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Abstract.    The concrete-filled steel tube (CFT) columns have several benefits of high load-bearing capacity, 
inherent ductility and toughness because of the confinement effect of the steel tube on concrete and the 
restraining effect of the concrete on local buckling of steel tube. However, the experimental research into the 
behavior of square CFT columns consisting of high-strength steel and high-strength concrete is limited. Six 
full scale CFT specimens were tested under flexural moment. The CFT columns consisted of high-strength 
steel tubes (fy = 325 MPa, 555 MPa, 900 MPa) and high-strength concrete (fck = 80 MPa and 120 MPa). The 
ultimate capacity of high strength square CFT columns was compared with AISC-LRFD design code. Also, 
this study was focused on investigating the effect of high-strength materials on the structural behavior and 
the mathematical models of the steel tube and concrete. Nonlinear fiber element analyses were conducted 
based on the material model considering the cyclic bending behavior of high-strength CFT members. The 
results obtained from the numerical analyses were compared with the experimental results. It was found that 
the numerical analysis results agree well with the experimental results. 
 

Keywords:  concrete-filled steel tube; high-strength steel; high-strength concrete; experimental research; 
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1. Introduction 
 

A large section is required for normal-strength column members when both high-axial force 
and bending moment are applied in high-rise buildings. However, section reduction is an important 
issue in the structural system in terms of the serviceability performance of structures. To acquire 
the lease area based on section reduction and to maximize the efficiency of the floor plan area, 
high-strength steel and concrete were considered for a construction project. 

The concrete-filled tube structure (CFT) member is an excellent composite member in terms of 
the structural, constructional, and fire-resistant aspects. Therefore, this study aimed to examine the 
structural characteristics of high-strength CFT members consisting of high-strength steel and 
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concrete. 
There have been many studies on high-strength CFT members. Uy and Mursi (2001a, 2001b, 

2004) investigated axial and flexural test and analytical results with high strength steel tubes (750 
MPa yield strength) and 20~32 MPa compressive strength concrete. Varma et al. (2002, 2004) 
proposed a structural-performance test and numerical analysis method for CFT beam-column 
members consisting of 110 MPa concrete and 269~660 MPa steel tubes. Liu and Gho (2003, 2005) 
estimated the axial behavior by conducting a compressive test of CFT columns made with 55~105 
MPa-compressive-strength concrete and steel tubes with 300, 495, and 550 MPa yield strength, 
while comparing them to the current design code. Fujimoto et al. (2004) performed experimental 
studies on CFT members subjected to eccentric loading consisting of concrete with 25~80 MPa 
compressive strengths, and steel tubes with 262~834 MPa yield strength. They also proposed 
analytical models considering local buckling and confinement effect of steel tube, and made a 
comparison between experiments and analyses. Mursi and Uy (2006a, 2006b) conducted the 
analytical and experimental investigation of the behavior of hollow and CFT columns with high 
strength steel tubes (690 MPa yield strength) under biaxial loading. They also made a comparison 
between the test results and the results obtained from the existing codes and suggested a design 
approach. Choi et al. (2008) proposed the P-M interaction diagram of CFT members with 50~110 
MPa compressive-strength concrete and steel tubes with 262~834 MPa yield strength. Han et al. 
(2003) tested and established a mechanical model for the CFTs using conventional strength 
materials with compressive strength fck between 20 and 60 MPa and yield stress fy between 300 and 
340 MPa. However, only few studies have focused on the structural performance of CFT members 
with high-strength materials or those with over 80 MPa-compressive strength concrete and over 
650 MPa yield strength steel tubes. 

Therefore, this study aimed at estimating the structural behavior of high-strength square CFT 
columns. Firstly, flexural tests of CFT were conducted with 80 MPa and 120 MPa concrete 
compressive strengths and of SM490, HSB600, and HSA800 steel (800 MPa class high tensile 
strength steel plate for buildings). Secondly, a nonlinear fiber element analysis method was 
proposed. To verify the proposed fiber element analysis method, the result of the fiber element 
analyses and the test results were compared. 
 
 
2. Flexural tests 

 
 

Table 1 Welding conditions for specimens 

Welding condition 
Type of steel 

SM490 HSB600 HSA800 

Welding method FCAW FCAW FCAW 

Welding rod E71T-1 E81T-Ni1 E115T5-K4M 

Shielding flux gas CO2 CO2 
CO2(20%)+ 

Ar(80%) 

Heat/temperature between passes (C) 10-250 75-250 75-250 

Welding current (A) 380-400 280-300 260-280 

Welding speed (cm/min) 30-45 30-45 30-45 

Heat treatment after welding (C/hr) 590-650 590-650 590-650 
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2.1 Flexural specimens and parameters 
 
Fig. 1 shows the details and dimensioned of the tested high strength CFT members. The 

specimen was a boxed sectional member made with 4-seam welded 20 mm thick steel plates. The 
top and bottom of the specimen were welded at the end plate to connect to the loading block. 
Welding conditions for specimens based on types of steels are shown in Table 1. The dimensions 
were □-400 × 400 × 20 mm3, and the testing length (L) for specimen was 960 mm as shown in Fig. 
1. A 100-mm-diameter hole was chosen so that concrete fill, with 13mm aggregate, could be 
placed and adequately compacted using external vibrator, when the specimens were standing 
vertically. And a 26-mm-diameter air hole was installed for checking of concrete compactness by 
examining the concrete released through the air hole. 

All specimens were cast from the same batch of concrete and cured by covering it with a vinyl 
cap until the time of testing. The test specimens were listed in Table 2 to investigate bending 
behaviour of CFT by using high strength steel tubes and concrete. Variables parameters were 
concrete compressive strength (80 MPa and 120 MPa) and steel yield strength (325 MPa, 555 MPa 
and 900 MPa). 

 
 

 
Fig. 1 Specimen and details 
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The basic material properties observed for each CFT steel tube are listed in Table 3. The values 
of the material properties are the average of three steel coupon tensile tests. The dimensions of all 
the tension coupons are illustrated in Fig. 2. In the conducted test for HSB600 and HSA800, there 
was no apparent yield plateau in the stress-strain relations of steel plates. The yield stress was 
determined as stress corresponding to offset strain 0.2%. The maximum failure load, yield strains 
and yield stress in tension can be obtained from the test results by plotting the stress-strain diagram 
as shown in Fig. 3. The concrete mix was designed to achieve specified 28 day strength of 80 MPa 
and 120 MPa, a maximum aggregate size of 13 mm and 600 mm slump flow. 

The concrete cylinders were tested at 3, 7, and 28 days after casting so that strengths were 
available at the time the flexural tests were done. The average concrete compressive strength can 
be obtained from Table 4. The average cube strength of the concrete was 82.5 MPa and 119.7 MPa 
for specimens at the time of the flexural test. The concrete material properties were determined by 
conducting uni-axial compression tests on three concrete cylinders (Φ100 × 200 mm2). 

 
 
Table 2 Specimens 

Specimen 
Parameter 

Yield Strength of Steel Tube (MPa) Compressive Strength of Concrete (MPa)

C_490_80 
325 (SM490) 

82.5 

C_490_120 119.7 

C_600_80 
555 (HSB600) 

82.5 

C_600_120 119.7 

C_800_80 
901 (HSA800) 

82.5 

C_800_120 119.7 
 
 
 
Table 3 Mechanical properties of steel 

Steel Yield stress (MPa) Tensile strength (MPa) Yield ratio Elongation (%) 

SM490 325 518 0.62 29 

HSB600 555 669 0.83 19 

HSA800 901 965 0.93 12 
 
 
 

 
Fig. 2 Dimensions of a tensile coupon 
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(a) 

(b) 

 
(c) 

Fig. 4 Test set-up and locations of measurement: (a) Test set-up; (b) installation of displacement 
measurement; and (c) locations of strain gages 
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Table 5 Initial stiffness 

Specimen 
Parameter 

AISC-LRFD (kNm, × 100) Test result (kNm, × 100) Test result/theory 

C_490_80 3350 2817.5 0.84 

C_490_120 3535 2923.7 0.83 

C_600_80 3350 2627.7 0.78 

C_600_120 3535 3036.6 0.86 

C_800_80 3350 2673.3 0.80 

C_800_120 3535 3191.0 0.90 

 
 
 

The predicted results from Eqs. (3)~(6) are compared with the current experimental results in 
Table 5. Results in this table clearly show that for CFTs with high-strength material, Eq. (3) gives 
the initial section stiffness about 10~22% higher than those of the tests. The AISC expression 
overestimates the stiffness for flexural tests. This is because the flexural CFT members have 
relatively little high-strength concrete in compression. 

 
2.3.4 Ultimate load-carrying capacity 
The ultimate load-carrying capacity is defined as the peak moment in test. Table 6 shows the 

maximum moments and rotation at the maximum moments of the specimens. The maximum 
moments obtained from the failure mode of local buckling were evaluated for this study since 
weld fracture was an undesirable and unpredictable failure. 

For HSB600, the maximum moment of the specimen whose concrete compressive strength was 
 
 
 
Table 6 Comparison of results 

Specimen 
Test results 

AISC-LRFD 
(kNm) 

Analysis Results (kNm) 
Max. moment 

(kNm) 
Rotation at max. 
moment (rad.%) ALT1 ALT2 ALT3 ALT4

C_490_80 2114* 2.25* 1593 1852 1877 1844 1844 

C_490_120 2445 6.00 1631 2342 2353 2281 2240 

C_600_80 3617 3.57 2672 3231 3235 3157 3157 

C_600_120 3706 4.53 2737 3254 3317 3167 3167 

C_800_80 4497* 2.92* 4210 4488 4549 4496 4493 

C_800_120 4362* 2.33* 4300 4571 4631 4527 4526 

Note 1) *: Moment at Weld Fracture 
Note 2) AISC2005: Use test data for Material Properties 
Note 3) ALT1 (Nakahara), ALT2 (Steel Tube: Chung + Concrete: Liang), ALT3 (Liu), ALT4 (Steel Tube: 

Nakahara + Concrete: Liu) 
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120 MPa was slightly higher by 2% than that of the specimen whose concrete compressive 
strength was 80 MPa, as shown in Fig. 8. This is because high-strength concrete has negligible 
contribution to the strength of flexural composite members. 

The comparison of SM490 and HSB600 steel with concrete compressive strength of 120 MPa 
showed that the maximum moment of the C_600_120 specimen was higher by at least about 52% 
than that of the C_490_120 specimen. Moreover, the rotation corresponding to the maximum 
moment on the C_490_120 specimen was higher by at least about 25% than that of the C_160_120 
specimen. This is because the lower the strength of the steel tube is, the larger the strain at the 
local buckling occurrence on the steel tube. This indicates an identical tendency as the result of the 
local-buckling test on the square steel tube performed by Yamada et al. (1993). 

The ultimate load-carrying capacity is calculated by AISC-LRFD code provision (Leon and 
Hajjar 2008) as follows 

   
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                (7) 

where,  b: width of steel tube 
 t: thickness of steel tube 
 Ac: area of inner concrete 
 Zs: full plastic section modulus of steel tube 
 fy: yield strength of steel tube 
 fck: compressive strength of concrete 

 
AISC was used the plastic stress distribution methods for predicting the resistance of CFT 

members subjected to bending and axial load. Here, fy is the yield strength of steel tube and fck is 
the compressive strength of concrete. While the current code provision was not developed for 
high-strength CFT beam-columns, the experiment value also exceeded by more than 26%, 
compared to AISC-LRFD provision as shown in Table 6. The experimental data are employed to 
calibrate the design code. 

 
2.3.5 Strain distribution in section 
In each of Fig. 9, for the 6 specimens the distribution of strain across the depth of the section is 

shown for four different levels of moment. The measured strains vary considerably from the best 
fit straight lines. In C_490_120 specimen, top strains vary from about 626 to 5,673 μm. Bottom 
strains are very large varying from 910 about to 13,671 μm. The larger bottom strains occur, of 
course, because more of the steel must be in tension to balance the compressive force in the 
concrete. However, In C_600_80 specimen, top strains vary from about 848 to 14,685 μm. Bottom 
strains are slightly large varying from 918 about to 15,491 μm. For top and bottom flanges 
respectively, the maximum strains reached are about the same in tension and compression. This is 
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(a) 
 

(b) 

Fig. 10 Section and axial division: (a) sectional division; and (b) axial division 

 
 
 

3.2 Stress-strain modeling 
 
3.2.1 Steel tube 

The tensile stress-strain relation shown in Fig. 3 was modeled by the material tensile test, and the 
stress-strain relation on the compressive side was modeled using different models proposed by 
past researchers for the local buckling of the square CFT member under compressive load: 
 

(1) Chung et al. (2007) proposed a local buckling model for a steel tube considering the effect 
of the concrete on the CFT member based on a local buckling model of a steel tube under 
compression proposed by Yamada et al. (1993). 
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(2) Nakahara et al. (1998) proposed a model consisting of three zones: first, the strength 
degradation due to buckling within the elastic limit; second, considering the deterioration after 
reaching the yielding; and third considering the strain hardening corresponding to the width-
thickness ratio (B/t) of the steel tube under the compression. 
(3) Liu (2006) proposed an elastic-perfectly plastic model for steel tube. 
 
The stress-strain relations on the compressive side obtained from the above three models, 

considering the strength and the width-thickness ratio of steel tube for specimen, are shown in Fig. 
11. 

For conventional 490 MPa rolled steel plate/sheet (SM490) for construction, the local buckling 
models proposed by Nakahara (1998) and Liu (2006) showed the stress-strain curve to be almost 
identical as compared with the model of Chung (2007). For HSA800 steel, the models proposed by 
Nakahara (1998) and Chung (2007) were more similar to each other than to the model proposed by 

 
 
 

(a) SM490 
 

(b) HSA800 

Fig. 11 Stress-strain relationships in compression for steel tubes 
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Liu (2006). Meanwhile, when high-strength steel was used under the same width-thickness ratio, 
the models of Nakahara (1998) and Chung (2007) indicate that local buckling occurs early. 

 
3.2.2 Concrete 
The stress-strain relation used to model the concrete of the square CFT members considered the 

confinement effect of the steel tube and the strength of concrete proposed by past researchers: 

 
(1) Nakahara et al. (1998) proposed a model in which the compressive strain simply increased 
at the maximum compressive stress without increasing the concrete strength for the 
confinement effect of the square CFT member. The stress-strain relation is expressed as a 
parabola, which consists of the nonlinear-increasing zone and nonlinear-decreasing zone after 
reaching maximum stress. The scale effect in the compressive strength of concrete reflected the 
equation obtained from the test results conducted by Blank and McNamara (1935). It was 
assumed that the steel tube would have no confinement effect on concrete because in elastic, 
the Poisson’s ratio of concrete is smaller than that of the steel tube. 
(2) Liu’s (2006) model consists of three zones: the rising zone, the maximum compressive 
stress zone, and the falling zone. The rising zone is the linear zone where the elastic modulus is 
multiplied by strain. The maximum compressive stress zone reflects the confinement effect of 
the steel tube to express the increase in maximum compressive strength and strain. The falling 
zone is nonlinear. The model considered no confinement effect of the steel tube on concrete in 
the rising zone. 
(3) Liang et al. (2006, 2009) also divided their model into three zones: the rising zone, which is 
the nonlinear zone proposed by Mander et al. (1988); the maximum compressive-stress zone, 
which reflects the increase in the strain due to the confinement effect of the steel tube; and the 
linear falling zone. 

 
The stress-strain relation using the above three models and taking into account the confinement 

effect of the steel tube and the strength of concrete is shown in Fig. 12. Compared to the other 
models, Liang’s (2006) model shows a very similar pattern regardless of the strength of steel tube 
and concrete because the width-thickness ratio of the steel tube was 20, which is small. Compared 
to the other models, Liu’s (2006) model produced conservative results for concrete strength 
variation when the strain ratio was large due to the confinement effect. Liu (2006) also showed 
that the confinement effect increased when steel strength increased from SM490 to HSA800. Such 
a tendency clearly manifests when the compressive strength of concrete is at 80 MPa rather than at 
120 MPa. The scale effect considered by Nakahara (1998) becomes larger as the strength of the 
materials becomes lower. The proposed model, which considered such a tendency, showed the 
lowest maximum stress compared to the other models. 

 
3.3 Comparison of the analytical and test results 

 
Fig. 13 and Table 3 show the results of the comparison of the analytical results described in 3.1 

and the test results. In addition, the effective initial stiffness and load-capacity using AISC-LRFD 
current code was shown in elastic-perfect plastic model. 

For the SM490 and HSB600 steel, the test and analysis results of the initial stiffness were 
almost identical regardless of the strength of the steel tube or concrete. For the rotation after 
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(a) Concrete: fck = 82.5 and steel: SM490 (b) Concrete: fck = 82.5 and steel: HSA800 

(c) Concrete: fck = 119.7 and steel: SM490 (d) Concrete: fck = 119.7 and steel: HSA800 

Fig. 12 Comparison of stress-strain relationships for concrete 
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Fig. 13 Continued 

(c) C-600-80 (d) C-600-120 
  

(e) C-800-80 (f) C-800-120 

Fig. 13 Comparison of analytical and experimental results 

 
 
yielding, the analysis value was about -6~15% of the test value at the maximum moment. For the 
HSA800 steel, the numerical analysis using the material model proposed by past researchers on 
the initial stiffness and yielding moment revealed almost identical results to that of the test. 

The numerical analysis based on the material model proposed by the past researchers showed a 
minimal difference from the result of the test in terms of the initial stiffness and moment. This is 
because the influence of concrete strength in flexural behavior of high-strength CFT members was 
negligible. Fig. 6 shows strain distributions across the depth of the steel tubes at maximum 
moment. The maximum compressive strains reached are relatively small, approximately 5,000~ 
30,000 μm. 

And then, before the compressive stress-strain curves of the steel using different models are 
significantly different, the tests are reached up peak moment. On the other hand, ALT4 (Steel = 
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Nakahara’s model and concrete = Liu’s model) clearly exhibited strength degradation due to the 
local buckling. 

 
 
 
4. Conclusions 

 
This paper mainly deals with the static behaviour of square CFT members with high-strength 

materials. Based on the investigations above, it can be concluded that the structural behaviour can 
be conservatively predicted from the design provisions in the current AISC-LRFD code, the details 
is as shown following. Also, the fiber element analyses were conducted based on the material 
model considering the cyclic bending behavior of high-strength CFT members, which used high-
strength steel tubes (SM490, HSB600, and HSA800, which is under development) and high-
strength concrete (fck = 80~120 MPa). The results obtained from comparing the numerical analyses 
and test results are as follows: 

 
(1) The failure mode for specimens was the local buckling on the flange at a distance that is 
half the width of the steel tube away from the loading points. This failure mode is also the 
common failure mode for normal-strength CFT members. However, specimens for HSA800 
steel tubes were welding fracture of connection between endplate and steel tube. Further 
research is currently being conducted on welding method for high strength steel. 
(2) Test results showed that the difference in the initial stiffness was negligible regardless of 
strength of steel and concrete. Comparisons are made with the flexural stiffness using the 
existing AISC-LRFD codes for square CFT members. The equation (3) gives the initial section 
stiffness about 10~22% higher than that of the tests. 
(3) The standard is conservative in their prediction of the maximum load-carrying capacity 
regardless of high strength material. That is, the current AISC-LRFD design formula was 
verified, and proved to be reasonable and could be used in practice. 
(4) There was almost no difference in initial stiffness and moment for fiber element analytical 
results obtained from material model proposed by past researchers (Nakahara (1998), Chung 
(2007), Liang (2006), Liu (2006), etc.). Among the material models proposed by past 
researchers, the results obtained from the proposed models by Nakahara (1998) and Liu (2006), 
steel tube model proposed by Nakahara and concrete model proposed by Liu, were the most 
similar to the experimental results. 
(5) Comparison of the experimental and analytical results showed that the analysis value 
corresponding to the rotation of the maximum moment was estimated at about -6~15% of the 
test value. The initial stiffness from the analytical result was almost identical to the test result. 
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