applied for CFDST),
is un-conservative. While it is said in stub column research that the col-
umn design equations of CFST section could be extended for CFDST sec-
tions, it is not applicable for long column CFDST sections. More studies
are needed to develop a robust design procedure for long column
CFDST.

In the present study, long columnCFDSTwith square cross-section is
selected for experiments as there is little published work on this cross-
sectional configuration. The accuracy of the predicted axial capacities
using available design procedures for CFDST columns is validated by
comparing with the experimental results in the present work and
from the available literature.

2. Experimental program

A total of five specimenswith L/D ratio of 20 are selected for this ex-
perimental study. All five specimens have unique cross-sections (Fig. 1).
The specimens include one CFST section which is treated as a bench-
mark specimen in this study. Two CFDST and two CFHSST cross-sections
are considered for the test. The outer tube is a SHS section and its di-
mensions are kept constant in all the specimens. Two different shapes
(square and circular) are selected for the inner tube in CFDST, to under-
stand its shape effect in the long column range. In CFHSST sections also,
circular and square type hollow shapes are made for a comparative
study with CFDST sections.

2.1. Geometric and material properties of test specimens

Hot rolled steel tubes supplied by TATA Steel were used for both
inner and outer tubes. The steel tubes were rolled and supplied in a sin-
gle batch and therefore one set of tension coupon test was sufficient for
verifying the yield strength. Material characterization was carried out
based on IS:1608-2005 and the average yield strength of the steel
Fig. 1. Cross-section details of test specimens.
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tube was found as 357.9 N/mm2. The steel tubes were measured for
straightness before commencing the experimental process and the
global imperfections were well within the tolerance limit of L/1000.
The cross-section dimensions of the steel tubes are presented in Table
1. Here, the specimens are identified in three terms. The first term refers
to number of steel tubes in the cross-section; SS – single skin; DS – dou-
ble skin andHSS – hollow single skin. Second term refers to shape of the
steel tubes in the order of outer first and inner next; S – square and C –
circular. Third term gives the length to width ratio (L/D) of the column.
A constant value of 0.35 was considered as the hollowness ratio (de-
fined as the ratio of inner diameter to outer diameter of the sandwiched
concrete core) of the CFDST section.

Normal strength concrete is chosen as the infill material for all the
test specimens. Concrete cubes of size 150 mm × 150 mm × 150 mm
were cast, compacted, cured and tested as per IS:516-1959 in UTM.
The average 28-day strength of concrete was found to be 38.8 N/mm2.

2.2. Specimen preparation

The steel tubes were supplied in a standard length of 4.5 m, later
they were cut and the edges were milled for a required length of
3.6 m. Steel tubes were weld to a 12 mm thick base plate on one end
and the other endwas left free to facilitate concreting. In CFDST, the uni-
formity in the gap between the inner and outer tubes is maintained by
tig welding a spacer bar between the tubes at the free end of the speci-
men. Concrete was poured, while the specimen was kept inclined at an
angle of 45° to the ground to reduce the free fall height of concrete, in
order to avoid segregation. In CFDST and CFHSST, the inner tube was
kept closed at the concreting end to avoid accidental concrete intrusion
in the hollow region which is undesirable for the study. In CFHSST, the
inner tube is provided with a hook so that it could be removed using a
crane just after the setting of concrete to form an unreinforced inner
concrete edge. The specimens were allowed to cure in upright position
under room temperature for 28 days. Before setting the specimen in the
loading frame, the specimen ends are prepared. The excess concrete in
the free edge was chipped off and milled smooth. The outer tube was
weld to a 12 mm thick plate to develop uniform transfer of load across
the cross-section while loading. The specimen was painted white and
gridlines were marked to aid for a visual inspection of deformations
while loading.

2.3. Test set-up, instrumentation and loading

The specimens were tested under axial compression load in the
Structural Engineering Laboratory, at IIT Madras. The specimen was
held in a loading frame of 600 T capacity (Fig. 2) with pinned-pinned
boundary condition, which is ensured by ball and socket type of end-
plates. These end-plates are sufficiently hardened such that they trans-
fer load to the specimen without undergoing deformation in itself. The
verticality of the specimen was checked using laser beam and spirit
level. The specimenwas loaded from the bottom end through a hydrau-
lic jack of 500 T capacity. A schematic diagram of test set-up is shown in
Fig. 3.
Table 1
Material and geometric properties of test specimens.

Specimen ID Diameter and thickness Material properties

Do

(mm)
to
(mm)

Di/Dh

(mm)
ti
(mm)

fyo
(N/mm2)

fyi
(N/mm2)

fck
(N/mm2)

SS-S-20 180 5 – – 357.9 – 38.8
DS-SS-20 180 5 60 3.2 357.9 357.9 38.8
DS-SC-20 180 5 60.3 3.6 357.9 357.9 38.8
HSS-SS-20 180 5 60 – 357.9 – 38.8
HSS-SC-20 180 5 60.3 – 357.9 – 38.8
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Fig. 2. Test set-up of typical specimen.

Fig. 4. Schematic diagram of instrumentation of test specimen. (a) Location of LVDTs (b)
Location of strain gauges across the cross-section of specimen.
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Linear Variable Displacement Transducers (LVDTs) are used for
measuring the axial deformation and lateral displacement of the speci-
men under loading. In total, four LVDTs were used: two at the loading
end and two at themid-height to measure the axial shortening and lat-
eral deformation respectively (Fig. 4). Strain gaugeswere pasted on two
opposite sides at the loading end of the specimen (Fig. 4). The purpose
of installing strain gauges was to ensure uniform loading across the
cross-section. Axial compressive load was applied through hydraulic
jack at an interval of 1/15th of the axial capacity of the specimen and
each increment was sustained for a time period of 1 min. Loading was
Fig. 3. Schematic diagram of test set-up.
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carried out till failure of specimen, which was overall buckling (sudden
drop in load and rapid increase in lateral deflection) followed by yield-
ing of cross-section. The deformations measured from LVDTs and strain
gauges were saved in a data logger.

2.4. Failure pattern

The specimens failed by overall buckling followed by yielding of the
cross-section, irrespective of the type of cross-section (Fig. 5). At the
post-buckling phase, cross-sectional yielding occurred at the mid-
height of the specimen,where a local bulgewas also formed at the com-
pression side of the outer steel tube. The yielded portion of the speci-
men is shown as a blow out of original photograph (Fig. 5). Overall
buckling in long CFDST columns was also reported in [17] and [15].
Fig. 5. Typical failure pattern of long column specimen.
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However, the post-buckling observations of these tests are not ex-
plained in detail.

In the present study, the buckled shape of the specimen is indicated
by a vertical yellow line in Fig. 5. The outer tube was cut open to study
the deformation in the inner steel tube. The overall bent profile of
inner tube was in coherence with the outer steel tube profile, however
localized bulges were not found. It could be concluded that the inner
and outer steel tubes underwent same mode of buckling due to the
composite action within the cross-section. In post-buckling, the highly
stressed cross-section at the mid-height of the specimen undergoes
yielding. However, yielding of inner steel tube is not very evident as ob-
served in the outer steel tube.

A strain gradient (Fig. 6) was formed within the cross-section, when
the specimen underwent overall buckling. Therefore, at yielding stage,
strain in outer steel tube is much higher than the strain in inner steel
tube. When the extreme fibre in outer steel tube reached the yield
strain, yielding was observed which led to the ultimate failure of the
specimen. However, the inner steel tube did not yield, and this behav-
iour can be attributed to the presence of a strain gradient across the sec-
tion. This has to be accounted in the design equations.
2.5. Test results

The axial load versus axial deformation in the test specimens are
plotted in Fig. 7. In the linear range of the curves, the steel tubes and
concrete undergo deformation at different rates due to difference in
their Poisson's ratio. On further loading, micro-cracks are formed in
the concrete which increases the expansion rate of concrete on par
with steel tubes. At this stage, composite action is developed at the
steel-concrete interface. In addition to compressive load applied from
the jack, the steel tubes also experience pressure from the infill con-
crete. When the compressive stress in steel tube exceeds its critical
buckling stress, the specimen undergoes buckling in its first Eigen
mode. The behaviour of all test specimens is similar till buckling load.
However, in the post-buckling range, when the cross-section of the
specimen undergoes yielding, they show distinct behaviour with re-
spect to the type of cross-section. In CFDST sections (DS-SS-20 and
DS-SC-20), even though the specimen stops resisting more load after
the yield of outer steel tube, it sustains the load due to the presence of
inner steel tubes. This type of load sustenance is not observed in CFHSST
sections (HSS-SS-20 and HSS-SC-20). Here the post-peak curves de-
scend in a steep manner.

In the linear range (till 80% of ultimate load) of axial load versus lat-
eral deflection curves (Fig. 8), the deflection values are very minimal,
which proves that the initial global imperfections are quite small.
Later, when the specimen undergoes global buckling, the lateral deflec-
tions increase drastically. The trend in load sustenance for the post-peak
regime depends on the type of cross-section of the specimen. CFDST
Compression side

Tension side

εc, max

εt

a

h

Fig. 6. Strain gradient within the yielding cross-section of CFDST column.

Please cite this article as: U. M. S, S. A. J, Axial Compression Behaviour of L
(2016), http://dx.doi.org/10.1016/j.istruc.2016.12.002
sections show ductile behaviour by withstanding axial loads for larger
lateral deflections.

The axial capacity values from the test are normalized with respect
to theoretical stub column capacity of the benchmark CFST specimen.
The difference in the axial capacity of CFHSST and CFDST sections is
very less. Increase in steel quantity for square and circular inner tube
is 17% and 14% respectively when compared with CFHSST specimens.
However, increase in strength of CFDST section in comparisonwith cor-
responding CFHSST is only 5% for both DS-SS-20 and DS-SC-20 speci-
mens. This proves that for long columns, the inner tube in CFDST does
not effectively contribute to the axial capacity. Normalized axial capac-
ity and normalized axial stiffness of test specimens is shown in Figs. 9
and 10 respectively.

With regard to the shape of inner steel tubes, circular tube was ex-
pected to perform better over square tubes, as circular shape could ac-
commodate more concrete infill compared to a square one and also,
their confinement effect is higher. However, the shape had no effect as
the significance of inner steel tube has reduced for long columns.

3. Design of CFDST columns

CFDST columns could be designed based on the principle of strength
super position method as adopted in the case of CFST columns. It is as-
sumed that, sections in which the inner tube is also filled with concrete
(double tubes), the inner tube can be treated as reinforcement within
the CFST section [19]. However, sections having hollow inner tubes
are assumed as CFST, where the central part of in-filled concrete is re-
moved and replaced with a steel tube (Fig. 11). In the CFDST stub col-
umn studies, the outer tube is observed to have more influence over
the confinement of concrete, whereas the inner tube behaves more
like a hollow steel tube [2,9,10,11,20]. Hence, the capacity equations
proposed for the CFDST stub columns do not consider the strength of
inner steel tube for the enhancement of concrete strength. In the case
of long columns, concrete confinement is not significant and so it is
not considered in the design,whereas, stability reduction factor governs
thedesign. The significance of inner steel tube in the computation of sta-
bility reduction factor is yet to be explored.

The axial load capacity equation for CFDST columns is derived based
on AISC-360 [21] and EC4. The design formulae of CFST columns are
modified to obtain the capacity equation for CFDST columns.

3.1. AISC-360

The cross-section capacity (Pn) of CFST section in Eq. (1) is modified
for CFDST section in Eq. (2). The strength due to inner tube is linearly
added to the capacity equation of CFST. In CFDST, there are two possible
implications in cross-section strength due to removal of concrete and
replacing it with steel tube: the confinement effect can either enhance
due to stiffer steel tube inclusion; or it can decrease because of hollow-
ness of the cross-section and local buckling of inner steel tube. However,
in Eq. (2), no enhancement or reduction factor is considered in comput-
ing concrete strength (i.e. it is assumed that confinement effect of con-
crete is unaltered when concrete core is replaced with steel tube).

Pn ¼ f yoAso þ C2 f
0
cAc ð1Þ

Pn ¼ f yoAso þ f yiAsi þ C2 f
0
cAc ð2Þ

The C2 factor in Eqs. (1) and (2), is assumed such that if both outer
and inner steel tubes are circular it is 0.95, otherwise it is 0.85. The
member capacity (Pu,n) and the elastic buckling load (Pcr) of CFST is pre-
sented in Eqs. (3) and (4) respectively.

Pu;n ¼ Pn 0:658
Pn
Pcr ð3Þ
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Pcr ¼
π2 EIeff

L2
ð4Þ

The effective flexural rigidity EIeff, of the cross-section that partici-
pates in resisting the elastic buckling of column is computed by linearly
adding EI of various components in the cross-section. The EI of
sandwiched concrete is reduced by C3 factor, based on the fact that con-
crete loses its stiffness due to cracking much before the occurrence of
column buckling. Eq. (5) and Eq. (6) are similar to the ones specified
for CFST section in AISC-360. The influence of inner steel tube is also
considered in quantifying the stiffness degradation of sandwiched con-
crete (C3 factor).

EIeff ¼ EsoIso þ EsiIsi þ C3EcIc ð5Þ
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C3 ¼ 0:6þ 2
Aso þ Asi

Aso þ Asi þ Ac

� �
≤0:9 ð6Þ

3.2. EC4

The cross-section capacity (Pn) of CFST column as per EC4 is given in
Eq. (7), and itsmodified form for CFDST section is shown in Eq. (8). This
capacity equation is also recommended in by Pagoulatou et al. (2014)
[22] for CFDST with CHS as inner and outer steel tubes. In square
cross-sections, the confinement action within the cross-section is not
effective and therefore, enhancement (ηc) and reduction factor (ηs)
for concrete and steel strength respectively is specified as zero and
unity. It should be noted that in AISC-360, concrete strength is further
reduced by 15% for square cross-sections. Also, EC4 does not consider
40 50 60 70

flection (mm)

SS-S-20

DS-SS-20

DS-SC-20

HSS-SS-20

HSS-SC-20

eral deflection curves.
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Fig. 9. Normalized axial load capacities of various cross-section of test specimens.

Fig. 11. Formation of CFDST cross-section.
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concrete strength enhancement when the slenderness ratio, λ, is N0.5.

Pu ¼ ηs f yAs þ 1þ ηc
t f y
D f

0
c

 !
f
0
cAc ð7Þ

Pu ¼ ηso f yoAso þ f yiAsi

� �
þ 1þ ηc

to f yo
Do f

0
c

 !
ð8Þ

Pu;n ¼ χ f yoAso þ f yiAsi þ f
0
cAc

� �
ð9Þ

As classically handled by the codes of practice, the cross-section ca-
pacity of long columns is reduced by a stability reduction factorχ, which
depends on the slenderness ratio (λ) and imperfection factor (α). The
computation of λ is given in Eq. (10), which is a function of cross-section
capacity (Pn) and the column elastic buckling load (Pcr). The effective
flexural rigidity EIeff, is given in Eq. (11). It should be noted that the con-
crete stiffness reduction in EC4 is much lesser than the one specified in
AISC-360.

λ ¼
ffiffiffiffiffiffi
Nu

Pcr

s
ð10Þ
Fig. 10. Normalized axial stiffness of various cross-sections of test specimens.
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EIeff ¼ EsoIso þ EsiIsi þ 0:6EcIc ð11Þ

χ ¼ 1

ϕþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ϕ2−λ2

q ð12Þ

ϕ ¼ 0:5 1þα λ−0:2ð Þ þ λ2
� �

ð13Þ

EC4 considers column imperfection curve a for CFST cross-sections.
The same trend is adopted for CFDST cross-sections in the present study.

3.3. Han et al. (2009)

The experimental results are also compared with CFDST design for-
mulae proposed by Han et al. (2009). Here, a confinement ratio ξ is in-
troduced which defines and quantifies the confinement action
between steel tubes and sandwiched concrete. The proposed cross-sec-
tion capacity equation is shown in Eqs. (14-a) and (14-b) for circular
and square sections respectively.

Pn ¼ C1 χ2 f yo þ C2 1:14þ 1:02 ξð Þ f ck
n o

Aso þ Acð Þ þ Asi f si ð14� aÞ

Pn ¼ C1 χ2 f yo þ C2 1:18þ 0:85 ξð Þ f ck
n o

Aso þ Acð Þ þ Asi f si ð14� bÞ

Pu;n ¼ φPn ð15Þ

φ ¼
1:0 λ≤λoð Þ;
a1λ2 þ b1λþ c1 λobλ≤λp

� �
;

d1 −0:23χ2 þ 1
� �

λþ 35ð Þ2
λNλp
� �

8>>><
>>>:

ð16Þ

Here χ, ξ, φ are hollowness ratio, confinement ratio and stability re-
duction factor. Coefficients C1 and C2 are based on the area of the steel
and concrete components within the cross-section. The description of
these coefficients is discussed in Han et al. (2009) [12]. The stability re-
duction factor (φ) for various slenderness ranges is given in Eq. (16).
Table 2a
Comparison of test resultswithmodified capacity equations fromEC4&AISC-360 andHan
et al. (2009) [12].

Specimen
ID

Ptest
kN

PEC4
kN

PAISC-360
kN

PHan
kN

PEC4/Ptest PAISC-360/Ptest PHan/Ptest

SS-S-20 1568 1764 1634 1591 1.12 1.04 1.01
DS-SS-20 1618 1860 1752 1729 1.15 1.08 1.07
DS-SC-20 1589 1853 1742 1750 1.17 1.10 1.10
HSS-SS-20 1535 1691 1574 1542 1.10 1.03 1.00
HSS-SC-20 1491 1707 1587 1585 1.14 1.06 1.06

Mean 1.14 1.06 1.05
Std
dev

0.02 0.03 0.04
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Table 3
Comparison of test results withmodified capacity equations from EC4 &AISC-360 after in-
corporating χ2 factor.

Specimen ID Ptest
kN

PEC4a

kN
PAISC-360a

kN
PEC4a /Ptest PAISC-360a /Ptest

DS-SS-20 1618 1636 1624 1.01 1.00
DS-SC-20 1589 1642 1630 1.03 1.03
NR1 1418 1359 1326 0.96 0.94
NR4 1644 1826 1765 1.11 1.07
NR7 2571 2225 2355 0.87 0.92
NR10 2612 2686 2711 1.03 1.04

Mean 1.00 1.00
Std dev 0.08 0.06

7S. U. M., J. S. A. / Structures xxx (2016) xxx–xxx
3.4. Comparison of test results with analytical predictions

The axial load carrying capacity of specimens from the experimental
results is compared with modified EC4 and AISC-360 capacity formulae
and also with the design equations proposed by Han et al. (2009) [12],
the comparison is presented in Table 2. It is observed that the analytical
expressions used are un-conservative in predicting the axial capacity of
long column CFDST. The un-conservative error is in the range of 8–10%,
usingmodified AISC-360 equations and 7–10%, using the equations pro-
posed by Han et al. (2009) [12]. The error is highest in the case of mod-
ified EC4 equations (in the range of 15–17%).

The analytical expressions are also verified by comparing their re-
sults with the experimental study by Romero et al. (2015) [17]. The
CFDST sections namely NR1, NR4, NR7 and NR10 are selected from
their study for validation. L/D ratio of their specimens is 16.575, ti, to
and fck are the variable parameters within these four cross-sections.
Comparison of their test results with the analytical expressions which
were framed in the previous section is shown in Table 2b. Analytical re-
sults for cross-sections with normal strength concrete (NR1 and NR4)
shows high un-conservative error irrespective of the thickness of
inner and outer tube. The predictions are found to be slightly conserva-
tive in the specimens (NR7 and NR10) with high strength concrete.

The method, in which the stability reduction factor is computed, for
the strength predictions of CFDST sections, may not be applicable in re-
ality. This is suspected due to the difference in the yielding behaviour of
outer and inner steel tubes, at post-buckling phase. Further, the sand-
wich concrete cracked while the specimen underwent buckling, and
crushed at the regionswhere the outer steel tube has yielded. Therefore,
it is not possible to maintain the composite action between inner and
outer steel tubes in this stage of loading. The concept of a single stability
reduction factor for the entire cross-section becomes questionable
when the strength of the inner steel tube is not fully utilized at the ulti-
mate load point. One way to mitigate this discrepancy is, to introduce a
reduction factor in design which can handle the delay in the yield of
inner steel tube. Based on this concept, an axial capacity equation is pro-
posed for long column CFDST section with a new reduction factor, pre-
sented in Eq. (18). In Eq. (17), χ1 is the conventional stability reduction
factor and χ2 is the proposed reduction factor to quantify the unutilized
strength of inner steel tube at ultimate load point. It is arrived based on
strain gradient across the cross-section of CFDST column (Fig. 6). Taking
the overall depth of the cross-section h and width of annular ring
formed by sandwich concrete a, the reduction incurred in the axial ca-
pacity due to the delay in the yielding of inner steel tube of CFDST
cross-section is given in Eq. (18). The concrete strength is reduced by
15% for square cross-section as recommended in AISC-360 for CFST
columns.

Pu;n ¼ χ1χ2Pn ð17Þ

χ2 ¼
1þ 1−

2a
h

� �
αs þ αc

1þ αs þ αc
ð18Þ
Table 2b
Comparison of test results from (Romero et al., 2015) with modified capacity equations
from EC4 & AISC-360 and Han et al. (2009) [12].

Specimen
ID

Ptest
kN

PEC4
kN

PAISC-360
kN

PHan
kN

PEC4/Ptest PAISC-360/Ptest PHan/Ptest

NR1 1418 1693 1653 1702 1.19 1.17 1.20
NR4 1644 1940 1875 2132 1.18 1.14 1.30
NR7 2571 2526 2673 2293 0.98 1.04 0.89
NR10 2612 2792 2818 2551 1.07 1.08 0.98

Mean 1.11 1.11 1.09
Std
dev

0.10 0.06 0.19

Please cite this article as: U. M. S, S. A. J, Axial Compression Behaviour of Lo
(2016), http://dx.doi.org/10.1016/j.istruc.2016.12.002
Here, αs ¼ Asi f yi
Aso f yo

; αc ¼ 0:85 Ac f
0
c

Aso f yo
; a ¼ ðDo−2to−DiÞ

2 ; h=Do.

The experimental results in this study and from Romero et al.,
(2015) [17] are again compared with the proposed axial capacity equa-
tion in EC4 and AISC-360 scheme and presented in Table 3. In the pro-
posed equation, the concrete strength is reduced by 15% for square
steel tubes in EC4 scheme, owing to its high un-conservative results
on comparison with AISC-360 scheme. The proposed equations are
more reasonable and they are in good agreementwith the experimental
capacities of CFDST long columns.

The new reduction factor (χ2) is applicable only for those column
which fails by overall buckling. The range of column length for which
the factor has to be incorporated is not distinctly found yet. Also, the in-
fluence of thickness ratio of inner and outer steel tubes and concrete
strength on χ2 has to be studied further.

4. Summary and conclusions

Axial compression test is carried out to study the long column be-
haviour of CFDST. Among the five selected cross-sections, one is CFST
(benchmark specimen), two are CFDST, with variation in the inner
tube shape and the remaining two are CFHSST. The axial load versus
axial deformation curves indicate that the behaviour of all the speci-
mens are similar till the buckling point, later on, in the post-buckling
phase, the cross-sections show distinct behaviour owing to the differ-
ence in their cross-sectional yieldingpattern. The axial load versus later-
al deflections are also plotted, and it reverberates the phenomenon
which was observed in axial deformation curves. The design procedure
of CFST column specified in EC4 and AISC-360 is extended for CFDST by
modifying certain parameters. The axial capacity values from these
modified code equations and from design formulae proposed by Han
et al. (2009) [12] is comparedwith the experimental results of the pres-
ent work and Romero et al. (2015) [17]. The analytical results are found
to be un-conservative, and inconsideration of the delay in yielding of
inner tube is found to be the reason for this error. A new reduction factor
is incorporated in the modified AISC-360 and EC4 equations for CFDST
column design. The final equation is in good agreementwith the test re-
sults. The following are some of the conclusions drawn based on this
limited research.

• The long column specimens underwent global buckling followed by
yielding of the cross-section. On yielding, local bulges are formed in
the compression side of outer tube, at themid-height of the specimen.

• In the initial loading phase (around80%of ultimate load), all specimen
shows linear behaviour till the buckling load point. This is observed in
axial load verses axial deformation curves and axial load verses lateral
deflection curves. Later, when the specimen started to yield, the be-
haviour among the specimens varied depending on the type of
cross-section.

• Normalized axial capacity and normalized axial stiffness charts were
made to compare axial capacity and axial stiffness values of the
cross-section considered in this study. The increase in axial capacity
ng Concrete Filled Double Skinned Steel Tubular Columns, Structures
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of CFDST section on comparisonwith corresponding CFHSST section is
observed to be marginal. It indicates that the strength of inner steel
tube has not been utilized fully at the ultimate load point.

• Delay in the yielding of inner steel tubewith respect to the outer steel
tube is detected as the reason, in the lesser participation of inner steel
tube in axial load resistance of CFDST section.

• A new reduction factor χ2 is introduced to account the delay in yield-
ing of inner steel tube. This factor is multiplied with modified AISC-
360 and modified EC4 equations to find the axial capacity of long col-
umn CFDST. The proposed equation is simple, flexible and gives re-
sults which are in good agreement with experimental results.
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