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ABSTRACT: An experimental investigation on the behaviour of square steel tube columns filled with high-strength
concrete in this study was done. A total of six high strength concrete-filled square steel tube (HCFST) columns
subjected to bi-axial eccentric loading were constructed and tested. The primary test parameters were the slenderness
ratios (varied from 13.9 to 27.7), steel ratios(7% and 13%), and eccentricity along major axis was 71mm. The test
results demonstrate the influence of these parameters on the strength and behavior of concrete-filled square steel tube
columns. As what shows in the experiment, the steel ratio is an important factor which influences the bearing
capacity of the specimens, and the stable bearing capacity of the specimens decreased rapidly with the increasing
slenderness ratio. The specimens failed to work out of instability. Proper material constitutive models for HCFST
columns are applied and verified by the nonlinear finite element software ABAQUS against experimental data. A
comparison of experimental failure loads with the predicted failure loads in accordance with the method described in
the reference showed good agreement.

Keywords: Square steel tube, High strength concrete, Bi-axial eccentric loading, Finite element analysis,
Slenderness ratio, Steel ratio

1. INTRODUCTION

Concrete-filled steel tube columns have recently undergone increased usage throughout the world,
which has been influenced by the development of high-strength concrete. With the ever-increasing
application of high-strength concrete in civil engineering, the research on steel tube filled with
high-performance concrete columns is imperative nowadays. Concrete-filled square steel tube
(CFST) column has a high bearing capacity, good plasticity, toughness, fatigue resistance and other
superior mechanical properties, but it also has unique characteristics, (1) simple form of
beam-to-column connection, (2) flexible building layout, (3) good stability behavior with large
cross-section moment of inertia, (4) convenient construction (Han [1], Shosuke [2]). Thus, in recent
years CFST columns have been widely applied in practical project, such as, the cross-section of
1400mm x 1400mm concrete filled square steel tube columns were used in Wuhan International
Stock Exchange Building with 68 stories and a height of 243m.

When subjected to the load of horizontal wind or earthquake, frame columns of high-rise building
structures usually tend to be bi- axial bending, especially the corner columns of the structures. It is
very important to describe the behavior of such columns for rational analysis and design, but most
of studies on CFST at home or abroad mainly focused on axial compression and uniaxial eccentric
compression(Toshiaki [3], Han [4], Campione [5]). Some theoretical and experimental studies have
been conducted for the determination of the behavior of eccentrically loaded CFST columns
(Zegbicbe [6]). Mursi and Uy have presented experimental and theoretical studies of fabricated
high strength steel columns subjected to biaxial bending (Mursi [7], Uy [8]). Serkan Tokgoz
constructed a experimental investigation on the structural behavior of steel tubular columns
in-filled plan and steel reinforced concrete subjected biaxial bending and axial load (Serkan and
Cengiz [9]). Su-Mei Zhang has done a lot of research on concrete-filled rectangular hollow section
(RHS) steel tubes subjected to axial compression combined with bi- axial bending, and achieved a
few success (Guo [10]). Bridge, R studied on four concrete-filled rectangular hollow section(RHS)
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steel tubes subjected to bi-axial eccentric loading, and showed that the bearing capacity of the
specimen has a close relationship with the eccentric angle (Bridge [11]). Shakir-Khalil H conducted
a test of nine concrete-filled rectangular hollow section(RHS) steel tube columns subjected to
bi-axial eccentric loading, with a eccentric angle of 45° and concrete strength of 94.1MPa
(Shakir-Khalil [12]).

The main objective of this study is to investigate the behavior and strength of high strength
concrete-filled square steel tube (HCFST) columns. For this purpose, several HCFST columns were
constructed and tested subjected to bi-axial eccentric loading. The test results of HCFST column
specimens have been compared with the analysis results and discussed in this paper.

2. EXPERIMENTAL INVESTIGATION

2.1 Specimens and Parameters

A total of six CFST column specimens were constructed with high-strength concrete. The
cross-section of the specimen was 200mmx200mm with a wall thickness of 4mm or 6mm. The
length of the columns varied from 800mm to 1600mm in increments of 400mm and the steel tube
was cold-formed Q235 square tube. The eccentricity along major axis was 71mm, and eccentric
angle was 45°. The primary test parameters were slenderness ratios and steel ratios, Table 1 gives
the details of the specimens.

Ready-mixed concrete with a designed strength of C60 was used in the test. Threel 50mm cubes
were cast and cured in conditions similar to the related specimens. The 28 day cube strength (f.,)
was 65MPa and slightly increased on the column test day that was 79.7MPa (shown as in the Table
1). The modulus of elasticity (E.) of concrete was 3.81x10*. Where B is cross section height of steel
tube, ¢ is nominal thickness of steel tube; #'is measured thickness of steel tube. f, is yield strength
of steel; f, is ultimate tensile strength of steel; £ is elasticity modulus of steel.

Tablel. Specimens in Details

Specimen B L t ¢ Sy f. E,

Number | (mm) (mm) (mm) (mm) (MPa) (MPa) | (Gpa)
ES4-4-71 200 800 4 35 306 430 200
ES4-6-71 200 800 6 5.8 340 440 206
ES6-4-71 200 1200 4 3.5 306 430 200
ES6-6-71 200 1200 6 5.8 340 440 206
ES8-4-71 200 1600 4 3.5 306 430 200
ES8-6-71 200 1600 6 5.8 340 440 206

To determine the steel properties, three specimens were cut from randomly selected steel sheet. The
specimens were tested in tension. From these tests, the average yield strength (f,), ultimate tensile
strength (f,) as well as Young’s modulus of elasticity (£) were got. They are shown in Table 1.

First of all, the bearing plate was welded at the bottom end of each CFST column specimen. Then,
the concrete was casted into steel tubes. Progress vibration was employed in order to eliminate air
pockets in the concrete and give a homogeneous mix. The CFST specimens were left with top open
to the air for two weeks for the concrete to set. Prior to testing, the top surfaces of the
concrete-filled steel tubes were ground smooth and flat using a grinding wheel with diamond
cutters to ensure that the load was able to be applied evenly across the cross-section and
simultaneously to the steel and concrete. Finally, the base plate was welded at the top end of each
CFST specimen.
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2.2 Testing Equipment

All of the columns were carried out on a 5000kN capacity loading jack in the Structural
Engineering Laboratory of Shenyang Jianzhu University. Knife edges were used on either end to
ensure that pinned ends were achieved in all the experiments conducted. The test setup is illustrated
in Figure 1 and Figure 3. A number of linear varying displacement transducers (LVDT’s) were used
to measure the out-of-plane deflections of the column at the mid-height and quarter points of the
column (two for short column, six for long column ), and two LVDT’s were set up at the bottom to
observe the total vertical deformation of the specimen.

Strain gauges were used to measure the surface strains of the steel tube at the mid-height section at
various locations. Each column was instrumented with twenty-two strain gauges. Figure 2 shows
the strain gauge location and numbering scheme for the columns. The transducers were calibrated
before they were used in the test. The U-CAM 70A static data acquisition system was arranged to
collect the load, the lateral deflections, and the strain measurements.

2.3 Testing Method

At each load increment, the strain readings and the deflection measurements were recorded. Special
attention was given to verifying the correct position of the column before loading. The load was
applied in small increment. Each load interval was maintained for 1 minute. Each of the first few
increments of load was about 10% of the predicted failure load. For the first increment, a complete
check of displacement, strains and load was carried out. Several loading and unloading cycles were
performed at this stage. When the results were satisfactory, began to load in increments of 10%
estimated ultimate load each step. After steel tube yielded, each step was about 1/15 of estimated
ultimate load. Every load lasts about 2~3 min. Slow and continuous load was applied when the
specimen approaches to destroy.

_ 2"1,8 \@
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Specimen — 7
—ea— —=p—

Tesion zone

Kinfe hinge

Tesion Zone

Specimen

; 7l; _3-‘\ | 17 19 21

Kinfe hinge Iy Compression zone

Corpression Zone

Figure 1. Experimental Equipment Figure 2. The Location of Strain Gauges
2.4 Testing Phenomenon and Analysis

It was observed in the experimental study that the column specimens tested mostly illustrate overall
buckling or global instability and behaved in a ductile manner. The load carrying capacity of the
columns decreased when reached the failure load. It was concluded from the test that the
slenderness and steel ratio had significantly effect on the ultimate strength capacity of HCFST
columns subjected to bi-axial eccentric loading. The typical failure mode of a HCFST column is
illustrated in Figure 4.
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A

Figure 3. The Typical CFST Column Figure 4. The Typical CFST Column
Specimen before Testing Specimen after Testing

Figure 5(a) shows the specimen after failure. All column specimens failed at the mid-height by
rupture of the steel casing in the tension zone and buckling of steel in the compression zone at the
termination of loading. Typical failure mode was overall buckling failure. The removal of steel
from the failed columns revealed crushing and cracking of concrete in the compression and tension
zones, respectively, at mid-length sections, which is illustrated in Figure. 5(b) and Figure. 5(c).

(a) (b) (©)

Figure 5. Specimen after Failure

The load (N) versus axial strain (¢) curves for the columns are presented in Figure 6. which is the
maximum absolute value of strains in the compression and tension zones. The strain value

measured on the compression side of the CFST column was about 0.003, which indicated that the
steel tube yielded before the critical load was reached.

Figure 7 is the deflection curves of two typical column specimens measured in the process of load,
which is compared to ideal half-sine-wave. The vertical coordinate is height () of position on the
column. The abscissa is the deflection (uy,) of different position in the process of loading. # is the
ratio of real-time load (/) to ultimate bearing capacity (V,), and the dashed line is half-sine-wave in

Figure 7. The deflection u,, was calculated by the deflection of two tension face (u,, =.ju’ +u ; ).

From the deformation observed in the test and the test dates gained, the values of u, and u, are very

close. The deflection curves of test and the ideal half-sine-wave curves fit well, and the smaller of
the load, the better the curves fit.



GuoChang Li, Zhijian Yang and Yan Lang 967

2000 , 2000 .
1500 &ﬁgwﬂ*ﬂﬂ%% 1500 b MJ}
Z 1000 £1000
Z %l e ES8-4-71 “ 4671
e ES8-4-71 e ES4-6-71
500 “oES86-T1 500 o ES6-6-71
o E$8-6-71 o ES6-6-71
o :
30000 20000 -10000 0 10000 20000  -30000 20000 -10000 O 10000 20000
e/pe e/pe
2000
1500 Xiﬁ ﬁ %
Z /"-‘.‘"
£1000
z o BS4-4-71
o BS4-4-71
500 SaTESA6-T1
e ES4-6-71
0
-40000 20000 0 20000 40000
e/ue
Figure 6. Load (N) Versus Axial Strain (¢) Relations
1500

2000

—=—n=0.91
—e—1n=1.0 —=-n=0.91
—a—n=0.87 ——n=1.0
—n=0.78
—n=0.67
——n=0.60

—a—n=0.87
—v1n=0.78
—n=0.67
——1n=0.60

H(mm)

0 20 40 60 80 100 20 40 60 80 100
um(mm) Upy(mm)

(a) ES6-6-71 (b) ES8-6-71

Figure 7. The Deflections Curves of Specimen

When the load was small, the lateral deflection at middle height was small and approximately
proportional to the applied load. However, when load reached about 70% of the ultimate load, the
deflection of the mid-span increased significantly. As the deflection reached a certain value, the
bearing capacity began to descend slowly, and the deflection increased quickly.

Figure 8 is the cross-sectional longitudinal strains distribution of column specimens. In order to
check plane-section assumption, the strain values on x and y-axis are projected to the diagonal axis.
Figures 8 shows that the strains of specimen can be connected to a straight line from the beginning
to the ultimate bearing capacity under different level loading and the strain distribution of cross
section is consistent with plane-section assumption.
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Figure 8. Plane-Section Assumption

3. FINITE ELEMENT ANALYSIS
3.1 Material Properties and Constitutive Models

The nonlinear finite element program ABAQUS (Al-Rodan A [13], Hsuan-Teh Hu [14,15]) was
employed to perform numerical stimulations of HCFST columns subjected to bi-axial eccentric
loading. To achieve this goal, proper material constitutive models for steel tube and concrete were
proposed.

In the analysis, the Poisson’s ration v and the elastic modulus E; of the steel tube are assumed to be
v=0.3 and E=206Gpa.The constitutive relationship of steel adopts elastic-plastic constitutive
model provided by ABAQUS to meet Von Mises yield criterion, and Isotropic strengthening rule.
The steel’s stress-strain relationship was shown by entering corresponding steel stress and strain
point. As cold-formed steel tube was used in the test and the steel stress-strain relationship referred
to four-line model suggested by Abdel-Rahman and Sivakumaran, in this analysis, the material was
divided into corner area and flat area (Abdel-Rabman N [16]). The stress-strain curve is described
with the following equations:

Esg (gSge)
Jo tEy(e-¢,) (6, <e<¢,)
o= (1)
fym+E52(g_€el) (gel <8S€e2)
fy +E,(¢-¢,) (6,,<¢)

Where f, is the yield strength of flat area; E; is Young’s modulus of elasticity, Es;, Ex ,Eg 1s Slope
of line, E=0.5 E; Ex=0.1 E; E3=0.05 E; f,, fm 1s stress of feature point £, =0.75 f,, f, =0.875 1, ;
&.,6,,€,, 18 strain of feature pointe, =0.75f /1 E ,&,=¢,+0.125f /E,, &,=¢,+0.125f /E,;
The yield strength of flat area f, was given with the following expression:
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fro =|0.6b0-/6)™ +0.4]7, )

Where b =3.69(f,/ f,)—0.819(f, /fy)2 —1.79 , and m=0.192(f,/ f,)—0.068 , f, is ultimate
tensile strength of steel.

Concrete used a plastic damage model provided by ABAQUS, and the model can simulate the
plastic behavior of concrete well. The Poisson’s ration of concrete was assumed to be v=0.2.
When concrete is subjected to laterally confining pressure, the concrete compressive strength and
the corresponding strain are much higher than those of unconfined concrete. And the softening
phenomenon and ductility has also been improved compared with the case of uniaxial compression.
Thus, it is difficult to simulate core concrete that is passive constrained by steel tube through
entering ordinary uniaxial compression stress-strain model. Considering the confinement factor
and concrete strength f., the stress-strain relationship of the core concrete proposed by Liu Wei is
applied to ABAQUS finite element analysis ( Han, L.H [1]).

In this study, fracture energy-crack displacement model was used to express tension stress-strain of
concrete, which is calculated as following [17]:

G, = a~({(°))0'7 x 107 (N/mm) 3)

Where Gris fracture energy; coefficient a=1.25d,4t10, dynay 1s the maximum particle diameter of
coarse aggregate; f. is mean compressive strength of concrete.

3.2 Finite Element Model

Element types of steel tube and concrete were C3D8R (an 8-node linear brick, reduced integration,
hourglass control). Mapping mesh was used to mesh the element. The contact between the concrete
and the steel was modeled with hard contact at normal direction and Coulomb friction at tangential
direction. Coulomb friction model was used to simulate the steel tube and the mezzanine section of
concrete shear force transfer. The friction coefficient used in all the analyses is 0.3.

Due symmetry, only one fourth of the HCFST column was analyzed (Figure 9). Symmetric
boundary conditions were enforced on the symmetric planes which were XSYMM and ZSYMM
boundary conditions. The plate of the column was allowed to rotate at x -axis, and displacement
was allowed to take place in the z direction. The analysis load was applied by displacement control,
and incremental iterative method was used to solve nonlinear equations.

XSYMM  [URHHEER
=N

The posiotion of load

TR S YMM

Figure 9. Boundary Cg/ndition of Analytical Model
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3.3 Numerical Simulation

The results of numerical simulations of HCFST are given in the Table 2 and curves of load versus
lateral deflection of mid-height for these columns are plotted against the experimental data in
Figures 10. The numerical results show good agreement with the experimental data.
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Figure 10. Comparisons of Predicted Load Versus Deflection Curves of
Columns with Tested Results

The concrete stress isoline of mid-height section, the longitudinal stress distribution in the core
concrete section of column along the length of specimen EF6-6-71 is illustrated in Figures 11. The
picture of A, B and C are stress contour plots respectively corresponding to the load which is
0.75N,, (the ultimate bearing capacity of finite element calculation) 1.0 N.; and 0.85 N,;. As what
can be seen from Figures 11, the tension area expends and compression area reduced with the
increasing of load, and the neutral axis gradually approaches to compression zone.

o @33 %533
LNt o
+Enva rl'.'ﬂl-ﬁ
R o
Araceiol "
g e
-T.9L4a+01 »
§araeol -1.Z30aM02
“Lau3waz -lABTesaa
L0902 ]
1215002 Tiasai
< 4 ¢ 3
w
(a) A (b)B (c)C

The Longitudinal Stress Distribution in the Core Concrete Section



GuoChang Li, Zhijian Yang and Yan Lang 971

+F TS HO0
=00 HOO
~23L1as01
-3 T36a+01
-S.161as01
53064401
=801 Las01
“3.436a 401
= 1006 HI2

~LIZFa 402
=1 3TLla 402
=15 Lda 402

?

(d) A (B ) C

Figure 12. The Longitudinal Stress Distribution in the
Core Concrete Section of Column along the Length

The concrete stress isoline of mid-height section is illustrated in Figures 12. The tension stress of
concrete decreases from 0.0708 /", (Figure 12A) to 0.0583 /", (Figure 12C) with the increasing of

the deflection. In addition, what the confined stress of compression zone corner increases
constantly shows that corner confining effect is obvious.

Figure 12. The Longitudinal Stress Isoline in the Core Concrete Section

Figures 13 is the longitudinal stress distribution of steel tube along the length of specimen
ES6-6-71. What the corner area of steel tube yielded earlier than flat area, shows that the confining
effect of corner area is obvious. When the specimen reached ultimate bearing capacity the
mid-length began to yield, from the mid-length to the ends.
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Figure 14 shows the ultimate bearing capacity of finite element calculation (N,;) and measured
values (N,). The ratio of N.i/ N, is listed in Table 2. The average is 1.005 and standard deviation is

Experimental Behavior of High Strength Concrete-Filled Square Steel Tube under Bi-Axial Eccentric Loading
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Figure 13. The Longitudinal Stress Distribution of Steel Tube along the Length

0.038. It can be seen that the calculation results agree well with the test data.

Table 2. Comparison of Test Results and Calculation Results

Specimen | 7' /, o, | Ne | Na | Na Iy N | N,
number | (mm) | (MPa) kN) | (kN) | (kN)
ES4-4-71 35 306 | 0.957| 1524 [1636.9]1501.2| 1.074 0.985
ES4-6-71 5.8 340 | 0.958 | 1895.6 | 1899.4 | 1827.7 | 1.002 0.964
ES6-4-71 35 306 | 0.909 | 1548.4 | 1546.3 | 1406.1 | 0.999 0.908
ES6-6-71 5.8 340 091318449 1818217227 | 0.986 0.934
ES8-4-71 35 306 |0.863|1516.5]1455.4] 13144 0.96 0.867
ES8-6-71 5.8 340 0869 |1717.3 (1738416192 1.012 0.943
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Figure 15. Comparison of Results of Simplified

Method and Test Results
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4. SIMPLIFIED METHOD OF BEARING CAPACITY

Paper [1] proposed a simplified formula which is applied to predict the stability bearing capacity of
CFST under bi-axial eccentric loading. The formula fits the condition that confinement
coefficient§ =0.2 ~5, yield strength of steel /, =200~700MPa, cubic compressive strength of

concrete f., =30~120MPa, steel ratioar =0.03 ~ 0.2, slenderness ratioA =10 ~ 200. Formula can
be expressed as follows:

When N/N, > )27,

N a M, g My 1.811/1.8
— [+ (D < 4
o N d[(M ) (M )] @

Xy u ux uy

When N/N, <201,

N? N 1 M M
-h——c— 4+ x )18 Y )I89U/LE 5
N> N d[(M ) (M )] (5)

u ux uy

Where N, is ultimate axial compressive strength of CFST; ¢ _ is stability coefficient of CFST under

bi-axial eccentric loading; M, and M, are bending moment along the x-axis and y-axis respectively,
which are given by M,=Ne, and M,=Ne,; In this paper, the loading angle is 45°, and e,=e,=50mm;
M, and M, are flexural bearing capacity along the x-axis and y-axis respectively; Where a, b, ¢, d
is calculating coefficient, 1/d is amplification factor of the bending moment considering the
second-order effect. The detailed calculations of these parameters are given by paper [1].

The stability bearing capacity of test specimen was calculated with the simplified formula. Figures
15 shows calculation results (N.,) and measured values (&,) .The ratio of N,/ N, islisted in Table 2
whose average is 0.934, standard deviation is 0.004. It can be seen that the calculation results agree
well with test data. It means that the simplified formula can be referred to calculate the bearing
capacity of HCFST within the parameters of this test.

5. PARAMETER ANALYSIS
5.1 Steel Ratio

With a constant slenderness ratio and the steel ratio changing from 7% to 13%, the ultimate bearing
capacity of growth rates are 24.4%, 19.2% and 13.2% respectively. Table 2 shows that steel ratio is
an important factor to influence ultimate bearing capacity. In addition, as slenderness ratio increases,
the growth rate of the ultimate bearing capacity decreases.

5.2 Slenderness Ratio

Figure 16 shows the relationship of the load and slenderness ratios. When the steel ratio and
eccentricity are constant, the bigger slenderness ratio is, the smaller the ultimate load bearing
capacity is, because the stability coefficient ¢, reduces with the increasing of the slenderness

ratio. In addition, Table 2 shows that with a constant slenderness ratio, the greater the steel ratio is,
the bigger stability coefficient is.
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Figure 17 is the interaction curve of slenderness ratio and deflection. Steel ratio imposes little
influence on the mid-span deflection when the slenderness ratio is 13.86. With the increasing of
slenderness ratio, the impact of steel ratio becomes obvious, because the bigger steel ratio and the
greater stiffness of the specimen result in a small deflection of mid-span under the ultimate bearing
capacity.

2000 16
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Nmm
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— E —o— t=4mm
z . g
= 1500 = gl
3 2
Q 3]
— 5}
T
a
1000 v
10 20 30 0 v
10 20 30

slenderness ratio .
Slenderness ratio

Figure 16. The Relationship between Load Figure 17 The Slenderness Ratio and Deflection
and Slenderness Ratios Interaction Curves
6. CONLUSIONS

(1) The HCFST columns subjected to bi-axial eccentric loading failed to work because of instability,
and showed a certain degree of ductility.

(2) The deflection curves of test fit the ideal half-sine-wave curves well. The strain curves of
specimen are consistent with plane-section assumption.

(3) The ultimate bearing capacity of HCFST subjected to bi-axial eccentric loading resulted from
analyzing with finite element software ABAQUS shows good agreements with the test data the
numerical method is verified to be reliable in predicting the load versus deformation relationships.

(4) The simplified formula was used to calculate bearing capacity of the test specimens, and the
calculation results agree well with test data. The simplified formula can be referred to calculate the
bearing capacity of HCFST within the parameters of this test.
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