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繰返し載荷を受けるコンクリート充填鋼管部材に対する

各種解析モデルの解析精度の比較

Analytical Comparison of Various Models for Concrete-Filled Steel Tubular 

Columns Subjected to Cyclic Loading 

白 涌ie*，小俵慶太一河野昭彦料牢，松尾真太朗***

Yongtao BAI*， Keita ODAWARA料， Akihiko KA W ANO料申 andShintaro MA TSUO *** 

The hysteresis behaviors of circular and square concrete filled steel tubular were analysed and compared with 

test results. Local buckling and stiffness degradation are considered for steel model， various simplified 
analytical models of confined concrete are adopted to veri今theaccuracy of simulations. Comparison results 

indicate that steel model adopted in analysis program can accurately perform the local buckling and 

degradation of steel tube. A抗ercomparing different types of confined concrete model， the strength 
degradation of concrete in circular steel tube could be ignored because ofhigh-level confinement effect， while 

the strength degradation of the concrete in square steel tube should be considered contrarily. Furthermore， the 

simplified model based on Sakino & Sun's proposal has the best accuracy on predicting the post-peak 

degradation behavior of square concrete fiUed steel tubes. 

Keywords: concrete filled steel tubes， beam columns， cyclic loading， constitutive mαterial model， fiber modelαnαlysis 
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1. INTRODUCTION 

Concrete filled steel tube structures have been widely 

applied in practical civil engineering projects like high-rise 

buildings， bridges and industrial structures. This structural 

style has excellent strength and ductility performances to 

resist intensive earthquake motions. Meanwile， finite 

element method has been verfied to be an efficient way to 

simulate structural performances. Therefore， establishing an 

accurate constitutive model of materials wil1 be essential to 

guarantee the accuracy of analysis results. Nevertheless， the 

entire material behavior of concrete fiUed steel tube 

structures covering the deterioration after peak caused by 

local failures such as local buckling or concrete crush hasn't 

been accurately studied yet. 

Various constitutive models of concrete have been 

proposed to accurately define the pre-peak and post-peak 

behaviors of concrete filled stee1 tube struc加res1
)-6).

Popovics (1973) primarily proposed the constitutive model 

* 空間システム専攻博士後期課程

** 空間システム専攻修士課程

*キ*都市・建築学部門

of confined concrete， which wぉ modifiedby Mander et al. 1)， 

2). (1988). Sakino & Sun3，4) proposed the empirical formula 

for computing the constitutive relationship of confined 

concrete respectively in various sectional steel tubes (2004)， 
and homogenous model has been proposed by Usami et al.S

)， 

6) (1998). Experimental researches were also conducted on 

cyclic behavior of concrete filled steel tube beam-

01umns7)-1l) 

The aim of this study is to veri命 accuracyof material 

models to predict the global behavior of concrete filled steel 

tubes by adopting fiber model analysis method. Therefore， 

cyclic behavior of circular and square sectional CFT 

specimens are compared between test results and analytical 

results based on the circular CFT tests conducted by A. 

Elremaily et a1.7
) and Y. Xiao et a1.8

¥ and square CFT tests 

conducted by A. Varma et al. 9)， JめandE. Inai et al.ll
). 

2. CONSTITUTIVE MODEL OF MATERIALS 

2.1 Steel tube 

In order to simulate the local buckling and stiffness 

degradation of steel tube， Ohi & Akiyama's stress-strain 



model as shown in Fig. 1 is adopted for both circular and 

square sectional steel tubes. 

Where， Es is Young's modulus of steel;σy is the yield 

stress of steel materials; Rini is the ‘R' for the first M&P 

(Mengotto & Pinぬ)12)curve of the skeleton curve which 

value has been confirmed as 10.0;σ~ is the ultimate stress of 

steel materials; Ru is the ‘R' for the second M&P curve of 

the skeleton curve;ヂ isfactor to move the skeleton 

curve;ε1b is strain at local buckling;τib is the rate of 

buckling negative slope to Young's modulus; rspm is rate of 

the post-buckling strength to the buckling strength;τ1b2 is 

rate ofthe post-buckling negative slope to Young's modulus. 

σ』

ε 

tensl0n 

Fig.l Ohi & Akiyama's stress幽 strainmodel of steel tube 

2.2 Confined concrete in Circular CFT 

From previous study on circular CFT structures， it is clear 

that confinement effect of concrete in circular steel tube 

improves both strength and ducti1ity. Therefore， in order to 

study behavior before and after buckling happened 

respectively， the stress-:-strain model is divided into two parts 

which respectively is pre-peak and pos~-peak， and typical 

simplified model of plain concrete and ∞nfined concrete in 

circular tube are shown in Fig. 2. 

crmや1・es事lVesn主主111

Fig. 2 Simplified stress-strain relationship of tbe 
concrete in circular steel tube 

2.2.1 Pre-peak behavior 

The Popovics's model1)， 2) is adopted as the stress-strain 

model of pre-peak part (0三民主fcc， O:=:;εc三εcc)，the formulas 

of constitutive model is shown in Eq.(l)， (2). Young's 

modulus of confined concrete are calculated based on 

reference 13)ωshown in Eq.(3). 

rI &" /ε| 

σc ん X .L~ ~~ìr (1) 
r-1+1 &c/&"∞| 

EC 

Ec -(fcc /ε∞) 
(2) 

Ec = (3.3点 +6.90).1削 Pa) (3) 

Besides， Sakino & Sun's proposa13，4) is adopted to define 

the strength ofthe confined concrete as shown in Eq.(4)， and 

strain co汀espondingto confined strength as shown in Eq.(5)， 

(6). 

σv ，D 
ん=fc(1+1釘×才(7-Z)「 )(4)

.1'" i 1仙， r 1+4.7(K -1) 1 K豆1.5
&__ =O.94r _lIl't)xl0-~x~ / ¥. 

山田 13.4+ 20(K -1) I K> 1.5 (5) 

K=日 αu守4-2)ーl
(6) 

Where， Ec is Young's modulus of confined concrete; D 

and t are diameter and thickness of steel tube， respectively; 

σ'c and εc are stress and strain value of confined concrete in 

pre-peak period， respectively;f'cc and Gcc are peak stress and 

corresponding strain， respectively; Ec is Young's modulus; 

σy is yield s廿ess of steel tube; k is confinement 

coefficient=4.1 (Rich紅 tet al.)14);α~ is normaIized hoop 

stress in circular steel tube at ultimate load=-O.1915
). 

2.2.2 Post-peal五behavior

Researchers3)-6) proposed various empirical equations on 

the post-peak behavior of confined concrete in circular CFT. 

While， given the circular steel tubular provide considerable 

confinement effect on core concrete， the stiffness 

degradation after peak are ignored in analysis program 

which is expressed as horizontal line a武erpeak. 

2.3 Square CFT 

The confinement effect of concrete in rectangular CFT is 

quite different企omcircular CFT， the stress-strain model is 

shown in Fig. 3. Rectangular steel tube rarely improves the 

strength of confined concrete， whi1e it obviously improves 

the degradation stiffness of confined concrete compared 

with plain concrete. 

2.3.1 Pre-peak behavior 

The pre-peak behavior of the confined concrete in square 

CFT is similar to circular CFT as shown. in equation (1)・(3)

which is proposed by Popovics1，勾.The confined strength of 

concrete and strain corresponding to confined strength are 

calculated as Eq. (7)・(9).
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the model of Usami . et a1.5
， 6) is also adopted in analysis 

program to veri今 the accuracy of simplified model 

mentioned above which is shown in Table 1. Where， v is 

poisson ratio of steel which is equal to 0.3. 

(7) ん=九fc
Y

C 

= 1.67 x D'(-O.112) (8) 

(9) ε;c=0.944(1/4)×104 

Where D' is the diameter ofthe circularity which has the 

same area with the square section. 3. COMPARISON BETWEEN TEST & ANALYSIS 

Due to strong confinement effect of core concrete from 

circular steel tube， degradation stiffness a武erpeak is ignored 

in analysis model. Concrete and steel tube models are 

established as in 2.1， 2.2. Test matrix of specimens and 

comparison of moment capacity are shown in Table 2， 3. 

Loading procedure for test and fiber model analysis 16) is 

cyc1ic horizontal loading with constant axial loading as 

shown in Fig.4. Analytical results and tests results7)， 8) of 

hysteresis behavior are compared and shown in Fig.5-7. 
V 

J 
..... 田園孟圃?

D(B)i ! 
L;7今y

3.1 Circular CFT beam columns 
2.3.2 Post-peak behavior 

As shown in Fig. 3， the post-peak model is simplified into 

linear relationship， the degradation modulus τEc of the post-

peak period could be computed by two points ofぴい， εい)

and (αj'cc，ε'cu) as in Eq. (10). Therefore， the coefficients of 

αand ε， cu are required to be defined. 

rEc=人-U∞
Gcu - Gcc 

The simplified post-peak model is calculated based on 

Sakino & Sun proposae，4) as shown in Table 1. Meanwhile， 

(10) 
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Fig. 4 Loading procedure of test and fiber model analysis 

Fig. 3 Simplified stress-strain relationship of the 
concrete in square section steel tube 

Table 1 Parameters for the post-peak behavior of concrete in square CFT 

No Simplified model based on 
degradation Sakino & Sun's proposall6) 

Model ofUsami et a1.4， 5) 
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Table 2 Matrix of the circular sectional CFT specimens 

Specimens 
Geome仕icaIproperties 

Material properties 
Axialload 

References 
NO. 

level 

D/t t (即時 D L(即時 !c (MPa) /y(悶a) P/Po 

CFT-l 51 6.4 326.4 100 0.33 

A. Elremaily & 
CFT・5 51 6.4 326.4 40 0.4 
CFT・6 51 6.4 326.4 70 0.32 A. Azizinamini[7] 
CFT・2 34 9.5 323 

914 
104 

372 
0.2 

CFT-3 34 9.5 323 104 0.4 
CFT-4 34 9.5 323 40 0.42 

Yan Xiao et aI.(8) CI-CFT3 112 3 336 1500 39.1 303 0.47 

1500 1500 CFT-6 1500 

1000 1000 1000 

~画、 500 
込Z 500 ~ 500 

一ー帽。ロ 。 可一回。ヨ -8 ロ

百EEsm a 

-1000ト ，-1 . 巴a

|一-喧ー-Tωests 
-1500 . --1500  

-80 -60 -40 ・20 。20 40 60 80 -80 -60 -40 -20 。20 40 60 80 -80 -60 -40 ・20 0 20 40 60 80 
Deflection (mm) Deflection (mm) Deflection (mm) 

(a) CFT・1び'c=100MPa) (b) CFT・5σ'c=40恥1Pa) (c) CFT・6(f'c=70MPa) 

Fig. 5 Specimens with the width-thickness ratio of 51 

CFT-4 

CI-CFf3 

Table 3 Moment capacity comparison 

、(zAg ・"〆m Moment capacity 
Nameof MeλP 
speclmens 

Test LRFD AnaIysis 
瓜4釦 a :g ロaD 言b 。

(kN.m) (凶.m) (kN.m) 

CFT-l 542.4 283.7 518.2 1.05 T国回3 

CFT-5 450.9 170.5 461.1 0.98 
巳E」-泊。

CFT-6 511.9 254.6 540.9 0.95 

CFT-2 617.0 455.3 653.4 0.94 .400 

CFT-3 663.3 281.7 634.8 1.04 .10 .5 
DriaR。atiof%) 10 

CFT・4 544.7 205.1 626.9 0.87 

Fig. 7 Comparison of moment versus dri抗・ratio
between tests envelop and analysis hysteresis 
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Table 4 Test matri玄withspecimens 

Specimen ι f'c 
Nominal Thickness Test 

P/P。
B/t ratio (mm) length (m) 

CBC-32-80-1O 600 110 32 8.9 1.5 0.1 
CBC・32・80・20 600 110 32 8.9 1.5 0.2 
CBC-48-80-1。660 110 48 6.1 1.5 0.11 
CBC-48-80-20 660 110 48 6.1 1.5 0.22 

SR4・A・4・C 295 35.5-42.4 35 6.0 1.26 0.4 
SR4-A-9-C 295 84.5-94.5 35 6.0 1.26 0.4 
SR4-C聞4-C 276 35.5-42.4 47 4.5 1.26 0.4 
SR4-C-9-C 276 84.5-94.5 47 4.5 1.26 0.4 

Fig. 5-6 shows the comparison of analyticaI and test 

horizontaI 10ad-def1ection curves with different diameter-

thickness ratio and concrete strength. It is observed that 

predicted curves mainly have good agreement with test 

results by using degradation model of steel and no・

degradation model of confined concrete. Besides， moment 

capacity of specimens7) are calculated and compared with 

test and LRFD code results as shown in Table 3. 

As shown in Fig. 7， analytical result of CトCFT3has 

accurate prediction with test results by adopting material 

model as mentioned in 2.1， 2.2. 

3.2 Square CFT 

Square CFT beam-colutnns are analysed and comp訂 ed

with cyclic horizontal loading (constant axial loading) tests 

conducted by Varma， Ricles et a1.9
)， 10) and E. Inai et al.l1

). 

Different material models of steel (no degradation in Fig. 

8(a); Ohi &Akiyama's model with local buckling and 

degradation in Fig. 8 (b・d)，Fig. 9・11);concrete (no 

degradation in Fig. 8-11 (b); model based on Sakino & 

Sun's proposal in Fig. 8(d)， 9・l1(a);model based on the 

proposal of U sami et al. in Fig. 8(の， 9・11(の)are adopted 

in analysis program to veri今thesimulation accuracy of 

each model. 

Test matrix of specimens is shown in Table 4， and 

comparison results of horizontal loading versus 

displacement hysteresis curves are respectively shown in 

Fig. 8~12. 

Authors 

Vanna， R.icles 
et a1.9， 10) 

E. Inai et a1.111 
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Fig. 8 Comparison of the horizontalload-displacement responses the CBC・32・80-20
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Fig. 11 Comparison ofthe horizontalload-displacement responses CBC-48-80・20

As shown in Fig. 8 (a)， it is observed that ignoring the According to由ecomp訂 isonresults in Fig. 8-10， 
material degradation of steel mainly lead ωoverestimation concrete models based on Sakino & Sun's proposal and 

of hysteresis area and gradient in post-peak region. As proposal of Usami et al. have nearly ωcurate predictions， 
shown in Fig. 8・11(b) Ignoring of the concrete material while when the width-thickness ratio becomes larger and 

degradation will only reduce the gradient in post-peak axial load level keeps high， the former model has more 
region， which results in the overestimate ofmember's after accurate results as shown in Fig. 10. Specimens11) are only 

peak behavior. Therefore， post-peak degradations of steel analysed by using simplified model based on Sakino & 

and concrete as shown in Fig. 1・3are essential to be Sun's proposal and Ohi &Akiyama's model of steel with 

considered， and concrete model based on the proposals of local buckling and degradation as shown in Fig. 12. 

Sakino and Sun's proposal and model ofUsami et al. have In Fig. 12ラ theanalytical results have acceptable 

better agreement with te坑 results. underestimate compared with test curves， and analytical 
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Fig. 12 Hysteresis comparison of test and analytical results 

CBC・32-80・20 CBC-32・&0-20

results can accurately simulate the stiffness of p印刷peak

and post-peak periods. Besides， the moment capaci句 of

prediction values and test values are SR4A4C 

(Mua=166.83kNm， Mー=187kNm);SR4A9C (Mua=213kNm， 

Mue=225kNm); SR4C4C (Mua=128kNm， Mue=151kNm); 

SR4C9C (Mua=172kNm， Mue=202kNm); respectively. The 

corresponding ratio between test and analytical results 

(MueIMua) are 1.12， 1.06， 1.18， 1.17. It indicates that 

analysis program in this comparison is creditable and 

stable to simulate square CFT structures. 

3.3 Degradation modulus (τEc) 

Post-peak degradation of represents the behavior after 

CFT structures happening local buckling， which also 

express the ductility performance after structure achieving 
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(Ohi &Akiyamaラsmodel of steel with local buckling & 

degradation; various degradation models of concrete)， and 

connecting them together to form descending curve after 

peak as presented in Fig. 13-15. 

From Fig. 13・15，it is observed that ignoring 

degradation of concrete always overestimate the post-peak 

behavior of square CFT members. The other two Models 

with considering the degradation of concrete exhibit 

homogenous results and are relatively accurate to simulate 

post-peak behavior of square CFT. 
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Thus， the post-peak gradient of出esetwo modelsω0.74・0万(ろ: 200・600)). Besides， considering the 
shown in Table 1 are calculated and compared based on comparisons between analysis and tests， simplified model 
由eparameters of cylinder strength of concrete び'c)，the based on Sakino & Sun's proposal exhibits more accurate 
yield strength of steel (ろ)and the width-thickness ratio of predictions on degradation gradient than model based on 
steel旬bes(B/t). Comparison results are shown in Fig. 16. the proposal of Usami et al.， because the later one will 
As shown in Fig. 16， the ∞mp訂 isonsindicate白atwhen 'show too conservative resu]ts when parameters change. 

the concrete s仕engthor width-thickness ratio become 
smaller， the above two models would exhibit better 
agreement on degradation modulus when the yield strength 
of steel becomes larger， the degradation modulus of above 
two models basically kept the same ratio， (ratio of rEc 
between Sakino & Sun's model and model of Usami at al. 
chang回 0.52・0.7(B/t: 100-30); 0.54心.74ぴ"c:100-20); 

4. CONCLUSIONS 

An analytical ∞mparison of circular and square CFT 
beain-colurnns under cyclic loadings (constant axial 
loadings， cyclic horizontal loadings) between FEM 
simulation and test is conducted to veriかtheprediction 
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accuracy of different material models. Conclusions based 

on analytical investigation can be summarized as follows. 

1. The fiber model analysis adopted in this study is 

accurate and reliable to simulate CFT beam-columns and 

other homogenous structures， according to the global 

performances of analytical results. 

2. Based on the comparison results of circular CFT 

beam-columns， confined concrete exhibits high level 

confinement by circular steel tube， the comparison results 

have good agreement by ignoring the strength degradation 

of concrete after peak. 

3. Since the behavior of confined concrete in square 

steel tube is improved not as much as circular CFT， the 

stiffness degradation should not be ignored. Otherwise， the 

post-peak behavior will be overestimated according to the 

prediction results. 

4. For the post-peak model of confined concrete in 

square CFT， Simplified models based on different 

proposals have different analytical results. Analytical 

results by adopting simplified model indicate that Sakino 

& Sun's proposal can accurately predict the behavior of 

confined concrete in square CFT， while the proposal of 

U sami et al may generate underestimation of the post-peak 

behavior of confined concrete in square CFT. 
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