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It is clear from the former researches on reinforced concrete filled tubular steel (RCFT) structures 

that mechanical properties of RCFT differed from that of concrete filled tubular steel (CFT) structures 

due to the existence of the reinforcements. In order to clarify the effect of axial reinforcement on 

performance of RCFT, experimental and numerical investigations are performed with varying ratio of 

axial reinforcement under axial compression. Through a series of comparison and analysis, the effect of 

the axial reinforcement ratio is discussed, and following conclusions are drawn: reinforcement ratio has 

direct effect on performance of RCFT. Neither too many nor too small but proper ratio of axial 

reinforcement will make the RCFT possess better confined effect, ductility and toughness, and improve 

overall performance. After all, as a result, optimal ratios of axial reinforcement for RCFT are proposed. 
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1. INTRODUCTION 

Reinforced concrete filled tubular steel (RCFT) 

structures are the composite structures which are 

mainly aimed at improving the shear resistibility of 

concrete filled tubular steel (CFT) structures by 

inserting the reinforcements into the core concrete. 

The brittle-failure of CFT structures is concerned 

when it is considered to construct large-scaled 

structures
1)-4)

, and then, RCFT structures which have 

high strength like CFT and can be adapted to 

large-scaled structures are developed and studied in 

the terms of practical utilization. Fig.1 shows the 

model of CFT and RCFT.  

Some research results until now
5)-9)

 proved that 

the bearing capacity, toughness, ductility and 

anti-seismic performance of RCFT structures are 

increased compared with those of CFT. In other 

words, because of the existence of reinforcement, 

the performance of RCFT differed from that of 

CFT.  

In this study, the axial compression tests of RCFT 

and CFT columns with varying ratios of axial 

reinforcement are carried out to examine whether 

the axial reinforcements affect the performance of 

the RCFT. After confirming the effects of axial 

reinforcements by the experiment, a numerical 

analysis is adopted to perform more detailed 

investigations. The numerical model is validated 

with the experimental results, and the validated 

model is applied to a plenty of numerical studies of 

RCFT columns. As a result, the effects of axial 
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reinforcements on the mechanical properties of 
RCFT columns are clarified, and the optimal ratios 
of axial reinforcement which will put RCFT into 
better performance are proposed. 

2. EXPERIMENTAL INVESTIGATIONS 

(1) Outline 
RCFT, CFT and concrete specimens were 

prepared for the experimental investigations. The 
outer diameter D and height H of all specimens was 
D=150mm and H=450mm, respectively. Materials
were selected from Japanese Industrial Standard 
(JIS). Concrete: desired strength was 40MPa; steel 
tube: material was SS400, thickness t was t =1.2mm,
and made by welding; same lateral reinforcement 
was used for all specimens: material was SS400, 
diameter ds was ds=3mm, spacing was 28mm; axial 
reinforcement: material was SD295, ratio of 
reinforcement ρ was determined according to the 
diameters provided by JIS, detailed information are 
listed in the Table 1. 

(2) Material test 
Material test of 3 same steel plates whose size 

were 1.2×30×120mm and same material with 
steel tube(SS400) and 3 same reinforcement bar 
whose diameter was 10mm and same material with 
axial reinforcements(SD295) were carried out.
Obtained ultimate results as follows: the yield 
strength of steel tube test piece is fsy=323.0MPa and 
strain on start point of strain hardening is 
εsy=14800μm/m, the yield strength of reinforcement 
test piece is fry=355.0MPa and strain on start point
of strain hardening is εry=19100μm/m. The ultimate 

results are shown in Fig.2.

 (3) Discussions on the experimental results 
In the discussions, the following two indexes are 

used to evaluate the performance:  
1) The toughness: toughness (signified with χ) is 

one of the important indexes to evaluate 
performance of a structure. In this study, toughness 
of the columns is determined by converting 
load-strain curves to stress-strain curves and taking 
the integral of that curves, upper limit for the 
integral is determined according to strain value by 
material test. The value of upper limit is selected as 
εf= 55000μm/m according to material test of steel 
tube (vertical dotted line in both Fig.2 and Fig.3).

2) The confined effect: when concrete is 
subjected to laterally confining pressure, the 
uniaxial compressive strength and the corresponding 
strain are much higher than those of unconfined 
concrete. The concrete of RCFT is confined by both 
steel tube and reinforcement. According to JSSC10),
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Table 1 Detail of specimens

Labels 
Axial reinforcement

Cross section 
ρ (%) ds(mm)

RCFT

RT11-1
1.11 6 

 

RT11-2
RT11-3
RT25-1

2.50 10RT25-2
RT25-3
RT44-1

4.44 13RT44-2
RT44-3

CFT

CFT-1

＿ ＿

 

CFT-2

CFT-3

C

C-1

＿ ＿

 

C-2

C-3

Fig.1 Model of CFT and RCFT

Steel
Tube  

C CFT 

Steel
Tube  

RC RCFT 
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Suzuki et al.11), Murata et al.12), Matsui et al.13),
Nakai et al.14), Tang et al.15), Fujimoto et al.16), and 
Xu17), in case of CFT structures, steel tube and 
concrete is completely bonded, meanwhile the effect 
of shrinkage and creep of concrete and local 
buckling of steel tube to the CFT structure can be 
neglected. If the same assumptions are applied to 
the steel tube and reinforcement of RCFT structures, 
the ultimate bearing capacity of RCFT columns 
under axial compression may be simply assumed as 
follows: 

                                      

where the kc represents the confined effect of steel 
tube and reinforcement to concrete of RCFT, and: 

   
          

  
                           

where Nu is experimental ultimate strength of the 
RCFT and CFT specimens; Nc is experimental 
ultimate strength of concrete specimens; Nso=Assfsy

and Nro=Arsfry is uniaxial strength of steel tube and 
reinforcement in which Ass and Asr is cross-section 
area of steel tube and reinforcement, respectively. 
a) Discussions on load and average strains 

The results of the experiment are given in Table 
2 and the curves of axial force versus axial average 
strain for these columns are plotted in Fig.3. 
Through the comparison, the following discussions 
may be drawn:  

1) In case of RCFT: obvious differences can be 
observed between curves of different ρ. The curve 
of RT44 drops rapidly after maximum load while 
the curve of RT11 and RT25 descends smoothly and 
gradually, and shape of its curve is similar to the 
curve of CFT, this may be understood as that: 
because better cooperation and balance between 
concrete and reinforcement are not achieved due to 
higher ρ, therefore, when it reaches at maximum 
load, the core concrete is failed in advance without 
exerting effect of reinforcement and promoted 
sudden strength decrease of all column, after this, all 
column keep its strength by steel tube, 
reinforcement and crushed concrete; All of RCFT 
columns have greater bearing capacity than CFT and 
concrete columns. 

2) In case of CFT: The curve of CFT drops more 
rapidly after maximum load, this is also due to 

sudden rupture of the concrete, afterwards the 
column keep its strength by steel tube and crushed 
concrete, the failure is typical brittle-failure.
Meanwhile, RT11 and RT25 tell that properly 
arranged reinforcement may prevent this kind of 
failure. 
d) Discussions on effects of reinforcement ratio 

The effect of ρ on bearing capacity, toughness,
displacement and confined effect of RCFT columns 
can be discussed from Table 2 and Fig.4 as follows: 

1) RT44 have higher bearing capacity and 
toughness than RT11 and RT25, but compared with 
RT11, bearing capacity and toughness of RT44 only 
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Table 2 Test results

Labels
Nu

(kN)
δ

(mm)
χ

(×106J/m3)
Nso

(kN)
Nro

(kN) kc

RT11 1218.8 2.64 20.3 181.2 67.5 1.35

RT25 1316.7 2.75 21.4 181.2 151.9 1.36

RT44 1365.9 2.36 26.3 181.2 269.9 1.27

CFT 968.0 2.44 19.8 181.2 ＿ 1.04

C 720.6 ＿ ＿ ＿ ＿ ＿
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increased 3.7% and 23. 4% while ρ increased 300%. 

2) RT25 shows greater displacement at maximum 

load than both RT11 and RT44, and that of RT44 

even smaller than that of CFT. This means RCFT 

will have better the ductility with proper ρ. 

3) RT25 shows better confined effect than both 

RT11 and RT44, and all of RCFT have better 

confined effect than CFT. This means RCFT may 

have better performance than CFT due to its 

reinforcement, but increase of ρ not necessarily can 

increase confined effect of RCFT. 

From the all of discussions above, it can be 

understood that RT25 showed better performance 

than all of other RCFT and CFT columns. This tells 

that the proper ratio of axial reinforcement can 

improve the performance of RCFT. In other words, 

there will be an optimal ratio of axial reinforcement 

which would put the RCFT into better performance. 

In order to investigate the optimal ratio of axial 

reinforcement, more RCFT with more other ρ needs 

to be examined. This may be done with numerical 

simulations. To do this, a finite element method 

(FEM) software ADINA is employed in this study. 

2. NUMERICAL INVESTIGATIONS 

(1) FEM modeling 

a) Concrete 

The concrete of RCFT is in a multiaxial stress 

condition due to the confinement pressure by both 

steel tube and reinforcements. The key point on 

modeling the concrete is focuses on how to 

determine the multiaxial stress-strain relationship. 

Generally, the multiaxial stress-strain relations can 

be derived from uniaxial stress-strain relationship, 

shown as Fig.5, where ζco is maximum uniaxial 

compressive stress, εco is uniaxial strain 

corresponding to ζco, ζuo is ultimate uniaxial 

compressive stress, εuo is ultimate uniaxial 

compressive strain corresponding to ζuo, ζto is 

uniaxial cut-off tensile strength, εto is uniaxial strain 

corresponding to ζto , and all multiaxial parameters 

are identified with corresponding notations to 

uniaxial ones without “0” in subscript. 

It is known that the increase in strength of 

confined concrete is a result of the combination of 

lateral pressure and axial compression. In RCFT, the 

lateral pressure is provided by both steel tube and 

reinforcement. Whatever the confinement pressure, 

the strength of confined concrete may be expressed 

as the multiple of the strength of unconfined 

concrete, and the strength increase due to the 

confining stresses: 

                                                 

The other parameters to define multiaxial 

stress-strain relationship may be presented by the 

same concept as following expressions:  

                    
                        

where the k3 is defined as degradation parameter of 

material, C1 and C2 are coefficient , normally C1=1.4 

and C2=-0.4
18)

. 

Based on the study results of Hu et al.
19)

, Endo et 

al.
20)

, Nishida et al.
21)

, and Ito et al.
22)

, the εu can be 

ranged in: 

                                            

Thus, the constants ζc, ζu, εc, εu can be employed 

instead of the uniaxial variables in order to establish, 

using the equations for uniaxial law by Saenz
23)

, the 

multiaxial stress-strain law (see region I and II in 

Fig.5).  

For the strain states beyond εuo in compression 

(see region III after point Po or P in Fig.5), it can be 

assumed that the stresses are linearly released to 

zero
18)

. 

When the material is in tension (see Region IV in 

Fig.5), the stress-strain relation is linear with a 

constant initial tangent modulus Eo until tensile 

failure at εto. A post-crack tension hardening is 

considered by an unloading branch after εto, and 

assume that the tensile stress of the concrete is 

linearly released to zero at εtm 
24)-25)

.  

A Kupfer model
26)

 is employed as failure 

criterion. 

Throughout the section, some other constant 

parameters can be determined as follows: A 

III II 

IV 

I εto 

P 

εtm 
ε 

ζto 

ζ 

εc 

ζc 

εu 

ζu 

εco 

ζco 
Po ζuo 

εuo 

Fig.5 Constitutive law for concrete 

Uniaxial law

Multiaxial law
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representative value suggested by ACI Committee 

318
27)

 for εco used in the analysis is εco=0.003. ζt is 

determined by ζt=0.23(ζc)
 2/3 

according to JSCE 
28)

. 

Eo is highly correlated to its compressive strength 

and can be calculated with reasonable accuracy from 

the empirical equation        √  by ACI 

Committee 318
27)

. With a representative value of 

0.19 or 0.20
27)

, the Poisson‟s ratio νc of concrete 

assumed to be νc =0.2. 

b) Steel tube and reinforcement 

The response of the steel tube and reinforcement 

is modeled by an elastic-perfectly-plastic theory 

with associated flow rule. A von Mises yield 

criterion is employed as failure criterion and a 

bilinear stress-strain relationship without strain 

hardening is employed as constitutive law, as shown 

in Fig.6, where fy is yield stress, εsy is yield strain, εsu 

is maximum allowable plastic strain. Poisson‟s ratio 

νs and Young‟s modulus Es are set to νs=0.3 and 

Es=200GPa, respectively. These parameters will be 

determined by uniaxial material tests.  

c) Contact modeling 

 Pre-calculations on RCFT columns were 

performed with and without friction between steel 

tube and concrete, and the results showed that there 

were no obvious differences between the analysis 

results of these two treatments, only the frictional 

treatment showed more time-consuming and 

convergence problem. Therefore, in this study, a 

constraint-function model with frictionless contact 

built in ADINA is employed. 

(2) Implementation program 

As described in previous section, ζc, ζu, εc and εu 

should be provided in order to completely define the 

multiaxial stress-strain relation for core concrete. 

Consequently, their appropriate values are 

determined by matching the numerical results with 

experimental results via parametric study. 

For each column, the calibration process is: 1) 

Start the calculation with ζco, ζuo, εco and εuo; 2) 

Perform calculations by adjusting ζc with Eq.(2) 

until the differences      of experimental bearing 

capacity   
  against analytical bearing capacity   

  

satisfies         ; 3) At the starting of this stage, 

a kc is already achieved. Continue calculations by 

using Eq.(3) and Eq.(4) and adjusting ζu and εu until 

the differences      of experimental displacement 

   (corresponding to   
 ) against analytical 

displacement                         
   satisfies 

          , and the correlation coefficient    

between experimental and analytical 

load-displacement curves satisfies       ; 4) 

Stop calculations if     ,      and    satisfied 

         ,           , and       , 

respectively.  

The calibrated results of numerical analysis are 

drawn in Fig.7, where R11, R25 and R44 are the 

numerical results corresponding to RT11, RT25 and 

RT44, respectively. Generally, the numerical results 

showed very good agreement with experimental 

results. 

Thus, based on the reliable results of numerical 

analysis above, in order to clarify the optimal ρ, 

numerical analysis with other varying ρ can be 

performed by only changing the ρ in one of the R11, 

R25 and R44. 

In this study, the varying ρ for RCFT is 

determined based on the specifications of JSCE 

code on the range of ρ for RC columns, namely, 

0.8% ρ 6.0%, and other two smaller values than 

0.8% are also used considering extra small ρ for 

RCFT. The determined 13 values for ρ and the 

corresponding labels for numerical analysis are list 

in Table 3, besides , all other parameters same with 

that of experiments. 
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Fig.6 Constitutive law for steel 
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RT11: Nerr= 0.65%, δerr=-1.50%, R2=0.99 

RT25: Nerr=-0.76%, δerr=-2.98%, R2=0.99 

RT44: Nerr= 0.86%, δerr=-7.63%, R2=0.94 
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(3) Discussions on analytical results 
The curves of load versus average strains for the 

reinforcements of 13 RCFT columns are plotted in 
Fig.8. It can be clearly observed from the Fig.8 that 
the degradation in strength of the reinforcements is
happening, and its amount is varying with varying 
ρ and strains.  

It can be noticed in the material test of 
reinforcement (Fig.2) that the relationship between 
εry and the yield strain εe is εry≈8εe (where 
εe=7500μm/m). Thus, to evaluate the amount of the 
degradation, three strain points are defined, namely, 
ε1=4εe=-10000μm/m, ε2=εry=-19100μm/m and 
ε3=12εe=-30000μm/m, and marked with vertical 
dotted lines in Fig.8. Then, the ratio of degradation 
   can be calculated for these three strain points 
by: 

      
    

     
                      

where   
  is maximum load,   

  is load 
corresponding to ε1 , ε2 and ε3.

The calculated    values, maximum load (  ) 
and corresponding displacement (  ) and toughness 
of core concrete (χc) corresponding to ε2 for every ρ
are listed in Table 3. It is clear from the table that 
the   ,   ,   and χc are varying with varying ρ.  

The CFT shows the smallest bearing capacity, 
and bearing capacity of RCFT is increasing with the 
increase of ρ.  

The ductility ratio μ of RCFT can be the ratio of 
   against yield displacement    of the column. 
Thus, the relationship between μ and ρ, and the 
relationship between χc and ρ are plotted in Fig.9. 

Again, the relationships between    and ρ

corresponding to those three stain points are plotted 
in Fig.10. Through the general considerations with 
Fig.9, Fig.10 and Table 3, the following discussions 
are drawn: the μ, χc and    are not proportional to 
ρ. The larger μ and χc are happening in the range of 
1.1% ρ 3.0% and decreasing with smaller and 
larger ρ. On the contrary, the smaller     is 
happening in the same range for all three strain 
points and increasing with smaller and larger ρ. In 
other words, the ductility and toughness of RCFT 
are increasing with smaller strength degradation 
ratio of axial reinforcement. Therefore, it can be 
concluded that the smaller degradation in strength of 
axial reinforcement will be the better performance 
will be achieved with RCFT columns. 

Based on the conclusion above, according to 
Table 3 and Fig.10, the optimal ratios ρo for axial 
reinforcement in RCFT columns will be 
1.5% ρo 3.0%. 
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Table 3 Results of numerical analysis

Labels ρ

(%)
𝑁𝑢
𝑟

(kN)
 1  2  3 𝑁𝑢

(kN)
𝛿𝑢

(mm)
χc

(×106J/m3)𝑁𝜀 
𝑟 𝛥𝑁𝜀 𝑁𝜀 

𝑟 𝛥𝑁𝜀 𝑁𝜀 
𝑟 𝛥𝑁𝜀 

CFT 0.0 - - - - - - - 1039.2 2.19 0.70
R02 0.2 12.1 10.7 0.12 9.1 0.25 5.9 0.52 1080.3 2.12 0.76
R04 0.4 24.3 22.0 0.09 19.5 0.20 13.6 0.44 1103.2 2.13 0.81
R08 0.8 48.6 44.2 0.09 40.8 0.16 35.1 0.28 1121.2 2.48 0.82
R11 1.1 66.8 61.3 0.08 56.8 0.15 52.7 0.21 1154.8 2.82 0.84
R15 1.5 91.1 83.9 0.08 78.6 0.14 75.4 0.17 1168.6 2.74 0.85
R20 2.0 121.5 112.1 0.08 105.8 0.13 101.8 0.16 1181.0 2.76 0.86
R25 2.5 151.8 141.0 0.07 131.7 0.13 127.0 0.16 1254.7 2.77 0.83
R30 3.0 182.2 165.4 0.09 156.3 0.14 150.8 0.17 1260.9 2.52 0.83
R35 3.5 212.6 183.0 0.14 173.6 0.18 169.1 0.20 1291.4 2.43 0.82
R40 4.0 243.0 203.7 0.16 194.0 0.20 189.0 0.22 1305.0 2.43 0.81
R44 4.4 267.3 221.6 0.17 213.4 0.20 206.2 0.23 1364.7 2.54 0.82
R50 5.0 303.7 249.6 0.18 241.9 0.20 233.6 0.23 1391.5 2.11 0.79
R60 6.0 364.4 296.4 0.19 291.5 0.20 296.7 0.19 1454.5 2.21 0.78
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In addition, it can be noticed in Table 3 and 
Fig.10 that the reinforcement with smaller ratio (e.g. 
ρ=0.2%) showed significant degradation in strength 
in all strain points, this may be assumed that the 
reinforcements will be yielded prior to the failure of 
the concrete due to its smaller amount, and its 
behavior is easily controlled by the behavior of the 
concrete. 

3. CONCLUSIONS 

From the discussions above, conclusions may be 
drawn as follows: 

1) Ratio of axial reinforcement has direct effect 
on the performance of RCFT. Over arranged 
reinforcement will cause the failure of the concrete 
prior to the yield of reinforcement without exerting 
its strength, and not only may cause brittle-failure or 
lower performance of the structure, but also cause 
the increase of construction cost. On the contrary,
too small ratio of reinforcement will result in yield 
of reinforcement prior to the failure of the concrete. 
All of those will be not conductive to better 
performance of RCFT. 

2) The proper ratio of reinforcement can make the 
RCFT possess better confined effect, ductility and 
toughness, and improve overall performance. 

3) Optimal ratios for axial reinforcement 
proposed in this study may have applicable means in 
the design or construction of RCFT structures. 

4) It is also proved in this study that the RCFT has 
better performance than CFT, especially possesses 
more brittle-failure resistance than CFT. 

In this study, the optimal ratios only for axial 
reinforcements are obtained only with one type of 
concrete strength and steel tube thickness. It is 
necessary to carry out further studies on optimal 
ratios for both axial and lateral reinforcement with 
varying concrete strength and steel tube thickness,
and propose an evaluating method suitable for 
various RCFT. 

ACKNOWLEDGEMENTS: The experiments 
conducted in this study were made possible at the 
Structural Laboratory at the Hachinohe Institute of 
Technology, Hachinohe Japan. The authors will 

appreciate to stuffs of the Laboratory. Emeritus 
professor Shioi Yukitake listened to our problems 
and questions and provided sound advices. 
Supplemental cooperation and help were also 
provided by the students of Hasegawa laboratory. 
The authors thank all of them mentioned above. 

REFERENCES 
1) Wei, H., Iwasaki, S., Hasegawa, A., Shioi, Y. and 

Miyamoto, Y. : Experimental study on mechanical 
characteristics of reinforced concrete filled circular steel 
tubular structures, Journal of Constructional Steel, JSSC, 
Vol.10, pp.519-526, 2002. 

2) Xiao, C.Z., Cai, S.H. and Xu, C.L.: Experimental study on 
shear resistance performance of concrete filled steel tube 
columns, China Civil Engineering Journal, Vol.12, No.4, 
pp.10-16, 2005. 

3) Suzuki, T.: Study on new bridges that adopt hybrid 
structure, PhD thesis, Hachinohe Institute of Technology, 
Hachinohe Japan, 2008.

4) Xu, Y.F., Zhao, J.Y., Liu, N. et al.: The ductility analysis of 
circular steel tube compile column filled with steel 
reinforced concrete on cyclic loading, Journal of Shenyang 
Jianzhu University, Vol.10, No.9, pp.83-87, 2009. 

5) Endo, T., Shioi, Y., Hasegawa, A. and Wang, H.J.:
Experimental study on reinforced concrete filled steel 
tubular structure, Proc.7th Int. Conf. on Steel Structures, 
Singapore, 2000. 

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0

Δ
N

ρ (%)

ε1=10000μm/m
ε2=19100μm/m
ε3=30000μm/m

Fig.10 Optimal ratio of axial reinforcements

Optimal ratio 

0.5

0.6

0.7

0.8

0.9

1.0

0.0 1.0 2.0 3.0 4.0 5.0 6.0

To
ug

hn
es

s(
×

10
6 J

/m
3 )

Reinforcement ratio(%)

1.0

1.3

1.6

1.9

2.2

2.5

2.8

0.0 1.0 2.0 3.0 4.0 5.0 6.0

D
uc

til
ity

 ra
tio

Reinforcement ratio(%)

Fig.9 Ductility ratio of RCFT and toughness of concrete

361



 

 

6) Wang, H.J., Ishibashi, H., Wei, H. and Hasegawa, A.: 

Experimental study on twin-column RCFT pier, the Second 

Int. Conf. on Advances in Structural Engineering and 

Mechanics(ASEM’02), Busan(Pusan),Korea, 2002. 

7) Sato, M.: Study on structural characteristics of RCFT and 

the application to practical structures, MS thesis, 

Hachinohe Institute of Technology, Hachinohe Japan, 2008. 

8) Han, J.S., Xu, Z.D., Cong, S.P. et al.: Analysis of axial 

compressive performance for reinforced concrete filled 

tubular steel, Architectural & Environmental Engineering, 

Vol.31, No.3, pp.11-17, 2010. 

9) Miao,W.: Experimental research and bearing capacity 

analysis of axially compressive reinforced concrete filled 

steel tube short column, Shanxi Architecture, Vol.36, No.5, 

pp.79-81, 2010. 

10) JSSC: The Present Situation and Study on Concrete Filled 

Steel Tube at CMl Engineering Branch, Japanese Society of 

Steel Construction, Tokyo Japan, 1998. 

11) Suzuki, T., Motoyui, S. and Ohta, H.: Study on structural 

properties of concrete filled circular steel   tubular stub 

columns under pure axial compression, J. Struct. Constr. 

Eng., AIJ, No. 499, pp.123-129, 1997. 

12) Murata, K., Yasuhara, M., Watanabe, T. and Kinoshita, M.: 

Evaluation of bearing capacity and ductility for concrete 

filled circular steel tubular columns, J. Struct. Eng., JSCE, 

44A, pp.1555-1564, 1998. 

13) Matsui, C.: Structural performance and design of concrete 

filled steel tubular structures, Journal of Steel Construction, 

JSSC, Vol.1, No.2, pp.11-24, 1994. 

14) Nakai, H., Kitada, T., Yoshikawa, O., Murakami, S. and 

Sakuramoto, Y.: Experimental study of  concrete-filled 

steel members with circular cross section subjected to 

bending and torsion, Journals of the Japan Society of Civil 

Engineers, JSCE, No. 612/I-46, pp.85-97, 1999. 

15) Tang, J.L., Hino, S., Kuroda, I. and Ohm, T.: Modeling of 

stress-strain relationships for steel and concrete in concrete 

filled circular steel tubular columns, Journal of Steel 

Construction, JSSC, Vol.3, No.11, pp.35-46, 1996. 

16) Fujimoto, T. et al.: Axial compression behavior of concrete 

filled steel tubular stub columns using high strength 

materials, J. Struct. Constr. Eng., AIJ, No. 498, pp.161-168, 

1997. 

17) Xu, Y.: Study on mechanical performance of rectangular 

concrete filled steel tubes structures, PhD thesis, Tungchi 

University, Shanghai China, 2000. 

18) ADINA R&D Inc.: ADINA theory and modeling guide, 

Report ARD08-7, February, 2008. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

19) Hu, H.T., Huang, C.S., Wu, M.H., and Wu, Y.M.: 

Nonlinear Analysis of Axially Loaded Concrete-Filled 

Tube Columns with Confinement Effect, Journal of 

Structural Engineering, ASCE, Vol.129, No.10, 

pp.1322-1329, 2003. 

20) Endo, K. and Unjo, S.: Analytical study on strength and 

ductility of long-span suspension bridge tower using 

concrete-filled steel tube, Journal of Earthquake 

Engineering, JSCE, Vol.28,No.31, pp.411-416, 2005. 

21) Nishida, H. and Unjo, S.: Engineering discussions on 

allowable ductility factor of RC piers based on 

specifications for highway bridges of Japan, Proceedings of 

10th Symposium on Seismic Design of Bridges and 

Structures Based on the Ultimate Earthquake Resistance 

Method, Tokyo Japan, 2007. 

22) Ito, K. and Kawakami, M.: Discussion of columns and 

beams using nonlinear analysis, Prestressed Concrete, 

Vol.40, No.2, pp.77-83, 2001. 
23) Saenz, L. P.: Discussion of „Equation for the stress-strain 

curve of concrete‟ by P. Desayi, and S. Krishnan, ACI J., 

Vol.61, pp.1229–1235, 1964. 

24) Soranakom, C. and Mobasher B.: Flexural modeling of 

strain softening and strain hardening fiber reinforced 

concrete, RILEM Proceedings, Pro. 53, S.A.R.L., Cachan, 

France, pp.155-164, 2007. 

25) Chen, S.C., Ren, A.Z., Wang, J.F. and Lu, X.Z: Numerical 

modeling of reinforced concrete slabs subjected to fire, 

Engineering mechanics, Vol.25, No.3, pp.107-112, 2008. 

26) Kupfer, H., Hilsdorf, H. K., and Rush H.: Behavior of 

concrete under biaxial stresses, ACI Journal, Vol.66, No.8, 

pp.656-666, 1969. 
27) ACI Committee 318: Building code requirements for 

structural concrete and commentary, American Concrete 

Institute, ACI 318-99, Detroit, U.S.A, 1999. 

28) Endo, K. and Unjo, S.: Analytical study on strength and 

ductility of long-span suspension bridge tower using 

concrete-filled steel tube, Journal of Earthquake 

Engineering, JSCE, Vol.28,No.31, pp.411-416, 2005. 

29) Nishida, H. and Unjo, S.: Engineering discussions on 

allowable ductility factor of RC piers based on 

specifications for highway bridges of Japan, Proceedings of 

10th Symposium on Seismic Design of Bridges and 

Structures Based on the Ultimate Earthquake Resistance 

Method, Tokyo Japan, 2007. 

30) JSCE: Theory and design of steel-concrete hybrid 

structures part1: Theory and basic concept, Japanese 

Society of Civil Engineers, Tokyo Japan, 1999. 
 

362




