
 

1  INSTRODUCTION 

Concrete-filled double-skin sections are generally 
consisting of two steel hollow sections while the gap 
between these steel skins are filled with concrete. The 
structural behavior of this kind of composite sections 
under compressive loading has been investigated in 
several studies. Hence, different merits and probable 
demerits of practical application of these sections 
have been reported by various researchers (Han et al., 
2004, Varma et al., 2002, Zhao et al., 2010). As an 
instance, the authors of this study have been experi-
mentally and numerically proved that the insufficient 
ductility undermines the superior compressive re-
sistance of the rectangular CFDST sections (Farahi et 
al., 2016a, Farahi et al., 2016b). In addition, due to 
the notable compressive capacity of the intended 
composite sections, these sections might be appealing 
to be utilized as the columns of the high-rise build-
ings. This demands for studying the behavior of the 
concrete-filled composite sections under simultane-
ous lateral and the axial loading. Consequently, the 
behavior of large-scale CFT columns have recently 
been probed under monotonic and cyclic lateral load-
ing scenarios (Perea et al., 2014, Liao et al., 2017). 
This study reports the results of seven experiments 
that have been conducted on steel-concrete composite 
column specimens. In these experiments, several col-
umns with conventional and innovative CFDST 

cross-sections were subjected to axial and lateral 
loading. The promising effects of applying corner 
tubes on the compressive behavior of steel hollow 
sections was proved in previous studies (Javidan et 
al., 2016). Hence, in the innovative CFDST sections, 
four mild steel (MS)/ultra-high-strength steel (UHSS) 
tubes were also added to the corners of these steel-
concrete composite cross-sections. Eventually, it has 
been investigated how these additional components 
affect the compressive and cyclic behavior of CFDST 
columns. 

2 STATIC COMPRESSIVE EXPERIMENTS 

Three static compressive experiments were con-
ducted in order to investigate the effect of strengthen-
ing CFDST short columns with corner tubes. Two 
specimens were fabricated employing corner mild 
steel tubes and corner ultra-high strength steel tubes. 
These specimens are named C-T-MS and C-T-UHSS, 
respectively. In addition, the third specimen (C-Ref) 
with a conventional CFDST cross-section was fabri-
cated without the corner tubes, and it was tested under 
the compressive loading as the reference sample. The 
cross-section of aforementioned specimens has sche-
matically been depicted in Figure 1. 
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ABSTRACT: The high strength of concrete filled tubular (CFT) sections and concrete-filled double-skin tubu-
lar (CFDST) sections distinguishes these sections from other conventional structural sections. In this study, an 
innovative fabrication strategy is implemented to enhance the performance of CFDSTs. Based on this strategy, 
four ultra-high strength steel tubes are welded to the corners of CFDST columns. Several specimens strength-
ened with this strategy are subjected to axial compressive and lateral cyclic loading. The static compressive 
experiments are performed on the short column specimens with one meter length while uniaxial and biaxial 
cyclic experiments are conducted on the selected three meter long specimens. Thus, through this experimental 
study, the efficiency of employing corner steel tubes in the improvement of the structural performance of 
CFDST sections is examined. It is proved that the employed fabrication strategy improves the resistance and 
the stability of the CFDSTs under the applied loading scenarios.  



 
 
 
 

 
 
 
 

Figure1. Schematic cross-sections of the C-T-UHSS, C-T-MS 
and C-Ref specimens 

The height of all the specimens under static compres-
sive experiment was chosen equal to one meter. The 
material properties of the different components of 
these sections have been listed in Table 1. The inner 
and the outer steel skins of all specimens were fabri-
cated from 3mm thick Grade 250 mild-steel plates 
(Nassirnia et al., 2016). Both MS and UHSS tubes 
used to fabricate the specimens had the same nominal 
wall thickness of 3.2 mm and the same nominal outer 
diameter of 76.1 mm. The yield strength of the MS 
and UHSS tubes were equal to 305 and 1247 MPa, 
respectively (Javidan et al., 2015).  In order to make 
it possible to fill the small gap between the inner and 
outer steel skins, self-consolidating concrete (SCC) 
was used during the fabrication of the specimens. The 
strength obtained for the different concrete mixes 
used to fill the specimens has been reported in Table 
1. 

Table 1. Material properties of different components 
of the specimens tested under axial loading 

 

Yield stress 
of steel skins 

(MPa) 

Yield stress 
of corner 

tubes 
(MPa) 

Concrete 
compressive 

strength 
(MPa) 

C-T-UHSS 265 1247 47.1 

C-T-MS 265 305 49.8 

C-Ref 265 - 47.6 

2.1 Experimental Set-Up 

The specimens were placed vertically in the loading 
machine between two rigid horizontal plates. The 
rigid plate at the top of the specimens was fixed, while 
the bottom plate of the loading machine was being 
pushed up by a hydraulic jack during the test. Figure 
2 shows the C-Ref specimen during the compressive 
experiment. Two linear variable differential trans-
formers (LVDT) were used to measure the overall ax-
ial deformation of the specimens, while the compres-
sive force resisted by the specimens during the 
experiments was recorded by the machine.  

2.2 Analyzing the Results of the Experiments 

The axial force resisted by all three specimens has 
been plotted versus the recorded nominal axial strain 
in Figure 3.  The nominal axial strain has been defined 
as the ratio of the overall axial deformation of the 
specimen to its length. As Figure 3 shows, the ulti-
mate compressive capacity of the specimen with 
UHSS corner tubes was obtained much greater than 
that of other specimens. The significantly larger yield 
stress of UHSS tubes can justify this observation. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Experimental set-up used for conducting the static 
compression experiments 

It has been reported in previous studies (Farahi et al., 
2016a, Farahi et al., 2016b) that the linear part of the 
compressive behavior of the CFDST sections is fol-
lowed by an abrupt drop in their compressive 
strength.  According to Figure 3, such a sudden 
strength drop was captured in the compressive behav-
ior of the C-T-MS and C-Ref specimens. However, 
the linear part of the compressive behavior of the 
specimen strengthened with UHSS tubes was fol-
lowed with a yielding plateau instead of an abrupt 
strength drop. Due to the superior load bearing capac-
ity of the UHSS corner tubes, these tubes carried a 
significant portion of the axial loading even after the 
steel skins buckled locally and the concrete infill 
crushed. Hence, a different compressive behavior was 
observed for C-T-UHSS specimen. In conclusion, the 
employment of UHSS tubes at the corners of CFDSTs 
significantly increases their resistance against axial 
loading. In addition, the conducted experiments 
showed that applying corner UHSS tubes improves 
the non-ductile compressive behavior of CFDST sec-
tion.  

 

 
 
 
 



 

 
 

 
 
 
 
 
 
 
 
 

Figure 3. Axial force-nominal axial strain curves obtained from 
the static compressive 

3 LARGE-SCALE LATERAL CYCLIC 
EXPERIMENTS 

In order to examine the behavior of CFDST columns 
under cyclic lateral loading, four cyclic tests were 
also performed on the large-scale CFDST columns. 
Two different cross-sections were chosen for the 
mentioned columns. The geometry of these cross-sec-
tions has schematically been shown in Figure 4. The 
first cross-section included two built-up rectangular 
hollow sections, while the gap between these hollow 
sections was filled with self-consolidating concrete.  
Similar to the steel skins of the previous specimens, 
the steel skins were fabricated from 3mm thick Grade 
250 mild-steel plates. Plates with the same material 
properties were also used to fabricate the inner and 
the outer rectangular sections of the second cross-sec-
tion. However, the columns with the second cross-
section were consisting of UHSS tubes at their cor-
ners. The UHSS tubes used to fabricate the specimens 
in this part of the study were similar to the UHSS 
tubes used to fabricate C-T-UHSS specimen where all 
tubes were provided by the same manufacturer. The 
columns with the first and second cross-sections have 
been named L-Ref and L-T-UHSS, respectively.  
 

 
 
 

 
 
 
 
 

Figure 4. Schematic cross-sections of the L-T-UHSS and L-Ref 
specimens 

The same self-consolidating concrete mix was used to 
fill all the large-scale columns at the same time. The 
average strength for the concrete mix was obtained 

equal to 48 MPa from compressive tests conducted on 
the standard cylindrical samples.  
The height of all four columns was chosen equal to 
3030mm. Two end-plates with the dimensions equal 
to 60060050mm were welded at top and bottom 
of all columns. Sixteen 808020mm mild steel 
stiffeners were also welded to all sides of the outer 
skins and the end plates at top and bottom of the spec-
imens. In addition, eight similar stiffeners were 
welded to the tubes and end-plates at top and bottom 
of the specimens with corner UHSS tubes. Figure 5 
shows two specimens with both types of cross-sec-
tions mounted in the set-up designed for the intended 
tests.    
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

(a) (b)

Figure 5. (a) L-T-UHSS specimen before staring the bidirec-
tional cyclic test (b) L-Ref specimen at the end of the bidirec-
tional cyclic test 

3.1 Experimental Set-Up 

The Multi Axial Substructure Testing (MAST) sys-
tem at Swinburne University (Hashemi et al., 2015) 
was used to conduct the cyclic experiments. This sys-
tem is capable of simulating time-varying six-de-
grees-of-freedom (6-DOF) boundary effects on large-
scale experimental specimens (Hashemi et al., 2015).  
The MAST system can be utilized to simulate any 
complex loading scenarios using mixed load/defor-
mation modes. Four vertical hydraulic jacks and two 
pairs of horizontal jacks in two perpendicular direc-
tions have been implemented in the MAST system in 
order to transfer a rigid crosshead in any intended di-
rection. The column specimens were mounted be-
tween the strong floor of the laboratory and the rigid 
crosshead of the MAST system. As shown in Figure 
5, two rigid plates with dimensions equal to 1450
145090mm and 14501450110mm were also 
fixed to the floor and the crosshead at the bottom and 
top of the specimens.  These plates were placed in the 
set-up in order to start the tests with the minimum in-
itial deformation in the vertical jacks, which made it 



possible to have enough room to continue the tests 
even in cases that the column specimens underwent 
severe shortening  
Two types of experiments were conducted on the 
specimens under unidirectional and bidirectional lat-
eral loading cycles. The lateral displacement loading 
cycles were chosen based on the loading protocol 
suggested by FEMA 461 (2007). Figure 6 (a) shows 
the amplitude of the lateral loading cycles employed 
in the cyclic experiments. In bidirectional cyclic ex-
periments, the cross-head and consequently the top 
end of the intended specimens were moved following 
the pattern depicted in Figure 6 (b). In this figure, ia  
represents the amplitudes of each cycle as introduced 
in Figure 6(a). Based on this displacement pattern, the 
maximum displacement in the major direction of 
loading is twice of the maximum applied displace-
ment in the perpendicular direction in each cycle of 
loading. In conjunction with the lateral loading, a 
constant axial force equal to 30% of the axial capacity 
of the specimens was exerted on them during all tests. 
Hence, the specimens with L-Ref and L-T-UHSS 
cross-sections were subjected to the axial loads equal 
to 750kN and 1500kN, respectively, during the exper-
iments. The axial capacity of the specimens was cal-
culated based on an analytical formulation suggested 
by the authors (Farahi et al., 2017). The experiments 
were continued under the introduced loading protocol 
until the column specimens lost their stability under 
axial loading.  
 
 
 
 
 
 
 
 
 

(a) 
 

 
 
 
 
 
 
 
 

 
(b) 

Figure 6. (a) The amplitudes of the lateral loading cycles (b) 
loading pattern used to impose the bidirectional lateral loading 
cycles (FEMA, 2007) 

The specimens were fixed to the set-up at their bot-
tom, and every rotations and displacements were re-
strained at that end of the specimens. At the top end 

of the specimens, unless the vertical and lateral dis-
placement degrees of freedom which were needed to 
load the specimens, all other degrees of freedom were 
restrained. Hence, it can be concluded that the exper-
iments were conducted using fixed-fixed boundary 
conditions, and the specimens were subjected to a 
dual-curvature deformation along their length.  

3.2 Analyzing the Results of the Experiments  

During the tests, the lateral displacements at the top 
of the specimens were recorded using a pair of string 
pods in each direction of lateral loading. In addition, 
the vertical displacement of the center of the cross-
head, that is equivalent to the specimens shortening, 
were recorded by the MAST system. The resultant re-
action forces and bending moments at the top end of 
the column specimens were also calculated according 
to the force recorded by the MAST system. There-
fore, the history of the end reaction forces and bend-
ing moments can be plotted with respect to the lateral 
drift imposed to each column specimen. 
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Figure 7. Top end bending moment-drift ratio curves obtained 
for the L-Ref and L-T-UHSS during the (a) unidirectional cyclic 
tests and (b) bidirectional cyclic tests 

The resultant bending moment at the top of the col-
umn specimens versus the applied drift ratios is plot-
ted in Figure 7 for the cyclic tests conducted on the 
L-Ref and L-T-UHSS specimens.  As it was expected, 



 

the lateral resistance of L-T-UHSS specimen was ob-
tained notably greater than the L-Ref specimen due to 
the superior strength of UHSS tubes. It is also appar-
ent from these figures that applying the corner tubes 
has improved the stability of the intended CFDST 
column under lateral cyclic loading as the L-T-UHSS 
specimen resisted more cycles before it collapsed 
compared with the L-Ref specimen. Consequently, 
the employment of the corner UHSS tubes improves 
the energy dissipation capacity of the intended com-
posite sections in addition to increasing notably their 
resistance against lateral loading.   

 
 
 
 
 
 
 
 
 
 
 
 

 
 

 

 
 
 
 
 
 

 
 
 
 
 
 
 

(a)  (b) 

Figure 8. The deformed shape of the bottom parts of (a) L-ref 
specimen and (b) L-T-UHSS specimen at 2% drift ratio during 
the bidirectional cyclic tests  

Figure 8 shows the deformed shape of the L-Ref and 
L-T-UHSS specimens under the same drift ratios dur-
ing the bidirectional cyclic experiments. Generally, 
more significant plastic deformations were captured 
at both ends of the L-Ref specimen compared to the 
L-T-UHSS specimen at the same drift ratios during 
both unidirectional and bidirectional cyclic tests.  
The shortening of column specimens during the uni-
directional cyclic tests has been depicted in Figure 9. 
The rate of shortening was rapidly increased after the 
severe local buckling evolved along the specimens. 
As it can be observed in Figure 9, the shorting became 
significant under larger drift ratio cycles for the L-T-
UHSS specimen compared to the L-Ref specimen. 
This also proves the improving effect of employing 
corner UHSS tubes on mitigating the local instabili-
ties that might be expected for steel-concrete compo-
site sections under severe loading scenarios.  
 

 
 
 
 
 
 
 
 

 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 

(a) (b)

Figure 9. Shortening of (a) L-ref column specimen and (b) L-T-
UHSS column specimen during the bidirectional cyclic tests  

4 SUMMARY AND CONCLUSIONS 

Three static compressive and four large-scale cyclic 
experiments were conducted on the column speci-
mens with CFDST sections. According to the experi-
mental results, employing UHSS tubes at the corners 
of CFDSTs increases the axial and lateral load bear-
ing capacity of the entire CFDST section. It has also 
been shown that the compressive behavior of short 
CFDST columns strengthened with corner tubes in-
cludes a yielding plateau in contrast to the non-ductile 
behavior of general rectangular CFDST columns. In 
addition, it has been experimentally proved that the 
CFDST columns consisting of corner UHSS tubes are 
capable of dissipating more energy during cyclic 
loading before they lose their resistance to the gravity 
loading.  
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