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Research paper

Mechanical properties of CFST short columns
with different void ratios

Junxi Song1, Zhuowei Han2, Dawei Wang3, Xiaorui Lu4

Abstract: In order to study the mechanical behavior of concrete-filled steel tube(CFST) short column
with different void ratios under a certain eccentricity. A fiber model of concrete-filled steel tube section
with different void heights was established. Compared with existing model test data, the axial force and
flexural moment strength models of concrete-filled steel tube columns with different void ratios were
established. The results show that, in the case of different void ratios, the cross-section strength envelope
shows an overall contraction tendency with the increase of void ratio, and each line is basically parallel.
A model for calculating the coefficient of axial load degradation was established. The Han’s flexural
moment strength model of the flexural component was revised, and the strength model of concrete-filled
steel tube column under eccentric compression considering void ratio was established, which provides
a theoretical basis and method for the safety assessment during the operation of concrete-filled steel
tube arch bridges.
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1. Introduction

CFST structure is widely used in housing construction and bridge engineering [1–3].
However, the problem of core concrete and steel tube voiding (including debonding)
has always been the research focus of scholars. Voiding (including debonding) is a very
dangerous bridge disease, which has a fatal impact on the service performance and life
of CFST structures, increasing the deformation of bridge structure during operation and
reducing its bearing capacity. Therefore, it is practical to research the voiding problem of
concrete-filled steel tubes [4–7].
Themechanical behavior of concrete filled steel tubular columnswithout voids has been

studied extensively, mainly in flexural moment and torsional shear. Yan et al. [8] conducted
experimental and analytical research on the structural performance of eccentrically com-
pressed circular reinforced concrete columns, proposed amodified plastic stress distribution
method to predict the critical section resistance of columns, and established a formula to es-
timate the effective stiffness of columns. Nie et al. [9] proposed a simplified design equation
for calculating the bending-shear-torsion bearing capacity of CFST short columns through
experimental research and analysis of the ultimate bearing capacity of CFST short columns
under bending-shear-torsion coupling loads. Ding et al. [10] presented experimental and nu-
merical studies on the behavior of both circular and square CFST short columns under local
compression, proposed an analytical formula for calculating the local compression bearing
capacity of CFST short columns. Tokarz [1] conducted a test study on the stability of the arc
arch, La Poutre and Snijder [11] conducted an inelastic out-of-plane stability test on a circu-
lar steel arch subjected to concentratiod loads on the vault, and found that the important fac-
tor affecting the out-of-plane stability of the arch rib was the torsional stiffness of the vault.
However, there are relatively few studies on themechanical properties of CFST columns

after Disengaging. Liao et al. [12, 17, 18] tested the mechanical properties of 21 CFST
specimens with different initial imperfections, and studied the influence of gap on the
failure mode, ultimate strength and bending stiffness of CFST columns or beams. Xue et
al. [13] studied the debonding effect of concrete-filled steel tubular short columns through
experiments, established the finite element model of concrete-filled steel tubular circular
short columns through ABAQUS, and proposed a simplified formula for calculating the
debonding effect. Liu [14] studied the debonding caused by the temperature change and
shrinkage of CFST through experiments, and concluded that the concrete strength has little
influence on the bond strength, while the surface condition of steel has a great influence
on it, and indicated that debonding will lead to the reduction of the bearing capacity of
concrete-filled steel tube arch. Wang et al. [15, 16] conducted an experimental study on
the axial compression performance of CFST short columns with circumferential gaps.
The research results indicate that, due to the weakening of steel tube restraint and concrete
support, the existence of circumferential gap defectsmay lead to brittle cracking of concrete,
inward and outward bulge of steel tubes. The axial compressive strength, initial stiffness
and ductility of columns are also significantly reduced.
The research of the above literature has a guiding role in understanding the mechanical

properties of the CFST column after disengaging, but there is no relevant report on the
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strength model of CFST column under axial force and flexural coupling effect after the
void. This paper refers to the existing model test data of eccentric compressive bearing
capacity of CFST short columns with voids. Based on the OpenSees platform, the modeling
calculation of CFST short columns with different void ratios under a certain eccentricity
is carried out. The influence of the void ratio on its mechanical properties is studied and
analyzed, and the calculation results are compared with the existing experimental research
results, which are in good agreement. Under different void ratios, the degradation coefficient
of axial compressive bearing capacity and the axial moment strength model of CFST after
disengaging are obtained. It provides a theoretical basis and method for the subsequent
safety stress assessment of CFST arch bridges during operation.

2. Introduction to computational models
Han [12, 18, 19] used the knowledge of mathematical statistics to study and analyze

a large amount of data from the CFST axial compression test, and studied the influence
of the hoop coefficient 𝜉 on the test results to obtain the one-dimensional stress-strain
relationship model of the core concrete. The parameters of the model are rigorously set,
and the corresponding coefficients are obtained by fitting and analyzing a large number
of experimental data. It is a constitutive model suitable for finite element calculation
research [20].
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, 𝑒0 is the axial strain

of the section centroid and can be expressed as 𝜀0 = 𝜀𝑐 + 1400 + 800
(
𝑓𝑐𝑘 − 20
20

)
𝜉0.2,

𝜀𝑐 is the strain at the peak point of the stress-strain curve of ordinary concrete and can
be expressed as 𝜀𝑐 = 1300 + 14.93 𝑓𝑐𝑘 , 𝐴 = 2 − 𝑘 , 𝐵 = 1 − 𝑘 , 𝑘 = 0.1𝜉 ′0.745, 𝛽 =

5𝑒−4 (2.36 × 10−5) [0.25+( 𝜉−0.5)7] 𝑓 2
𝑐𝑘
, 𝑞 = 𝑘/(0.2 + 0.1𝜉 ′), 𝐴𝑠 is steel tube area, 𝐴𝑐 is

core concrete area, 𝑓 s is ultimate yield strength of steel, 𝑓𝑐𝑘 is concrete axial compressive
strength, 𝜉 ′ is themodified hoop coefficient and can be expressed as 𝜉 ′ = 𝑘𝑒𝜉, the correction
coefficient 𝑘𝑒 is a function of the eccentricity 𝑒/𝑟𝑐 as a variable. If 𝑒/𝑟𝑐 ≤ 1.0, 𝑘𝑒 = 1−𝑒/𝑟
and if 𝑒/𝑟𝑐 > 1.0, 𝑘𝑒 = 0. 𝑒 is eccentricity, 𝑟𝑐 is radius of concrete filled steel tube. 𝜉 is

the standard value of the constraint effect coefficient and can be calculated by 𝜉 =
𝐴𝑠 𝑓s
𝐴𝑐 𝑓𝑐𝑘

.

The void phenomenon of CFST will change the stress area and three-dimensional
stress state of concrete and also weaken the hoop effect of steel tube on concrete. The hoop
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coefficient is corrected by the reduction factor 𝑘𝑑 of the void ratio. The mathematical
expression between the void ratio reduction coefficient 𝑘𝑑 and void ratio 𝜌 is as Eq. 2.2,

(2.2) 𝑘𝑑 = 0.7991 − 9.03𝜌

where 𝑘𝑑 – void ratio reduction coefficient, 𝜌 – void ratio.
Based on the core concrete constitutive relationship model proposed by Han, the influ-

ence of the eccentricity correction coefficient 𝑘𝑒 and the void ratio reduction coefficient 𝑘𝑑
on the hoop effect of the CFST is further considered, and a new hoop coefficient is obtained
as the Eq. 2.3,

(2.3) 𝜉 ′𝑑 = 𝑘𝑒𝑘𝑑𝜉

Substitute 𝜉𝑑 for 𝜉 and bring in Eq. 2.1 to obtain the stress-strain curve of the core
concrete after considering the eccentricity and void ratio.
Based on the OpenSees software, the section moment and curvature analysis is carried

out. The OpenSees software provides a fiber model as shown in Fig. 1. The displacement
function of the three-dimensional fiber beam element adopts the displacement function of
the Euler-Bernoulli beam. The axial strain at any point on the section is,

(2.4) 𝜀11 = 𝜀0 − 𝑦𝑣 + 𝑧𝑤

where 𝜀11 – the axial strain at any point on the section, 𝑦 – the 𝑦-axis coordinate of the
fiber on the local coordinate 𝑦-𝑧, 𝑧 – the 𝑧-coordinate of the fiber on the local coordinate
𝑦-𝑧, 𝑣 – the second-order offset derivative of local coordinate system displacement in 𝑦-
coordinate, 𝑤 – the second-order offset derivative of local coordinate system displacement
in 𝑧-coordinate.

Fig. 1. Three-dimensional fiber beam unit

Limited to the length of the article, this paper will not introduce the fiber unit in detail,
and the theory of specific fiber unit can be produced in the literature [21, 22].
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3. Analysis of calculation results

Liu [23] conducted eccentric compression tests on CFST short columns with void ratio
of 0–1.24%, outer diameter of 168 mm, wall thickness of 5 mm, length of 500 mm, and
filled with C50 concrete. The outer diameter of the steel tube is 168 mm and the thickness
is 5 mm. The length of the short column specimen is 500 mm, and the length of the long
column specimen is 1000 mm. The yield strength of the steel is 330 MPa. The measured
cubic compressive strength of concrete is 56 MPa. The model test results are shown in
Table 1 [23].

Table 1. The result of Model test

No. Specimen Void height ℎ
[mm]

Void ratio
[%]

1 Seh1-20-0
0 0

2 Seh2-20-0

3 Seh1-20-4
4 0.68

4 Seh2-20-4

5 Seh1-20-8
8 1.90

6 Seh2-20-8

7 Seh1-20-12
12 3.47

8 Seh2-20-12

9 Seh1-20-18
18 6.30

10 Seh2-20-18

11 Seh1-20-26
26 10.76

12 Seh2-20-26

Note: 1) In the specimen number, 20 is the initial eccentric distance 𝑒0 (mm) 0, 4, 8, 12,
18, 26 are the void height ℎ (mm);
2) void ratio = (core concrete area – void volume empty area) / core concrete area.

In this paper, based on the OpenSees platform, a finite element model of CFST short
column is established. The model dimensions and material parameters were consistent with
Liu’s [23] test. The stress-strain relationship curve can be obtained as shown in Fig. 2.
The cross-section fiber partition of the experimental model is illustration in Fig. 3.

Considering the steel tube, core concrete and the internal void height of CFST, the section
fiber model is calculated and analyzed under the coupling effect of axial force and flexural
moment. The specific loading diagram is shown in Fig. 4.
The calculation results of different void ratios are further analyzed, and a total of 72

models are calculated, respectively considering different void ratios and different initial
axial pressures. The cross-sectional strength envelopes of the 72 calculation models are
summarized in Fig. 5.
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Fig. 2. The stress- strain curve of core concrete

Fig. 3. Section fiber partitioning

Fig. 4. The composite of axial force and flexural moment

From the analysis of Fig. 5. it can be seen that in the case of different void ratios, the
cross-section strength envelope shows an overall contraction tendency with the increase
of void ratio, the lines are basically parallel. Therefore, the strength degradation law
of eccentrically compressed voided CFST members can be analyzed according to the
degradation law of axial compression bearing capacity.
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Fig. 5. Section strength envelope under the combined action of compression
and flexural at different Void height

Further comparison of the experimental and numerical simulation results (Table 2),
Fig. 6. can be obtained.

Table 2. Comparison of the test results with numerical simulation results

Height
[mm]

Void ratio
[%]

TEST
[kN]

FEM
[kN]

0 0 1610 1277

4 0.0068 1410 1266

8 0.019 1300 1246

12 0.0347 1260 1218

18 0.063 1200 1171

26 0.1076 1130 1096
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Fig. 6. Comparison of the test results with numerical simulation results
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It can be seen from Fig. 6. that there are some differences in the attenuation law of axial
compression bearing capacity between the test and numerical analysis under the condition
of small void ratio. However, due to the number of CFST columns tested is not very large,
and there are certain errors in the discreteness of concrete strength and the test itself.
Therefore, the law of linear descent is finally selected, and the degradation coefficient of
axial compression bearing capacity is established, 𝐷 is the slope of the linear segment of
FEM and test data in Fig. 6, it represents the relationship between the axial compressive
bearing capacity and void ratio of CFST.

(3.1) 𝐷 = 1 − 1.32𝜌

where: 𝐷 – degradation coefficient, 𝜌 – void ratio.

4. Model of axial force and moment strength of concrete
filled steel tube after disengaging

Referring to the section flexural moment strength model of buckling members proposed
by Han, 𝜉𝑜 and 𝜂𝑜 can be approximately expressed as a function of the restraint effect
coefficient 𝜉, and 𝜉𝑜, 𝜂𝑜 can be calculated by,

𝜉𝑜 = 1 + 0.18𝜉−1.15(4.1)

𝜂𝑜 =

{
0.5 − 0.245 · 𝜉 (𝜉 ≤ 0.4)
[2𝑝𝑡]0.1 + 0.14 · 𝜉−0.84 (𝜉 > 0.4)

(4.2)

Further considering the influence factor of the slenderness ratio of the member, the
𝑁/𝑁𝑢 – 𝑀/𝑀𝑢 correlation equation of the CFST compressive member is obtained as
follows,

(4.3)
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)
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(
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)
+ 1
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(
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(
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)
where 𝑎 = 1 − 2𝜑2 · 𝜂𝑜; 𝑏 =

1 − 𝜉𝑜

𝜑3 · 𝜂2𝑜
; 𝑐 =

2 · (𝜉𝑜 − 1)
𝜂𝑜

; 𝑑 = 1 − 0.4 ·
(
𝑁

𝑁𝐸

)
, 1/𝑑 is the

magnification factor of the flexural moment that considering the second-order effect, 𝑁𝐸

is the Euler’s critical force, 𝜑 is the axial compression stability coefficient, 𝑁𝑢𝑜 is the axial
strength bearing capacity, 𝑀𝑢 is the flexural capacity.
Further modifying the Han’s model, the strength model considering the void ratio is as

follows,

(4.4)
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(
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)
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Based on the established strength model of CFST column under eccentric compression,
a theoretical basis and method for the subsequent safety stress assessment of CFST arch
bridges during operation is provided.

5. Conclusions
In this paper, based on theOpenSees platform, aCFST section fibermodel is established,

and the numerical model is verified by the test results. Through the comparison of the
numerical analysis and the experimental results under the coupling action of axial force
and flexural moment, the following conclusions are drawn:
1. In the case of different void ratios, the cross-section strength envelope shows an
overall contraction tendencywith the increase of void ratio, and the lines are basically
parallel.

2. The strength degradation law of voided CFSTmembers under eccentric compression
can be analyzed according to the degradation law of axial compressive bearing
capacity. Through the comparative analysis of experimental and numerical solutions,
it is established that the axial compressive bearing capacity degradation coefficient
is: 𝐷 = 1 – 1.32𝜌.

3. The section flexuralmoment strengthmodel of theHan’swas revised, and the strength
model of CFST column under eccentric compression considering the void ratio was
obtained, which provided a theoretical basis and method for the subsequent safety
assessment of CFST arch bridges during operation.
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