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1 Introduction 

Concrete-filled double-skin tubular (CFDST) columns comprise two 

steel tubes with different dimensions concentrically positioned one 

inside the other and concrete infill in the space between the tubes. 

This type of composite column can be formed from different cross-

sectional shapes, including square, rectangular, circular or elliptical 

sections. CFDST members are employed in many types of structural 

applications, such as offshore platforms, bridge piers, high-rise 

buildings and transmission towers, and have been the subject of sig-

nificant research interest in recent years (e.g. 1-7]). Their ad-

vantages are very similar to those of concrete-filled tubular (CFT) 

columns, and include higher compressive load-carrying capacity, 

greater ductility, and improved fire resistance [7] compared with 

bare steel sections. In addition, CFDST columns can result in lighter 

structures with lower construction costs compared with other 

structural solutions like concrete-filled tubular (CFT) columns, due 

to the hollow inner core and the reduced requirements for expen-

sive formwork. 

The current paper is concerned with the behaviour of CFDST col-

umns with circular stainless steel outer tubes, circular carbon steel 

inner sections and recycled aggregate concrete (RAC) for the infill. 

Stainless steel is a popular material for structural engineering appli-

cations owing to its many attributes, including excellent corrosion 

resistance, high strength and ductility, low maintenance require-

ments, aesthetic appeal and environmental credentials in terms of 

being fully recyclable. The sustainability of construction materials is 

hugely topical and therefore the use of recycled aggregates in con-

crete is currently receiving significant attention from the research 

community. RAC is made from demolished concrete elements which 

would otherwise have been condemned to landfill and also removes 

the need for new aggregate materials to be sourced [8]. It is gener-

ally agreed that the recycled aggregates (RA) should ideally be de-

rived only from crushed concrete, without any impurities in the com-

position [9], in order to maintain good mechanical performance.  

Concrete made from recycled aggregates tends to have lower 

strength and stiffness compared with natural coarse aggregate con-

crete (NAC) due to the manufacturing process and the likely pres-

ence of cement paste, which increases the porosity and therefore 

the levels of water absorption [10]. 

The design of CFDST columns is not currently covered by interna-

tional design standards. However, a number of researchers have 
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studied their behaviour in recent years. Uenaka et al. experimentally 

investigated these columns with carbon steel for both the outer and 

the inner tubes and proposed an equation for the determination of 

their ultimate axial capacity [3]. Han et al. conducted more than 80 

tests on CFDST columns, including members with stainless steel 

outer tubes and carbon steel inner tubes [11]. Various parameters 

were studied in this programme including different cross-sections, 

column types and hollow ratios χ (see equation 1). It was shown that 

in general, the ultimate axial capacity increases with a reduction in χ 

whereas the ductility reduces. An equation for calculating the load-

carrying capacity of double skin columns with stainless steel outer 

tubes, considering the hollow ratio, was proposed and will be further 

examined later in this paper.  

The influence of the inner tube material on the structural perfor-

mance of circular CFDST columns has also been studied through ex-

periments and finite element analysis [12].  In this research, the 

outer tubes were made from stainless steel whereas high strength 

steel was employed for the inner tubes. A range of different geome-

tries was examined and it was shown that current design provisions 

are generally safe-sided but do not adequately account for strain 

hardening in the steel tubes, or the influence of concrete confine-

ment, on the load-carrying capacity.    

There have been a number of studies into the use of recycled aggre-

gate concrete in composite elements in recent years [e.g. 13-16], in-

cluding on CFT columns where there is a significant contribution 

made by the confined concrete to the overall performance [14]. It 

has been shown that as the replacement ratio of natural coarse ag-

gregate with recycled aggregate increases, the ultimate load and 

stiffness of a composite column generally decreases [14]. Currently, 

there is a dearth of information available in the literature on CFDST 

stub columns made from a combination of stainless steel, carbon 

steel and recycled aggregate concrete. Accordingly, this paper pre-

sents an experimental study into this type of member. The details of 

the experimental programme are discussed and the results are com-

pared with the guidance given in design codes and other available 

literature. 

2 Experimental Programme 

2.1 General 

The experimental programme comprised eight tests on circular 
CFDST stub columns and was conducted in the Civil Engineering 
Laboratory at the State University of Rio de Janeiro (UERJ) in Brazil. 
All of the columns comprised an outer tube made from grade 1.4307 
austenitic stainless steel and an inner tube in grade VMB300 hot-
rolled carbon steel. The dimensions are given in Table 1, including 
the diameters of the outer D and inner d tubular sections as well as 
their respective thicknesses, tso and tsi. Four of the samples (NAC1-
NAC4) contained natural aggregate concrete (NAC) while the 
remaining four samples (RAC1-RAC4) were infilled with recycled 
aggregate concrete (RAC). By varying the diameter of the inner 
tube, two hollow ratios χ , equal to either 0.55 or 0.67, were 
considered. The hollow ratio is defined as: 

χ  = d / (D - 2tso)                      (1) 

This expression was introduced by Han et al. [11] and it was also 
suggested that the ideal range for the hollow ratio of CFDST circular 
stub columns is between 0.5 and 0.7. The stub column lengths were 
taken as approximately three times the outer tube diameter, in 
accordance with Han et al. [11], to ensure that global buckling failure 
did not occur. A typical cross-section is shown in Figure 1(a). Small 
steel bars with a diameter of 5.5 mm were welded to the inner steel 
tube as shown in Figure 1(b) to maintain concentricity during 
concrete casting.  

 

(a) 

 

(b) 

Figure 1 Schematic of the CFDST cross-sections (a) after casting and (b) showing 

the steel bars included to maintain concentricity  

Table 1    Measured geometry and ultimate loads from the tested CFDST stub col-

umns 

Specimen 
L        

(mm) 
D    

(mm) 
tso 

(mm) 
d   

(mm) 
tsi 

(mm) 
Nu,test 
(kN) 

NAC1 

550.0 

168.3 2.8 

88.9 5.5 
1941 

NAC2 1865 

NAC3 
108.4 4.5 

1649 

NAC4 1612 

RAC1 

500.0 

88.9 5.5 
2087 

RAC2 2075 

RAC3 
108.4 4.5 

1682 

RAC4 1693 

 

2.2 Tubular sections 

The mechanical properties of the carbon steel inner tubes were 
measured by the manufacturing company. A yield strength fy of 
375 N/mm2, Young’s modulus E of 200 kN/mm2 and ultimate 
strength fu of 474 N/mm2 were reported. The mechanical properties 
of the austenitic stainless steel outer tubes were obtained through 
tensile coupon testing, which was conducted in accordance with EN 
10002-1 [17] and the testing procedure for curved coupons given by 
Huang and Young [18]. The Young’s modulus, 0.2% proof strength 
f0.2, ultimate strength, and total elongation at fracture (measured 
over a 50 mm gauge length) εf were found to be 197 kN/mm2, 

419 N/mm2, 674 N/mm2 and 59 %, respectively. A typical stress-
strain curve from the tensile tests on the stainless steel outer tube 
is depicted in Figure 2. 
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Figure 2 Typical stress-strain response for austenitic stainless steel used for the 
outer tubular section 

2.3 Concrete 

The test specimens were cast in two series using the same concrete 
mix design, which is presented in Table 2.  The first series contained 
natural coarse aggregate (NA) whereas the second series had 50% 
of this replaced with the same amount of recycled coarse aggregate 
(RA). A superplasticiser was included in both mixes to make the 
concrete more workable, and the quantity was selected as 0.15% of 
the cement weight. The conventional concrete (NAC) and the RAC 
reached an average compressive cylinder strength fc of 30 and 
33 MPa, respectively. This was determined by conducting 
compressive tests on cylindrical samples that were cast from the 
same batch of concrete, on the same day that the corresponding 
columns were tested. This was 40 days after casting for the NAC 
columns and 30 days after casting for the RAC specimens.  

Table 2   Details of the concrete mix design 

Mix proportions (to 
weight of cement) 

NAC RAC 

Cement  1.00 

Sand  2.29 

NA  1.58 0.79 

RA  0 0.79 

Water/cement 
ratio  

0.43 0.46 

Superplasticizer  0.0015 

 

The recycled aggregate was manufactured through the crushing of 
concrete elements from a previous experimental campaign [19], as 
shown in Figure 3, which had an average compressive cylinder 
strength of 41 MPa. The characteristic properties of the aggregates 
used in the concrete were determined prior to casting in accordance 
with the relevant Brazilian standards [20-22], and the data are given 
in Table 3. It is noteworthy that the recycled aggregates had a 
significantly greater water absorption capacity compared with the 
natural coarse aggregates. In accordance with the guidance of other 
researchers who have worked with RAC [e.g. 23, 24], the recycled 
aggregates were treated before casting by first sieving to ensure 
that the particles were the same size as the natural coarse 
aggregates and then adding water just before casting and mixing it 
in the saturated condition.  

Table 3   Characteristics of the coarse aggregates  

Property  NAC RAC 

Fineness modulus 
(%) 

5.56 

Maximum diameter 
(mm) 

9.50 

Bulk density 
(kg/m3) 

1370 1090 

Pore volume (%) 49.59 59.60 

Specific gravity 
(kg/m3) 

2710 2700 

Water absorption 
(%) 

1.38 11.91 

 

 

Figure 3  View of the crushed concrete to make the RAC 

2.4 Test setup 

The tests were conducted using a 3000 kN displacement-controlled 
universal testing machine. The columns were placed concentrically 
in the machine, and an axial displacement was then applied. Two 
plates with a thickness of 32 mm were placed at either end of the 
columns. The bottom end of the columns had fixed boundary 
conditions. The top end had a ball seating that locked upon the 
application of load, hence also providing fixed boundary conditions. 
To avoid the “elephant foot” buckling mode, a circular ring made 
from high strength steel (HSS) was placed close to the column ends, 
as recommended by other researchers [12,25]. The instrumentation 
employed in the tests included four displacement transducers 
(LVDTs) and four axial strain gauges at the mid-height of the 
columns to obtain the lateral displacements and strains, and two 
further LVDTs at the bottom plate to measure the longitudinal 
displacement, as shown in the schematic presented in Figure 4. 
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(a) 

 

(b) 

Figure 4   Schematic view of the test arrangement (all dimensions are in mm) in (a) 

elevation and (b) plan view 

3 Test results 

The compressive behaviour of the CFDST stub columns was 
observed during the tests and the peak loads (Nu,test) are presented 
in Table 1. It is clear that the columns with the smaller inner tubes 
and therefore larger volumes of concrete infill (i.e. NAC1, NAC2, 
RAC1 and RAC2) had greater ultimate load-carrying capacities 
compared with the columns with larger inner tubes and smaller 
concrete volumes (i.e. NAC3, NAC4, RAC3 and RAC4), as expected.  

In terms of the aggregate type, the columns with RAC generally 
achieved higher load-carrying capacities than the equivalent 
members with NAC, reflecting the higher strength of the RAC 
concrete. Figure 5 presents images of two of the CFDST stub 
columns after testing, showing (a) outward-only local buckling of the 
outer tube, accompanied by the suggestion of shear failure in the 
concrete and (b) inward-only local buckling of the inner tube. The 
same failure mode was observed in all eight specimens. The 
presence of the infill concrete prevented the steel tubes from 
buckling locally in both directions.  

 

 

 

(a) 

 

(b) 

Figure 5  Images of the specimens after testing showing (a) outward-only local 

buckling of the outer stainless steel tube of RAC3 and RAC4 and (b) inward-only 

local buckling of the inner carbon steel tube for RAC3   

3.1 Axial load versus axial displacement 

Figure 6 presents the experimental results in terms of axial load ver-

sus axial displacement for all of the CFDST stub column tests. The 

axial displacement value was measured by two LVDTs on the bot-

tom plate, as previously discussed, and the average value is pre-

sented. Specimens NAC1, NAC2, RAC1 and RAC2 (i.e. those with 

the smaller inner steel tubes) are shown in Figure 6(a) and speci-

mens NAC3, NAC4, RAC3 and RAC4 (i.e. those with the larger inner 

steel tubes are shown in Figure 6(b). In both cases, it is observed that 

irrespective of the concrete type, all of the specimens behaved in a 

relatively similar manner. Initially, during the elastic range, the load-

displacement behaviour was linear until the first peak occurred. For 

the RAC specimens, this was followed by a plateau in which the load 

remained constant for a period which was not observed in the NAC 

tests. This is likely to be due to some localised crushing of the con-

crete. Thereafter, the load continued to increase until an axial dis-

placement of around 15-20 mm, after which the load began to drop 

as failure occurred.  

It is noteworthy that the specimens in Figure 6(a), which had a 

greater volume of concrete and smaller inner tube, reached higher 

displacements at the peak load (around 22 mm) compared with the 

specimens in Figure 6(b) which reached a displacement of around 

17 mm at the maximum load. Furthermore, for the specimens with 
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the lower volumes of concrete (Figure 6(b)), the CFDST columns 

with NAC were generally more ductile than those with RAC. This 

phenomenon was not so clear in the responses shown in Figure 6(a) 

for the columns with a smaller inner tube and therefore more con-

crete.  

 

(a)  

 

 (b) 

Figure 6  Axial load versus axial displacement curves for the CFDST columns with 

(a) smaller inner tubes and (b) larger inner tubes 

3.2 Axial load versus average axial strain 

Figure 7 presents the strain data in terms of axial load versus axial 

strain for (a) the specimens with smaller inner tubes and (b) those 

with larger inner tubes. As explained previously, four strain gauges 

were affixed to each column positioned in the four quadrants, at the 

mid-height location. The average longitudinal strains from the four 

measured values are illustrated in the graphs. Strains were meas-

ured up to about 2% strain.  There was some variation in the initial 

stiffnesses of the specimens,  with the NAC columns exhibiting gen-

erally a stiffer response, compared with their RAC counterparts.  

 

(a) 

 

(b) 

Figure 7 Axial load versus average axial strain for the CFDST columns with (a) 

smaller inner tubes and (b) larger inner tubes 

 

4 Comparison with design expressions 

The design of CFDST stub columns is not yet explicitly covered by 

international design standards. Nevertheless, existing design rules 

for concrete-filled tubes in Eurocode 4 [26] and the American spec-

ification AISC 360 [28] are assessed herein. The applicability of 

these design rules to CFDST sections is evaluated through compari-

sons of the experimental axial capacities with the code-predicted 

axial capacities. In addition, the procedure developed by Han et al. 

for the design of CFDST columns is examined [11].  

The approach proposed by Han et al. [11] is based on the assumption 

that the ultimate strength of a CFDST stub column Nu,Han is equal to 

the sum of the capacities of the inner tube Ni,u and the outer tube 

and concrete combined Nosc,u, respectively, as given in equation 2: 

 Nu,Han = Ni,u + Nosc,u (2) 

The capacities of the two components in equation 2 are determined 

in accordance with equations 3 and 4, respectively: 

Ni,u = Asifsyi (3) 

Nosc,u = Asocfosc (4) 

in which fsyi is the yield strength of the inner tube and fosc is a com-

bined strength value for the outer stainless steel tube fsyo and the 

concrete infill fc accounting for the confinement effect.  In this case, 
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since the outer tube is made from stainless steel, the yield strength 

fsyo is taken as the 0.2% proof strength f0.2.  Asi is the cross-sectional 

area of the inner tube whilst Asoc is the sum of the cross-sectional 

areas of the outer stainless steel tube Aso and the concrete Ac: 

Asoc = Aso + Ac (5) 

The combined strength value for the outer stainless steel tube and 

the infill concrete is given by equation 6: 

fosc = C1χ2fsyo + C2(1.14 + 1.02ξ)fc (6) 

In this expression, χ is the hollow ratio determined using equation 1, 

C1 and C2 are found using equations 7 and 8, respectively, and ξ is 

the nominal confinement factor, defined below.   

C1 = α (1 + α)⁄  (7) 

C2 = (1 + 𝛼𝑛) (1 + α)⁄  (8) 

In these equations, α is the ratio of the area of the outer stainless 

steel tube Aso to the cross-sectional area of concrete Ac and αn is the 

ratio of Aso to Ace. Ace is an equivalent cross-sectional area of the 

sandwiched concrete, defined as the full area enclosed by the outer 

tube, as given by equation 9: 

𝐴𝑐𝑒 = 𝜋(D − 2tso)2 4⁄         (9) 

The nominal confinement factor ξ is found from equation 10: 

ξ = Asofsyo Acefc⁄  (10) 

Eurocode 4 includes a design equation for the strength of concrete 

filled tubes (CFT), Nu,EC4, based on the summation of the capacities 

of the three component elements, i.e. the outer steel tube, the con-

crete infill and the reinforcement, if present [26], as given in equa-

tion 11: 

Nu,EC4 = Asofsyo + Acfc + Asafsya  (11) 

In this expression, Asa and fsya are the cross-sectional area and yield 

strength of the internal reinforcement, or encased steel section, and 

can be replaced with Asi and fsyi in the current analysis.  Wang et al. 

[27], proposed a modification to the Eurocode 4 design equation for 

CFDST columns to account for the contribution made to the capac-

ity by the inner steel tube. In this, the contribution of the reinforce-

ment, as included in equation 11, is replaced by the corresponding 

term for the inner steel tube. 

The American ANSI/AISC design standard for composite columns 

presents a design equation for the column strength which is very 

similar to the European code, and is based on a summation of the 

contributions of the outer steel tube, the concrete infill and the in-

ternal steel reinforcement to the overall capacity [28]. However, 

this code distinguishes between compact, non-compact and slender 

columns. In the equation for compact columns, as is relevant to the 

current work, the strength of the internal steel reinforcement is re-

placed by the inner steel tube cross-section, as given in equation 12, 

to give the strength of the section Nu,AISC as: 

Nu,AISC = Asofsyo + 0.95Acfc + Asifsyi (12) 

Table 4 presents the experimental results for each of the eight 

CFDST columns previously discussed Nu,test, as well as the predicted 

ultimate load capacities determined using the method proposed by 

Han et al. [11] Nu,Han, Eurocode 4 [26] Nu,EC4 and AISC 360 [28] Nu,AISC. 

The data in the table show that all three design methods assessed 

provide conservative predictions of the load-carrying capacity. Gen-

erally, the method proposed by Han et al., [11] gives the most accu-

rate and least scattered load-carrying capacity predictions, with an 

average test/predicted ratio of 1.08 and a coefficient of variation 

(COV) of 0.068.  On the other hand, the Eurocode 4 [26] and AISC 

[28] methods provide more conservative estimations, with average 

test/predicted load ratios of 1.17 and 1.18, respectively.  This is to 

be expected since the method proposed by Han et al. is the only that 

specifically considers the confinement afforded to the concrete in 

CFDST sections; the European and American design standards are 

for CFT sections.   

It is also evident from the data presented in the table that the design 

methods provide more accurate strength predictions (i.e. within 3% 

[11], 10% [26] and 12% [28]) for the columns with the larger inner 

tubes (i.e. NAC3, NAC4, RAC3 and RAC4). On the other hand, for 

the columns with the smaller inner tubes and therefore the greater 

volumes of concrete infill, the design equations are less accurate, 

supporting the above suggestion that the conservatism is related 

primarily to the underprediction of the capacity of the concrete. 

5 Conclusions 

This paper presents the details and results from an experimental 
study into the behaviour of CFDST stub columns under concentric 
compressive loading. Eight stub columns were tested in two groups: 
the first with conventional concrete made from natural coarse 
aggregates (NAC) and the second with recycled coarse aggregate 
concrete (RAC). In all cases, the outer steel tube was made from 
grade 1.4307 cold-formed austenitic stainless steel and the inner 
tube was made from hot-rolled carbon steel. Two sizes of inner tube 
were considered to provide variation in the hollow ratio χ.  

 
Table 4  Comparison of experimental results and design codes predictions. 

Specimen 
Nu,test              
(kN) 

Nu,Han                
(kN) 

Nu,EC4        
(kN) 

Nu,AISC        
(kN) 

Nu,test / Nu,Han Nu,test / Nu,EC4 Nu,test / Nu,AISC 

NAC1 1941 
1718 1583 1561 

1.13 1.23 1.24 

NAC2 1865 1.09 1.18 1.19 

RAC1 2087 
1766 1622 1599 

1.18 1.29 1.31 

RAC2 2075 1.18 1.28 1.30 

NAC3 1649 
1609 1503 1485 

1.02 1.10 1.11 

NAC4 1612 1.00 1.07 1.09 

RAC3 1682 
1647 1534 1515 

1.02 1.10 1.11 

RAC4 1693 1.03 1.10 1.12 

Average 1.08 1.17 1.18 

COV 0.068 0.075 0.076 
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The failure mode, ultimate load and ductility of each specimen 
has been presented and discussed, and then compared with 
available design expressions. It was shown that, as expected, a 
higher ultimate capacity was achieved by the columns with a 
relatively larger concrete area. The proposed design equation 
from Han et al. [11] provides excellent agreement with the test 
data. On the other hand, the design expressions for composite 
columns given in the European and American design standards 
are shown to provide rather conservative capacity predictions. 
Of course, these expressions were developed for concrete filled 
tubular columns rather than concrete filled double skin tubular 
members.  

One of the main aims of this work was to examine the 
performance of CFDST stub columns with recycled aggregate 
concrete (RAC), relative to regular concrete with natural coarse 
aggregate. In this context, the tests showed that the NAC and the 
RAC behaved in a very similar manner and achieved comparable 
ultimate load-carrying capacities.  
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