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This paper investigates the cyclic behavior of six square concrete-filled steel tube (CFST) columns that take the effect of
width—thickness ratio (D/t =30, 40, and 60), slenderness ratio (1 =19.63 and 24.25), and axial force ratio (n=0.6, 0.4, and 0.2)
into consideration. The failure modes, hysteretic behavior, energy dissipation capacities, stiffness degradation, and ductility of these
specimens have been discussed and studied. The results revealed that a bigger D/t could reduce the energy dissipation capacities
and bearing capacities of the columns. With increasing 4, the energy dissipation capacities and bearing capacities of columns
reduced, and the stiffness deteriorated rapidly. The axial force ratio could enhance the bearing capacities but weaken their energy
dissipation capacities and stiffness. Calculation formulae for ultimate moment strength of square CFST columns were exhibited to

compare to the test results.

1. Introduction

Square concrete-filled steel tube (CEST) columns have com-
monly existed in bridges, underground infrastructures, indus-
trial plants, and mansions with good bearing capacity and
deformation capacity [1-3].

Researchers carried out experimental and numerical stud-
ies to investigate the bearing capacities of square CFST col-
umns, they obtained great achievements. Ding et al. [4, 5]
performed axial compression tests for eight square CEST
end columns. They found that high-steel strength improved
the bearing capacity of columns. Lee et al. [6] found that high-
concrete compression strength increased the bending capacity
and stiffness of the square CFST columns. Evirgen et al. [7]
executed axial compression experiments of square CFST stub
columns under different width—thickness ratios (D/t, range:
50-100). They reported that the D/t was the key to affect the
confining effect between steel tubes and infill concrete. And a
smaller width—thickness ratio could intensify the columns
bearing capability. Yang et al. [8] investigated axial compres-
sion tests on square CFST columns. They found that a smaller
width—thickness ratio could delay postpeak strength degrada-
tion. Parameter analysis was also conducted by the finite ele-
ment models with different finite element analysis software.

Ayough et al. [9] studied the axial compression behavior of
CEST columns with ABAQUS. The results showed that high
steel and concrete strength could significantly enhance the
bearing capacities of CFST columns. Qasim [10] investigated
CEST columns’ axial compression performance by ANSYS.
They found that the ultimate bearing capacity increased by
15.0% with decreasing D/t (range: 25-30). Qian and Jiang [11]
developed a design approach for assessing axial bearing
capacities of CFST composite columns. According to the uni-
fied strength theory, Yang et al. [8] proposed a formula to
evaluate the bearing capacities of CFST columns with con-
crete strength from 70 to 150 MPa. Ke et al. [12] calculated
and compared the bearing capacities of square CFST columns
through unified strength and superposition theories. They
found that calculation results by unified strength theory
were more accurate. It indicated that material strength and
width—thickness ratio were the main factors affecting the
square CFST columns.

The cyclic behavior of CFST columns was also studied.
Zhang and Gao [13] tested six square CFST columns under
cyclic loading. The results showed that a smaller D/t could
enhance the energy dissipation capacity, initial stiffness, and
bearing capability of the CFST column. Silva et al. [14] car-
ried out cyclic loading tests of square CFST columns, they
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TaBLE 1: Main information of specimens.
. Dimension of column section Column height Width—thickness ratio  Slenderness ratio Axial compression ratio
Specimens
(mm) (mm) {Drt) ) (n)
No. 1 300%x300%5 1,700 60 19.63 0.4
No. 2 300%300x 10 1,700 30 19.63 0.4
No. 3 300x300x%7.5 2,100 40 24.25 0.4
No. 4 300%300%x7.5 1,700 40 19.63 0.2
No. 5 300%300% 7.5 1,700 40 19.63 0.6
No. 6 300%300%x7.5 1,700 40 19.63 0.4

found that the columns with smaller slenderness ratios had
stronger energy dissipation capacity and bearing capability.
Wang et al. [15] investigated the seismic performance on
CEST columns connected to binding bars under the cyclic
loadings and axial compression. They reported that a big
axial force ratio could elevate the peak bearing capability
and initial stiffness while weakening the energy dissipation
capacity of the specimens. Chen et al. [16] tested six square
CFEST columns under cyclic loadings. They indicated that the
high-axial force ratio increased the bearing capacity but
accelerated the stiffness degradation. Parameter analysis
were also conducted by the finite element analysis softwares.
Zhou et al. [17] studied the seismic behavior of CFST col-
umns by ABAQUS. The results revealed that the bearing
capability of columns increased by 41%, and the ductility
coefficient decreased by 30% with decreasing D/t (range:
58-100). Xu et al. [18] proposed the numerical model of
square CFST columns with SeismoStruct. The parameter
analysis showed that the specimen’s ultimate bearing capac-
ity improved and the ductility coefficient reduced with
increasing steel strength. The cyclic behavior of square
CEST columns with stiffeners was studied by Han et al.
[19]. They proposed an equation to calculate the flexural
capacity of columns considering the influence of the stiffen-
ers. Based on the superposition theory and limit equilibrium
theory, Ke et al. [20] proposed the estimation approach to
assess the compressing—bending capacity of square CFST
composite columns. Additionally, different configurations
of column-based joints were also reported. The seismic per-
formance of the proposed CFST column base joints was
investigated by Mou et al. [21]. They found that axial force
played a key role in improving the joints’ flexural capacity. A
special kind of exposed square CFST column base was pre-
sented by Qiao et al. [22]. They investigated the seismic
performance of the bases and presented a calculating method
to predict the interaction curve of bending moment versus
axial force at the ultimate state.

The paper investigates the seismic behavior of square
CEST columns. Six CFST columns were examined by the
axial constant and horizontal cyclic loadings tests to system-
atically analyze the effects of three parameters (4, D/t, and n).
The failure modes, hysteresis performance, energy dissipa-
tion capacities, stiffness degradation, and ductility of speci-
mens were discussed and analyzed. A calculating approach
for evaluating ultimate flexural strength of the square CFST
column was also proposed.

2. Experiments

2.1. Tested Specimens. Six square CFST columns have been
manufactured for investigating the cyclic behavior. The main
tested parameters included width—thickness ratio (D/t =30,
40, and 60), slender ratio (1=19.63 and 24.25), and axial
force ratio (n=0.2, 0.4, and 0.6) (Table 1). The slender ratio
and axial force ratio could be calculated according to Equa-
tions (1) and (2), respectively.

A=2V3L/D, (1)
n=N/(Af, +A.f.). (2)

where D and L are the width and height of columns; N is the
axial force on the column top exerted through the oil jack; f,
and A, are the yield stress and cross-section area of a square
steel tube, respectively; f. and A, are compressive strengths
and cross-section area of the infilled concrete, separately.
Figure 1(a) shows the details of specimen No. 1 with height
of 2,400 mm. The cross-sectional dimensions of a steel tube
were 300X 300 x 5mm (length X width X thickness), while the
steel plate fixed at the steel tube bottom was 700 X 500 X 20 mm
(length x width X thickness) (Figure 1(b)). The RC foundation
was 1,400 X700 X 700 mm (length X width X thickness)

(Figure 1(c)).

2.2. Steel Properties. The steel tubes’ mechanical properties
were obtained from the coupon tests on standard specimens
(Figure 2), according to the Standard GB/T 228.1-2010 [23].
The stress—strain relationship of the steel part is exhibited in
Figure 3(a). Table 2 shows the steel properties, such as E;
(Young’s modulus), f, (yield stress), and f; (tensile stress).
The same concrete was used for the columns and founda-
tions. Six concrete cubic specimens were tested in the refer-
ence to Standard GB/T 50081-2019 [24]. Figure 3(b) shows
the stress—strain relationship of the concrete. Its correspond-
ing axial compressive strength (f.) equaled 23.3 MPa.

2.3. Test Apparatus. Figure 4 exhibits the test apparatus of
square CFST columns. The RC foundation was fixed by
pressure beams and anchor rods. An oil jack connected
with a girder imposed the constant axial loading through
sliding support. A 500kN actuator applied the horizontal
cyclic loadings to the column end.



Advances in Civil Engineering 3

“—— Concrete
Tube
1,700
E .
Steel bar oundation

Steel plate
P 700

700 700

1,400

1,100 290 1,100

FIGURE 1: Schematic of specimen No. 1 (mm): (a) details of the specimen, (b) cross-section, and (c) steel bars arrangement.

The horizontal cyclic loading was conducted by the com-

35 9 110 9 35 bined force—displacement controlling program [25] (Figure 5).

| ] ] | P, and A, are the yield load and yield displacement. The col-
umn end pushed south was identified as the negative direction,

_ " and the other column end pulled north as the positive direc-
B tion. The testing process was load control initially and the load

| | was applied with the amplitude of 1/3 P, 2/3 P,, and P, step by
' 198 ' step. Each loading level was cycled once. When the column

yielded, the lateral load would be changed to a displacement-
FiGure 2: Dimensions of the coupon (mm). controlled program with an increment of A,. Each loading level
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FIGURE 3: Stress—strain relation of materials: (a) Steel and (b) concrete.

TaBLE 2: Material properties of steel parts.

Mechanical index

E; (Mpa) f, (Mpa) fi (Mpa)
Square column 2.06x10° 299.2 367.5

Parts

Oil jack

Loading

Reaction wall,

Steel frame

Actuator

Pressyire beam

(a) (b)
FIGURE 4: Test apparatus: (a) diagrammatic view and (b) photograph of test apparatus.
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FIGURE 5: Loading program.
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was cycled twice. The loading process would be stopped until
the lateral loadings reduced to 85% of the maximum loading,

2.4. Measurements. The strain of steel tubes was recorded by
strain gauges (Figure 6). Three strain rosettes were pasted on
the column in the east direction (S,), 20, 150, and 300 mm far
away from the RC surface, respectively. A strain rosette was
stuck on the column in the west direction (S,,), 150 mm far
away from the RC surface. Six strain gauges were stuck on the
column in the north (S,) and south (S;) directions, respec-
tively. The displacement and load information could be mea-
sured through the transducer in the actuator and checked by
the transducer set at the column end (Figure 6(b)).

3. Result Analysis

3.1. Experimental Phenomenon. The failure modes of the six
square CFST column specimens were similar (Figure 7). The
failure of the six columns showed a compression—flexure
failure mode. Table 3 lists the failure phenomenons in the
tested process. The tested columns had no obvious change in
the initial loading stage. After the yield point, the slight local
buckling appeared on the north and south bottom of the steel
tube successively. It was due to the compression and expan-
sion of the infilled concrete during loading. As the lateral
load increased, the local buckling became gradually severe.
In addition, the local buckling also appeared on the east and
west bottom of the steel tube. The lateral support devices in
the test were not set, some specimens were stopped loading
due to serious eccentric compression. The phenomenon of
steel tube buckling in Specimen No. 5 occurred later than the
other specimens. A higher axial compression ratio could
alleviate the buckling of the steel tube. The weld cracking
occurred at the steel tube corners of specimens No. 4 and
No.5 (Figure 7(h) and 7(j)).

3.2. Hysteretic Performance. The relationships between the
loading (P) and displacement (A) were illustrated in Figure 8.

(v)

FIGURE 6: Arrangement of strain gauges and transducer: (a) north surface, (b) east surface, and (c) south surface.

Uniaxial stra

Transducer gauges

20 130 150

(c)

The maximum loading force (P.x) of all specimens
appeared in the second loading level of the displacement-
control program and was represented by the solid points in
the figure.

As the width—thickness ratio (D/t) decreased, the P, of
Specimen No. 6 and No. 2 were increased by 31.8% and
60.0%, separately. In comparison to Specimen No. 1, the
Prax of No. 6 was 32.5% higher than that of Specimen
No. 3 due to the decrease in slenderness ratio (1). Compared
to Specimen No. 4, the P, of Specimen No. 6 and No. 5 was
increased by 9.9% and 12.1%, respectively. A larger axial com-
pression ratio (1) showed a significant function in improving
P ax of the square CFST columns.

3.3. Skeleton Curve and Main Performance Points. The skel-
eton diagrams of tested specimens with various parameters
(D/t, 4, and n) are performed (Figure 9(a—c)), and the slope
factor method (Figure 10) [21] was employed to determine
the plastic and yield points. Table 4 lists the main perfor-
mance points of the six specimens. As the width—thickness
ratio decreased, the P, and P, of Specimen No. 1, No. 6, and
No. 2 increased gradually. Compared with Specimen No. 3
and No. 6, a small slenderness ratio could improve the P, and
P, of the square CFST columns. In Specimen No. 4-No. 6,
the n has a limited impact on the P, and P, of the columns.

3.4. Stiffness Degradation. Stiffness degradation coefficient
(Kj) can be calculated by Equation (3) as follows:

N, N,
K= 'lei,j/‘zlAi,jv (3)
i= i=

where P;; is the peak loading force on the i-th hysteretic loop
at the j-th phase; 4;; is the displacement corresponding to
P;j; N, is the amount of cycles.

Figure 11 demonstrates the stiffness degradation in six
specimens. When A was smaller than 15 mm, the stiffness of
each specimen had almost no degradation. The stiffness of



(i)

Advances in Civil Engineering

FiGure 7: Failure modes of specimens: (a) local buckling, (b) final state, (c) local buckling, (d) final state, (e) local buckling, (f) final state, (g)
local buckling, (h) final state, (i) local buckling, (j) final state, (k) local buckling, and (1) final state.

TasLE 3: Experimental phenomenon.

No. 1 No. 2 No. 3 No. 4 No. 5 No. 6
A n Steel tube buckling B B Steel tube buckling B B
Y (north) (north)

A=2 Steel tube buckling Steel tube buckling  Steel tube buckling Steel tube buckling 3 Steel tube buckling

4 (west, east) (south, north) (south, north) (south) (south, north)
A=34 Serious eccentric Serious eccentric  Steel tube buckling Steel tube buckling Steel tube buckling  Serious eccentric

Y compression compression (west, east) (west, east) (north, south) compression
A=44, 3 _ Serious ecccfntric Weld cracking Steel tube buckling _

compression (west, east)

A=54, - — — Concrete crushing ~ Weld cracking -

Note: A, of specimens No. 1-No. 6 are equal to 23.0, 31.0, 21.0, 38.0, 17.5, and 25.0 mm, respectively.

specimens decreased rapidly during the A =15-50mm, and  each specimen under two loading directions degraded to the

degraded slowly after A =50 mm. In attention, the stiffness ~ same level.

of each specimen was different during the initial phase under Table 5 lists the stiffness of specimens at the key perfor-
two opposite directions. With increased load, the stiffness of ~ mance points, the ratio of the stiffness between peak and
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FiGURE 8: Hysteretic curves of P—A.
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Figure 9: Comparison of skeleton curves: (a) width—thickness ratio, (b) slenderness ratio, and (c) axial compression ratio.
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Figure 10: Definition of main performance points.
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TaBLE 4: Main performance points.

Specimen No. Loading direction K, (kN/mm) P, (kN) A, (mm) P, (kN) A, (mm) Pax (kKN) Apax (Mm)
No. 1 Positive 17 184 16.3 204 20.6 231 43.7
Negative 13 —206 -21.6 —218 —23.6 —223 —45.0
No. 2 Positive 18 296 21.9 311 23.7 345 60.6
Negative 17 -316 —27.2 -320 —28.1 —382 —68.9
Positive 14 182 22.6 188 25.5 222 52.8
No. 3 Negative 11 —181 —26.4 —-197 —34.9 —229 —53.4
No. 4 Positive 13 244 32.8 254 34.1 273 84.4
' Negative 13 —220 —27.1 —247 —34.5 —269 -75.6
No. 5 Positive 16 217 12.8 284 27.8 306 30.0
Negative 11 —239 —24.4 —254 -29.4 —271 -30.4
No. 6 Positive 21 225 15.5 270 24.3 299 48.9
Negative 14 —275 —27.3 —290 -31.6 —298 —34.6

Note: K, is initial stiffness, P, is yield loading force, P, is plastic loading force, Pyqx is maximum loading force, A, is yield displacement, A, is plastic

displacement, and A,y is displacement of Pp,y.

TasLE 5: K, Kp, Ky, Ky/K,, and K,,,/K,.

Specimen Loading direction K, K, K. KJ/K, K,/K,
No. 1 Positive 11.34 9.70 5.12 0.86 0.45
Negative 912 815 504 089 0.55
No. 2 Positive 13.61 12.01 5.62 0.88 0.41
Negative 11.63 10.54 574 091  0.49
No. 3 Positive 7.67 6.78 2.87 0.88 0.37
Negative 6.76 511 3.09 076 0.46
No. 4 Positive 756 634 321 0.84 0.42
Negative 831 699 365 0.84 0.44
No. 5 Positive 15.65 10.7 9.63 0.68 0.62
Negative 9.64 825 795 0.86 0.82
No. 6 Positive 1491 10.87 6.06 0.73 041
Negative 10.15 9.03 8.59 0.89 0.85

25
20
g 15+
g
)
10
5 -
O 1 1 1 1 1
-150 -100 =50 0 50 100 150
A (mm)
—— No. 1 —o— No. 4
—+— No.2 —— No.5
No. 3 —+— No.6

FiGure 11: Curves of the stiffness degradation of Ki—A.

yield point (K,,/K,), and the ratio of the stiffness between
plastic and yield point (K,/K,). The K,/K, ranged from 0.68
to 0.91. The K,,/K, ranged from 0.37 to 0.85.

3.5. Ductility and Energy Dissipation Capacity. Energy dissi-
pation (E) in each cycle and accumulated energy dissipation (E,)
of each square CFST column are both exhibited in Figure 12.
When A was less than 20 mm, six specimens were in the elastic
deformation phase. After A=20mm, the energy dissipation
increased gradually.

With the width—thickness ratio decreased, the energy
dissipation capacities in columns No. 1, No. 6, and No. 2
improved gradually. Compared with Specimen No. 3 and
No. 6, a small slenderness ratio could improve the energy
dissipation capacities. Among No. 4-No. 6, the cumulative
energy dissipation of No. 5 was the lowest, and No. 4 dissi-
pated the most energy. It indicates that reducing the axial

compression ratio could improve the energy consumption
capacities.

The equivalent viscous damping coefficient (&.q) is
assessed by Equation (4). Figure 13(a) shows the calculation
diagram.

1 SaBcp

e 27 Sopr + Sopk @
where Sypcp represents the cycle area on the hysteresis
curves; Sopr and Sopg represent the area of triangles OBF
and ODE, separately.

With the displacement increasing, the coefficient £, gen-
erally increased (Figure 13(b)). The &.q corresponding to the
plastic point (£.qp), yield point (eq,), and ultimate point
($equ) are exhibited in Table 6. Coefficients &g Eeqpr and
Eequ Wwere in a range of 0.078-0.131, 0.084-0.159, and
0.321-0.384, respectively.

n=o (5)

where 4, and A, represent the yield and ultimate displace-
ment, separately.
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FIGURE 12: Various energy quantities versus displacement of each specimen: (a) E—A curves and (b) E,—A curves.

0.4

03
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0.00 0.02
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FIGURE 13: &.q of specimens: (a) calculation diagram and (b) &eq—A curves.

TABLE 6: &q at characteristic points.

0.04 0.06 0.08 0.10 0.12
A (m)
—e— No. 4

—=— No.5
—+— No.6

(b)

TasLe 7: Ductility factor y for specimens.

No. 1 No. 2 No. 3 No. 4 No. 5 No. 6

2.988 2.977 3.981 3192 4.263 2.984

Specimen Eeay Eeap £ SpeCimen
No. 1 0.108 0.121 0.384 H

No. 2 0.083 0.084 0.324

No. 3 0.129 0.133 0.321

No. 4 0.131 0.136 0.357

No. 5 0.078 0.153 0.340

No. 6 0.112 0.159 0.364

The ductility coefficient (u) of six specimens ranged from
2.98 to 4.26 (Table 7). It indicates that all specimens exhibit
excellent ductility.
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FIGURE 14: Stress distribution of the CFST column.

4. Calculate

4.1. Calculation Formula. The ultimate moment strength of
square CFST columns was assessed according to the limit
equilibrium theory. The section of CFST columns is com-
posed of the concrete portion and steel tube. The full section
yield criterion was adopted. While, the tensile contribution
of concrete was ignored. The ultimate bending strength is
defined in Figure 14.

N, =N,c+Ny,r. (6)
Nyc=Jc %y D.. (7)

Nur =2f - Ay = ]nyj - Ag. (8)
M, =M,c+ M,r, )
M,c=f. x,-D.-05(D, - x,). (10)
Mz =2f A fi+]nyj A, (11)

where Ay and f,;" represent the area and yield strength of the
i-th compressed steel plate, separately; A;; and f,; represent
the area and yield strength of the j-th tensile steel plate,
separately; r; and r; represent spacing between the i-th com-
pressed steel plate and the j-th tensile steel plate to the cen-
troid axis, respectively; x, represent the height of the
concrete compression area.

4.2. Results Comparison. The N-M interaction curves of six
columns are exhibited in Figure 15. Table 8 compares their
maximum moments obtained by calculation (M., ) and
test (Mpax,7)- The ratio of the maximum moment between
the test and calculation (M pax,7/Mmax,c) ranged from 0.93 to

11
N
hoo
4)000 ..........................
2,000 NEEREE TR R
= ok - e AT
22,000 F7 i e
-4,000 : : :
200 300 400 500
M (kN-m)
— No. 1 —— No. 3-No. 6
— No.2

FIGURE 15: N-M curves.

TasLe 8: Comparison between the tested and calculated results.

Specimen My, € Mnax, T Minax, "Mmax, ¢
No. 1 266 277 1.04
No. 2 433 459 1.06
No. 3 353 366 1.04
No. 4 354 328 0.93
No. 5 331 367 1.11
No. 6 353 359 1.02

1.11. The average of M., 7/Mmax,c Was 1.03 and the varia-
tion coefficient was 0.057. The results indicated that
the proposed calculating method could accurately evaluate
the bearing capacities of square CFST columns.
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5. Conclusion

The paper studies the effects of width—thickness ratio (D/t),
axial compression ratio (n), and slenderness ratio (1) on the
cyclic behavior of the square CEST columns under the cyclic
loading. The bending capacity was evaluated by the proposed
calculation method. The primary conclusions are summa-
rized as follows:

(1) A bigger D/t would weaken the energy dissipation
capacities and bearing capacities of the CFST col-
umns but has little effect on ductility.

(2) With an increased 4, the energy dissipation capacities
and bearing capacities of CFST columns decreased,
and the stiffness of the columns deteriorated rapidly.

(3) As the n increasing, the bearing capacities of CEST
columns could be intensified but the energy dissipa-
tion capacities and the stiffness would be weakened.

(4) The ultimate moment strength of the square CFST
columns was assessed according to the limit equilib-
rium theory. M. 7/Mmaxc ranged from 0.93 to
1.11. The average of May7/Mmaxc Was 1.03, and
the coefficient of variation was 0.057. The proposed
calculation method could accurately predict the bear-
ing capacities of CFST columns.
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