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Abstract — This paper presents the analysis of calculation methods on the bearing capacity of composite-sectioned square concrete-
filled steel tube (CSS-CFST) columns under axial compression. Comparison between the calculation results and measured data was
conducted with 27 CSS-CFST stub column specimens. The average value or standard deviation of the calculation and tested axial
ultimate strength were found overestimated or underestimated. Based on the ABAQUS software, the nonlinear finite element
model of CSS-CFST columns was established, and the nonlinear model was validated by experimental results. A revised simplified
method for the axial ultimate strength of CSS-CFST columns was proposed herein, according to the axial mechanical behavior
analysis by the validated nonlinear FEA model. A good agreement was found between the predicted results and measured data,
which could be referred in the further research on the mechanical behavior of the CSS-CFST columns or for the application in
constructions.
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resist most of the axial load, improve the residual strength
[ INTRODUCTION of composite columns and prevent structures from local or
Following with the fast development of economy progressive collapse.

and society, concrete-filled steel tube structure was more
and more used in super high-rise buildings, and the safety
requirement of structures was accordingly getting higher.
Questions, such as, high diameter-thickness, high shrinkage
of large volume concrete, safety requirement when outside
steel tube suffered terror attack, fire or accident impact etc,
could be well solved when the normal CFST column was (a) Square section (b) Hollow section  (a) Circular section
replaced by the composite-sectioned concrete-filled steel
tube (CS-CFST) columns [1]. Section types of composite-
sectioned columns were illustrated in Fig. (1). Performance There has been lots of research on the axial mechanical
of composite-sectioned square concretq—ﬁlled steel tube behaviour of CS-CFST columns. Zhang Chunmei et al [2,
(CSS_.CFST) columr}s reinforced by circular steel tube 3] conducted analysis of the effective parameters on the
occupies characteristics of both square CFST columns and axial ultimate strength of composite-sectioned circular

gtllrgf}rll leasrs C(ljg(;l" ccfr(l)fliljllgrlrllse’nt fgt{feixiﬁlg lz;c;lliligt Esggllﬁg CFST columns reinforced by circular steel tube, and in the
etc Sev’ergl advantages of using CS-CFST columns coulg pPUIpose of gxcellent composite effect of CFST.columns, a
1 ) b lained g S G g d f o ¢ diameter ratio of 0.7~0.8 was suggested for the internal and
also be explamned as. (1) Good confinement effect o external circular steel tube. Ref. [4~10] carried out series of
glrcular steel tubg to core concrete c_oulc.l play full role to experimental test on the axial performance of CS-CFST
improve the bearing capacity and seismic performance of columns, among which CSS-CEST columns reinforced by

supporting columns, where the axial 1oad was very high or circular steel tube (as shown in Fig. (1) (a)) were studied by
the structure column was especially important. (2) [48], in addition, rescarch on hollow CSS-CFST

Corrosion .Of circular steel tube could bel Wen preveqted by reinforced by circular steel tube (as shown in Fig. 1(b))
the fprotectlon of cogcrﬁtq, and thf1 durablhltly, ﬁreh reswt'e:incel were conducted by [9~10]. Zhang Zhiquan and Zhang
performance were both improved, as well as the residua Yufen [11~14] proposed a simplified calculation method on
capacity after the locallbucklmg of the square steel tube the axial ultimate strength of CS-CFST columns using
under g((i)mp ression loadllr(l g (3) When suffelzredbearthqualge unified theory. According to the yield condition of internal
orlacgl denft terrl(f }?ttac etc, 'squa:ire steel t lebmeg' N circular steel tube and limit equilibrium, Chen Jianwei et al
unloaded from high compression due to local buckling, [15] discussed the simplified calculation methods on the
welding crack etc, and the external concrete could also be axial bearing capacity of CSS-CFST columns; however
crashed, whilst internal circular steel tube and concrete can only the confinement effect of internal circul ar’ steel tub é

Figure 1. Section types of CS-CFST columns
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was included, the predicted axial ultimate strength was
conservative. After then Chen et al [16] start to convert the
different concrete strength inside and outside the circular
steel tube, and proposed a revised unified method to predict
the axial ultimate strength of CSS-CFST columns. Wang
Weihua et al [17, 18] conducted nonlinear FE analysis on
the axial ultimate strength of CSS-CFST columns, and a
good agreement was found between the simulation and
measured data.

Research results on the axial ultimate strength of CSS-
CFST columns were summarized in this paper, and
comparison between the simplified calculation methods was
also carried out. The nonlinear FEA model of CSS-CFST
columns was established, and the FEA model was validated
by test results. Based on the analysis results of FE model, a
revised simplified method on the axial ultimate strength of
CSS-CFST columns was proposed.

Forced by the conveying pressure, the solid-plug in the
passageway 13 enters in to a cavity 14. Due to the different
velocity between the rotary part I and II, the plastic resinous
material in the cavity 14, has to suffer the shearing force.
This phase is called the shearing element. In the shearing
element, the plastic resinous material completes further
plastication and homogenization. According to the
Weissenberg effect, the motion direction of the plastic
resinous material is from the periphery of the cavity 14 to
the center, which is similar to the motion of dish extruders.
For further homogenization, the short screw 5 connected to
the rotor 1 by a bolt is disposed in the center. At last, the
plastic resinous material, which has been homogenized
sufficiently, is extruded out through a die 17. We call this
phase the homogenization element, just like the
conventional extrusion process.

II. EXPERIMENTAL INVESTIGATION

Totally, the experimental research on the axial
mechanical behaviour of 27 CSS-CFST columns was
conducted by Pei Wanji and Qian Jiaru et al [5, 7], among
which 1 specimens was normal square CFST column in
contrast. The total dimension of the CSS-CFST columns
was 120 mm and 180 mm, respectively. Parameters of
experimental specimens in detail were listed in Table 1.

II. SIMPLIFIED CALCULATION METHODS

There were several theory for the prediction of the axial
ultimate strength of CS-CFST columns, such as, direct
superposition method, superposition method considering
confinement effect, unified theory and limit equilibrium
theory etc [7~16]. Four calculation methods were extracted
for the prediction of the axial bearing capacity of CSS-
CFST column, which were descript as follows:

Method (1): neither the confinement effect of circular
CFST section nor that of square CFST section was
included, the square and circular steel tube were assumed to
only contribute axial bearing capacity [7, 13], the equation
for prediction the axial bearing capacity of CSS-CFST
columns is as follows:

Nl:Aso‘.f;o-'_Asi.f;i+Aco.fcko+Aci‘fcki (1)
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In which, N; is the predicted axial ultimate strength of
CSS-CFST columns using method (1), fs is yield strength
of square steel tube, fy is yield strength of circular steel
tube, fuo 1s characteristic compressive strength of concrete
outside circular steel tube, fui is characteristic compressive
strength of concrete inside circular steel tube, 4, is area of
square steel tube, A., is area of concrete outside circular
steel tube, Ag; is area of circular steel tube, A is area of
concrete inside circular steel tube.

Method (2): only the confinement effect of circular
section was considered, however, the square steel tube
contributes to the axial bearing capacity. The calculation
equation is as follows:

NZ = ASOf;O + Acof;ko + Na2 (2)

In which, N, is the predicted axial ultimate strength of
CSS-CFST columns using method (2), and N, is the axial
ultimate strength of the circular CFST section with
confinement effect:

N, =1.14+1.028)) f; - A (2a)

Where, & is the confinement effect coefficient of the
circular CFST section, &=fids/(foxidci), fai 1s  the
characteristic compressive strength of concrete inside
circular steel tube, the value of f could be determined as
[19-21].

Method (3): the confinement effect of both circular
CFST section and square CFST section was considered,
whilst, the confinement effect of square CFST section was
the confinement of square steel tube to the concrete outside
the circular steel tube:

N,=N,+N, 3)

In which, s is the predicted axial ultimate strength of
CSS-CFST columns using method (3), and N, is the same
as in method (e), N, is the axial ultimate strength of the
square CFST section with confinement effect:

N, =(1.18+0.858)- fy, - A,

SCO

(32)

Where, & is the confinement effect coefficient of the
square CFST section, & =fodso/(fkodco), feko 1S the
characteristic compressive strength of concrete outside
circular steel tube, the value of fi, could be determined as
[19-21].

Method (4): the confinement effective coefficients of
square and circular CFST section were converted into the
coefficient of equivalent composite confinement effect:

N, =0212+a-& +B-E)-A-f, 4)

In which, Ns is the predicted axial ultimate strength of
CSS-CFST columns using method (4), 4 is the total area of
composite section, [14 is the coefficient of equivalent
composite confinement effect, &—=(kodsofsotkidsifsi)/(Acfec),
ko, and ki were the calculation coefficient for external and
internal steel tubes, respectively, and the value was
determined in Ref. [12~14], « and g were parameters for
the contribution of steel and concrete, respectively:

f _ Aafc"o + ACJ(L
“ Acu + Aci

(42)
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c— quﬁo + Ax_if;i (4b)
ASD + Asi

a=0.1759£/235+0.974 (4c)

B =-0.1038 fic/ 20 + 0.0309 (4d)

The predicted axial ultimate strength of CSS-CFST
columns using method (1~4) was listed in Table 2, as well
as the measured results of the test specimens. Due to the
advantage of confinement effect of steel tube to concrete,

the predicted axial ultimate strength of CSS-CFST columns
of method (1)~(3) increase in proper order. However, the
real axial bearing capacity of square steel tube was less than
the product of the area of square steel tube (4s) and its
yield strength (f;,), because when the width-thickness ratio
of square steel tube was high, local buckling would occur
before the external steel tube yield, reducing the axial
bearing capacity of the square steel tube. For all that, most

TABLE 1 PARAMETERS SUMMARY OF CSS-CFST TEST SPECIMENS

Bixt DXty L ffw [ Seur Sz
No. Ref.
/mm /mm /mm /MPa /MPa /MPa /MPa
1 120%2.60 - 360 407.5 - 35.2 35.2 Ref.5
2 120%2.60 58.5x1.4 360 407.5 352.5 35.2 35.2 Ref.5
3 120%2.60 74%0.9 360 407.5 680 35.2 35.2 Ref.5
4 120%2.60 83%0.9 360 407.5 597 35.2 35.2 Ref.5
5 180%3.62 89x2.6 600 348 314 105.7 87.5 Ref.7
6 180%3.62 89x3.32 600 348 324 105.7 87.5 Ref.7
7 180x3.62 114x4.56 600 348 322 105.7 87.5 Ref.7
8 180x3.62 140%2.84 600 348 345 105.7 87.5 Ref.7
9 180x5.4 89x2.6 600 338 314 105.7 87.5 Ret.7
10 180x5.4 89x3.32 600 338 324 105.7 87.5 Ret.7
11 180%5.4 114x3.35 600 338 328 105.7 87.5 Ret.7
12 180%5.4 114x4.56 600 338 322 105.7 87.5 Ret.7
13 180%5.4 140%2.84 600 338 345 105.7 87.5 Ret.7
14 180%5.4 140%3.97 600 338 308 105.7 87.5 Ref.7
15 180%3.62 89x2.6 600 348 314 87.5 105.7 Ref.7
16 180%3.62 114x3.35 600 348 328 87.5 105.7 Ref.7
17 180%5.4 89x2.6 600 338 314 87.5 105.7 Ref.7
18 180%5.4 114x3.35 600 338 328 87.5 105.7 Ref.7
19 180%5.4 140%3.97 600 338 308 87.5 105.7 Ref.7
20 180x5.4 89x3.32 600 338 324 87.5 105.7 Ref.7
21 180%3.62 89x2.6 600 348 314 87.5 87.5 Ref.7
22 180x3.62 114x3 .35 600 348 328 87.5 87.5 Ref.7
23 180%3.62 140x3.97 600 348 308 87.5 87.5 Ref.7
24 180%5.40 89x2.60 600 338 314 87.5 87.5 Ref.7
25 180%5.40 114x3.35 600 338 328 87.5 87.5 Ref.7
26 180%5.40 140%3.97 600 338 308 87.5 87.5 Ref.7
27 180x5.40 89x3.32 600 338 324 87.5 87.5 Ref.7

DOI 10.5013/1JSSST.a.17.38.06

6.3

ISSN: 1473-804x online, 1473-8031 print




WEIHUA WANG et al: AXIAL BEARING CAPACITY OF COMPOSITE-SECTIONED SQUARE CONCRETE .. ..

TABLE 2 AXIAL BEARING CAPACITY COMPARISON OF THE CSS-CFST SPECIMENS BETWEEN THE PREDICTED AND MEASURED

RESULTS
Test Method (1) Method (2) Method (3) Method (4) Method (5)

e Nue/KN Ni/KN Ni/Nue No/KN Na/Nue N3/KN N3/Nue No/KN Na/Nue Ns/KN Ns/Nue
1 880 804 0.913 804 0.913 858 0.975 873 0.994 858 0.975
2 980 886 0.904 912 0.931 965 0.984 887 0.905 939 0.958
3 1040 939 0.903 968 0.931 1023 0.984 939 0.903 983 0.945
4 1080 937 0.867 969 0.897 1027 0.951 937 0.868 983 0.911
5 3643 3249 0.892 3380 0.928 3883 1.066 3381 0.928 3778 1.037
6 3583 3305 0.923 3470 0.969 3972 1.109 3452 0.963 3855 1.076
7 3820 3421 0.896 3710 0.971 4174 1.093 3693 0.967 3975 1.040
8 3940 3284 0.834 3539 0.898 3967 1.007 3644 0.925 3733 0.948
9 3865 3528 0.913 3659 0.947 4294 1.111 3676 0.951 4190 1.084
10 3947 3584 0.908 3749 0.950 4384 1.111 3743 0.948 4266 1.081
11 4045 3602 0.890 3820 0.944 4440 1.098 3862 0.955 4266 1.055
12 4121 3699 0.898 3989 0.968 4608 1.118 3978 0.965 4409 1.070
13 4251 3563 0.838 3818 0.898 4453 1.048 3948 0.929 4220 0.993
14 4258 3634 0.853 3949 0.927 4585 1.077 4040 0.949 4332 1.017
15 3355 2987 0.890 3141 0.936 3538 1.054 4162 1.241 3418 1.019
16 3686 3170 0.860 3426 0.930 3795 1.030 4340 1.177 3596 0.976
17 3814 3285 0.861 3439 0.902 3951 1.036 4550 1.193 3832 1.005
18 4043 3468 0.858 3724 0.921 4232 1.047 4703 1.163 4032 0.997
19 4428 3643 0.823 4015 0.907 4552 1.028 4795 1.083 4260 0.962

20 3855 3338 0.866 3529 0.915 4041 1.048 4640 1.204 3908 1.014
21 3198 2906 0.909 3038 0.950 3435 1.074 3527 1.103 3330 1.041
22 3415 3038 0.890 3257 0.954 3626 1.062 3714 1.088 3452 1.011
23 4120 3146 0.764 3461 0.840 3808 0.924 3866 0.938 3554 0.863
24 4021 3204 0.797 3335 0.829 3848 0.957 3868 0.962 3744 0.931
25 4165 3336 0.801 3555 0.853 4062 0.975 4043 0.971 3888 0.934
26 4436 3444 0.776 3759 0.847 4296 0.969 4185 0.943 4043 0.911
27 3900 3261 0.836 3425 0.878 3938 1.010 3946 1.012 3820 0.980
Average value 0.865 0.916 1.036 1.008 0.994
Standard deviation 0.043 0.038 0.055 0.104 0.057

Note: M is the measured axial bearing capacity of the CSS-CFST specimens listed in Table 1, Ni. N2+ N3, Na is the predicted axial bearing capacity of
the CSS-CFST specimens corresponding to the method (1)~(4), respectively, Ns is the predicted axial bearing capacity of the CSS-CFST specimens
corresponding to the method (5), which would be discussed in the following section 5.
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were less than the measured ones, especially for those of the
method (1), the predicted bearing capacity of the CSS-
CFST specimens was 10~20% less than the test results.
Though the confinement effect of square steel tube and
circular steel tube and the effect of local buckling of square
steel tube were considered in the method (3) [19], the
predict results of the CSS-CFST specimens was about
8~10% higher than the measured results. Compared with
the former three method, the average predicted results was
close to the measured ones, but the standard deviation of the
predicted-measured bearing capacity ratio (Nu/Nue) was
meetly high, the highest tolerance was about 24%.

The standard deviation of Ny/N. was 0.043, 0.038,
0.055 and 0.104, respectively. It could be found that the
standard deviation of the method (2) was the smallest,
whilst that of the method (4) was the highest of all.

The ratio of the predicted and measured results was
illustrated in Fig.(2). Obviously, the predicted axial ultimate
strength from the method (1) and (2) was lower than the test
results, whilst those from the method (3) were higher than
the measured axial bearing capacity. Though the average of
the predicted results was 1.008, the axial ultimate strength
of some CSS-CFST specimens was unreasonably
overestimated by the method (4), as shown in Fig. 2.

14

12 F

.;—0.8 L *

E Ej I ®Method (1) CIMethod (2)
j AMethod (3)  ® Method (4)
02 # Method (5)
0 ; i
0 10 20 30
Specimen No

Figure 2. Ratio between the predicted and measured results of CSS-CFST
specimens

IV. FINITE ELEMENT ANALYSIS
A. Material Model

The adopted material model of steel and concrete in the
FEA model was according to the method in Ref. [19]: a
five-stage model and a bilinear model was proposed for the
low-carbon or lean-alloy steel and high-strength steel,
respectively; meanwhile the steel-to-concrete confinement
effect and concrete strength was included the stress-strain
relationship of core concrete. The above material has been
validated by a lot of test results, and the equation for the
stress-strain relationship of concrete is as follows:

(r<1) (5)
(x>1)

2.x—x?
y=y_*
B-lx—1)T+x

In which, x=&/&, y=o.f.,, f and n were calculation
coefficients, the calculation method is shown in Ref. [17-
19].

B. Finite Element Model
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Based on the ABAQUS nonlinear software, the axial
compression FEA model of CSS-CFST columns was
established, among which, the shell element was used to
simulate steel tubes and 3D solid element was used to
simulate concrete. Totally, 9 integration points of Simpson
integral was set along the thickness of steel tubes. Coulomb
friction was selected in the contact relationship between
steel tube and concrete. The friction coefficient was 0.6, at
the same time, separation was allowed in the normal
direction of the interface between steel and concrete [22].
The axial compression FEA model of CSS-CFST columns
was shown in Fig. (3).

C. Validation by test

Circular
steel tube+

Core concrete

quare
steel tube+

(a) FEA model (b) Element mesh
Figure 3. FEA model of CSS-CFST columns

Based on the above FEA model, a series of simulation
and analysis research work was carried out according to the
test CSS-CFST column specimens. The predicted and
measured axial load (N) versus strain ([]) relationships of
the CSS-CFST specimens were shown in Fig. (4). It could
be found that a good agreement was found between the
predicted and measured N-[l[Jcurves. Not only the
predicted ultimate strength but the residual strength of the
CSS-CFST specimens was close to the measured ones.

4000

3200 H

= 2400

= 1600 § ooeoeeoen No. 6-Measwed Z 1600 § oo No. 15-Measured
No_ 6-Predicted No. 15-Predicted
800 No. 10-Measured 800 p e No. 20-Measured

No. 10-Predicted No. 20-Predicted

] 0.02 0.04 0.06 0 0.02 0.04 0.06

£
(b) Specimen 15 and 20

£
(a) Specimen 6 and 10
- 4000

3200
=24 2400
) )

Z1600 §  ----ooee- No. 9-Measured =1600 f -------e- No. 21-Measured
No. 9-Predicted —_— 21-Predicted
800 F commmnas No. 24-Measured 800 f ------- No. 27-Measured
No. 24-Predicted No. 27-Predicted

0 1]

0 0.02 0.04 0.06 0 0.02 0.04 0.06
£ £
(c) Specimen 9 and 24 (d) Specimen 21 and 27

Figure 4. Comparison between predicted and measured N-[ curves[7]
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All of the CSS-CFST column specimens were simulated
in this paper, comparison of the predicted ultimate strength
and measured results were illustrated in Fig. (5). It can be
seen that the FEM predicted ultimate strength agreed with
the test results well, and the tolerance between them was in

the range of 10%.
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s00 | * Ref[5]
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0 900 1800 2700 3600 4500
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Figure 5. Comparison between predicted and measured results

The typical axial load (V) versus strain ([]) relationship
curves and failure mode were shown in Fig. (6) (a) and (b).
( iy s g ‘ ‘ - .

1200

£

(a) Comparison of N-[] curves (b) Comparison of failure

model’!

Figure 6. Comparison of N-curves and failure mode between FEM
predicted and measured results (Specimen 4)

Curve “A” and “B” represented the axial compression
load curves of square and circular CFST sections, and curve
“A+B” represented the whole axial compression load (&)
versus strain ([]) relationship curve of the CSS-CFST
specimens. Characteristics of curve “A” was very similar
with curve “A+B”, moreover, both of the two curves
reached the peak point (bearing capacity) nearly at the same
axial strain, as shown in Fig. (6) (a). That’s to say, the
bearing capacity of square CFST section could be fully
developed when the whole CSS-CFST columns reached the
axial ultimate strength. At the early stage, curve “A” almost
increased linearly with the axial load, at about 80~90% of
the axial ultimate strength, the axial strain developed
rapidly. After the axial load arrived at the peak point
(ultimate strength), it drop down quickly, then the axial load
came into a stable stage, that is the residual strength stage.
This phenomenon was very similar with those of normal
square CFST columns suffered to axial compression [19].
However, it was found that the axial compression strain
corresponding to the peak point value of curve “A” was not
identical with that of curve “B”. At the time of the axial
strain ([Jo), the bearing ability of circular CFST section
(curve “B”) was still in the rising stage. The axial load,
token by circular CFST section, was about 82.3% of the
ultimate strength of circular CFST section (that is the peak
point value of curve “B”). Less axial load loss were found

DOI 10.5013/1JSSST.a.17.38.06

6.6

for the CSS-CFST column (curve “A+B”) than the square
CFST column (curve “B”), the main reason is because of
the high residual strength of circular CFST section (curve
“B”). This explained why the predicted ultimate strength
from method (3) was commonly higher than the measured
results, as discussed in Section 3. The predicted typical
failure mode also agreed well with that of test specimen, as
shown in Fig. (6) (b).

V. REVISION OF SIMPLIFIED CALCULATION
METHOD

As discussed above, two partial actions were contained
in the ultimate strength of CSS-CFST columns: sectional
axial contribution of square CFST section (curve “A”) and
sectional axial contribution of circular CFST section (curve
“B”). Based on the numeric analysis of FEA models, the
allocation proportion of bearing axial load by the circular
CFST section was about 80~90% of its axial ultimate
strength. Among which, comparison on the axial ultimate
strength with the measured results was conducted, research
results indicated that when the reduction coefficient for the
axial ultimate strength of circular CFST section was 0.85, a
better agreement could be received between the predicted
and measured results, as shown in Table 2. The simplified
calculation equation (method (3)) was revised accordingly
as method (5):

N;=N,+0.85N,, 5)

In which, N, and Ny, were the axial ultimate strength of
square and circular CFST section, which were the same as
those in method (3).

The predicted axial ultimate strength of the CSS-CFST
specimens from method (5) was also listed in Table 2. It
could be found that the difference of ratio between the
predicted results and the measured axial ultimate strength of
most CSS-CFST specimens was within the range of 5%,
and the average value and standard deviation of predicted-
to-measured axial ultimate ratio were 0.994 and 0.057,
respectively. The revised method (5) was proved to be more
reasonable than method (3), and the prediction accuracy and
standard deviation was acceptable.

VI. CONCLUSIONS

Based on the limited research, the following conclusions
may be made:

(1) A research summary on the axial ultimate strength of
CSS-CFST columns was presented, several existing
calculation methods were compared with test results.

(2) The nonlinear FEA model of CSS-CFST columns
subjected to axial compression was validated by test results,
and then the compressive contribution of square and
circular CFST sections was discussed.

(3) A revised simplified calculation method was
proposed according the FE analysis. Reasonably good
agreement is obtained between the measured and predicted
results. Research results could be referred in the further
research or engineering application.
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