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ABSTRACT

The hexagonal concrete-encased CFST column consists of a CFST (concrete-filled
steel tube) core and a hexagonal-shaped reinforced concrete (RC) encasement. This
paper presents the finite element (FE) analysis of hexagonal concrete-encased CFST
columns subjected to axial compressive forces and cyclic bending moments.
High-fidelity finite element analysis (FEA) model is established and validated by
comparison with the test data in terms of failure mode and hysteretic curves. From the
FEA model, the hysteretic response of the composite columns, the contact stress
between the steel tube and concrete, and the strength contribution of different
components during the full range of loading are illustrated. Parametric analysis is
conducted to investigate the influences of various parameters on force-displacement
envelope curves of the hexagonal concrete-encased CFST columns. The parameters
include the material strength, confinement factor of CFST section, stirrup
characteristic value, area ratio of CFST core to RC encasement, and axial force ratio.
Finally, simplified methods are proposed to predict the flexural strength of hexagonal
concrete-encased CFST columns. The predictions from simplified methods showed

good agreement with the experimental and analytical results.
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NOTATION
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fCU,OUI
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fyl

fyh
Mrc
Mcrst
Mu
MUC
Mue
n

No
Nu

P

Puc
Pue

Cross-sectional area of concrete-encased CFST
Cross-sectional area of CFST core
Equivalent area of outer concrete
Side length

Distance to the middle axis

Modulus of elasticity of steel
Modulus of elasticity of concrete
cylinder strength of core concrete
Prismatic strength of core concrete
Prismatic strength of outer concrete
Cube strength of core concrete

Cube strength of outer concrete

Yield strength of steel tube

Yield strength of longitudinal rebar
Yield strength of stirrup

Flexural strength of the RC encasement component
Flexural strength of CFST component
Flexural strength

Predicted flexural strength

Measured flexural strength

Axial force ratio

Constant axial load

Compressive strength

Lateral load

Predicted ultimate strength

Measured ultimate strength

Stirrup spacing

Steel tube thickness of CFST

Area ratio of CFST core

Steel ratio of CFST core

Factor of equivalent rectangular stress block
Displacement

Yield displacement

Ultimate displacement

Drift ratio

Ultimate drift ratio

Stirrup characteristic value
\olumetric stirrup ratio

Longitudinal rebar ratio

Confinement factor for CFST section
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1. Introduction

CFEST consists of the steel tube filled with concrete. CFST members with hexagonal
cross section are used in some high-rise buildings for their aesthetic performance,
where the members act as mega columns in the mega frame-core wall systems [1].
Moreover, the hexagonal shape makes the column easier to be connected with beams
and the core wall. In the past, the performance of hexagonal CFST column members
under axial compression and bending has been investigated by Xu et al.[1]. The CFST
component is found to have increased compressive strength and ductility.

The concrete-encased CFST column consists of an inner CFST component and an
outer reinforced concrete encasement component. The steel tube can provide
confinement to the core concrete, and the reinforced concrete encasement can provide
fire protection and corrosion protection. Because of these benefits, the
concrete-encased CFST column has been increasingly used in high-rise buildings and
bridges in China [2], such as Baoli Square of Shanghai, Jialing River Bridge and
Labajin Bridge. The cross sections of the concrete-encased CFST column are usually
circle, square, and rectangular for an easy beam-to-column connection. Han et al. [3]
conducted experimental tests on concrete-encased CFST columns with
aforementioned cross section. Ji et al. [4, 5] reported a series of experiments on the
seismic performance of concrete-encased CFST columns with square section. Both
sets of tests indicate that concrete-encased CFST columns have favorable ductility
and energy dissipation. Qian et al. [6] presented an analytical study on the cyclic

behaviour of concrete-encased CFST columns with square section. In some
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complicated structures like China Zun, the highest building in Beijing, the column is
not only connected to beams and shear wall in the longitudinal direction or transverse
direction, but also in the diagonal direction. In such a circumstance, the hexagonal
column section is convenient to be connected to beams and shear wall. The
concrete-encased CFST column with a hexagonal section is designed to be applied in
that circumstance. However, the research on the hexagonal concrete-encased CFST
columns is very limited. The whole response of the hysteretic curve, the contact stress
between steel tube and concrete, and the strength contribution of different components
of the hexagonal concrete-encased CFST column have yet to be clearly understood.
To this end, the main objectives of this research are thus threefold: (1) To develop a
high-fidelity finite element analysis (FEA) model that can accurately represent the
cyclic behaviour of the hexagonal concrete-encased CFST column; (2) To conduct
full-range analysis of the hexagonal concrete-encased CFST column, for estimating
the contact stress between steel tube and concrete, and the strength contribution of
different components; and (3) To establish a simplified model for the flexural strength
prediction of the hexagonal concrete-encased CFST column.

2. FEA model

A FEA model was developed using ABAQUS/Standard module [7] to represent the
specimen of hexagonal concrete encased CFST column in Xu [8]. Using the

symmetricity, a quarter model was considered.

The schematic view of the FEA model of the hexagonal concrete-encased CFST is

shown in Fig. 1. This type of cross section is chosen to be a “standard” hexagonal

5



75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

shape in this study. The dual-axisymmetric cross section has an equal side length (B)
for each edge of CFST core, two interior angles of 90 (1) and four interior angles of

135°(62).
2.1 Material properties

The concrete damaged plasticity model was used to simulate the behaviour of the
concrete under cyclic loading. The concrete section was divided into three regions
according to different levels of confinement, as shown in Fig. 1(a). The uniaxial
compressive strain-stress relation of the core concrete, outer stirrup-confined concrete
and concrete cover were simulated by the constitute models proposed by Han et al. [9],
Han and An [10] and Attard and Setunge [11], respectively. Note that there is no
specific constitute model for the core concrete of the hexagonal CFST. The axial
compressive behaviour of the hexagonal CFST[1] and rectangular CFST[12] was

compared by experimental tests. Both sets of CFST columns for comparison had

. . o, f i
similar confinement factor £ (= ——=) and compressive strength of core concrete

ck,core

fc core. The experimental results are shown in Fig. 2. The hexagonal CFST specimens
were named by “C”, and the rectangular CFST specimens by “rc”. It can be concluded
that the axial strain-force relationship curves of two different sections are similar,
which means the uniaxial compressive model of core concrete for the rectangular
CFST can be used for the hexagonal CFST. The uniaxial compressive model of core
concrete for the rectangular CFST is used for the core concrete with the hexagonal

section. The uniaxial tensile model suggested by Shen et al.[13] is used for three types
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of concrete. The elastic modulus Ec and Possion’s ratio of concrete are taken as
4730\/? and 0.2 respectively according to ACI318-11 [14], where fc’ is cylinder

c

compressive strength in MPa.

The longitudinal rebars are simulated using Clough model[15]. The steel tube and
stirrups are simulated using combined hardening model as shown in Fig. 3. The
Clough model is used for the reason that the slippage between longitudinal rebars and
concrete does not directly simulate in the FEA model. The Clough model can take
into account the slippage effect to some degree. The combined hardening model can
simulate Bauschinger effects of steel tube. The parameters of the combined hardening

model are determined by Han et al. [16].
2.2 Interaction, Boundary condition, and Element mesh

As the concrete damaged plasticity model cannot capture the opening and closure of
concrete cracks[17], a discrete crack between the concrete and the restricted part is
introduced to simulate this effect. The discrete crack is represented by the contact pair
in ABAQUS, where the “hard” contact is used in the normal direction and the
Coulomb friction is used in the tangential direction. The frictional factor i of the

Coulomb friction is taken as 1.0 according to the provisions of ACI 318-14[14].

The interaction between the steel tube and concrete is simulated by the
surface-to-surface contact interaction, where the “hard” contact is applied in the
normal direction and the Coulomb friction with a frictional factor of 0.6 is applied in

the tangential direction. The parameters of the contact interaction model have been
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verified by past researchers[6]. The end plate and steel tube are rigidly connected by
“tie” constraint in ABAQUS, and the end plate is connected to the concrete by “tie”
constraint as well. The rebars are connected to the outer concrete using the
“embedded” constraint. The interactions between different components can be seen in

Fig. 1.

2.3 Verifications of the FEA model

The FEA model is verified by the cyclic test results of square concrete-encased CFST
columns by Ji et al. [4] and hexagonal concrete-encased CFST columns presented in

Xu[8].

The specimen CCS3 and CCS4 from the experiments conducted by Ji et al. [4] had a
square section of 300 mm by 300 mm. A circular steel tube was embedded in the
concrete and the confinement factor was 1.01. A vertical load was applied to the
specimen at the beginning of the test and maintained constant. Cyclic loads were
applied quasi-statically by the horizontal actuator. The major difference between the
two specimens is the amount of stirrups. The specimen CCS3 has a closer stirrup
spacing than specimen CCS4. Two specimens showed a flexural failure mode,
characterized by the yield of the longitudinal rebars and compressive crushing of the

concrete at the plastic hinge of the column specimens.

In the design of Xu’s experiment, the flexural strength and shear strength were
predicted. The flexural strength was calculated by the strength prediction method

proposed by An and Han[18], which is based on the assumption that a plane remains
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plane after bending. The shear strength was calculated by the formula according to
CECS188[19]. The shear force corresponding to the calculated flexural strength of the
specimen is 122.9 kN, much lower than the calculated shear strength capacity of
482.6 kN. The experimental section and test setup for Xu’s test[8] is shown in Fig. 4.
The column was pin connected to the loading setup. The foundation was securely
fixed to the strong floor. The axial force was loaded by a horizontal jack. The axial
compressive load was firstly applied and maintained constant. The axial force ratio n
(=No/Nu) was equal to 0.1, where Nu denotes the compressive strength calculated by
the formula proposed by Han and An[10]. Afterwards, the cyclic vertical load was
applied at the column mid-span along the strong axis of the column’s cross section.
Before the specimen yielded, the vertical loading was force controlled, and then it was
changed to the displacement controlled till the failure of the specimen. Three force
magnitudes were considered in the force-controlled loading, i.e., 28, 56 and 84 kN.
The amplitude increment of displacement controlled loading was 2mm. Note that the
vertical displacement of pin connection at the column ends, induced by the local
rotation of the loading jack, would lead to an additional vertical displacement at the
column mid-span. To reflect this effect, a shear linear spring was added beyond the
end plate along the vertical direction in the FEA model, and the spring stiffness
parameter was determined by matching the initial stiffness value of the FEA model

with the test results.

Table 1 summarizes the FEA results, compared with the test results. The mean value

and the standard deviation of Pue/Pucare 1.0 and 0.009, respectively, which indicates

9
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that the FEA model could predict the ultimate strength reasonably. The predicted yield
displacement 4y and ultimate displacement Ay also correlated well with the test values.
Note that the yield displacement 4y is determined according to Priestley and Park[20].
Fig. 5 shows the photographs of specimens after testing and the predicted failure
mode from the FEA model. Fig. 6 compared the calculated and experimental
hysteretic curves of the specimens. The predicted values of the loading and unloading
stiffness are close to the measured values, and the pinching phenomenon is reflected

as well.

3. Analytical behaviour

A typical numerical sample for hexagonal concrete-encased CFST column is
established using the verified FEA model. The dimensions and loading procedure of
the model are identical to the test specimen in Xu[8]. The axial force ratio is 0.15. The
commonly-used material strengths for the concrete-encased CFST columns are
considered in the analysis. The material strengths are: fcuout = 40 MPa; feucore = 60
MPa; fys =345 MPa; fy1 =335 MPa and fyh = 335 MPa. Note that Chinese codes use the
cubic compressive strength for grading concrete, which can be transferred to cylinder
compressive strength by linear interpolation[21].

3.1 Analysis of load-displacement relation

Fig. 7 shows the typical hysteretic curve and envelope curve of the hexagonal
concrete-encased CFST column. Four characteristic points, i.e. A, B, C and D are
denoted in the curve to analyze the behaviour of the hexagonal concrete-encased

CFST column in different stages as follows: (1) Point A, initial yielding of the
10
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longitudinal rebar; (2) Point B, initial yielding of the steel tube and spalling of
concrete cover; (3) Point C, the maximum strength; (4) Point D, the strength

decreased to 85% of the maximum strength.

(1) Point A

Point A indicates the yielding of the longitudinal rebar. The secant stiffness of the
composite column at Point A is 0.48 of the initial stiffness. The stress distributions of
longitudinal rebars are shown in Fig.8 (a), and the yielding of rebars are concentrated
in the junction of the restricted part and other parts. The maximum width of the
discrete crack reaches 0.36 mm at point A. Fig.8 (b) indicates that the neutral axes of
outer concrete and core concrete are at the same height at point A. The outer concrete
has reached the uniaxial compressive strength in the longitudinal direction, while the
longitudinal stress of core concrete is lower than half of the uniaxial compressive
strength. The steel tube is in the elastic stage.

(2) Point B

Point B indicates the yielding of the steel tube. The von Mises stress of the steel tube
is shown in Fig.9 (a). The tensile edge and the compressive edge of the steel tube
yield almost simultaneously. The steel tube develops the largest von Mises stress in
the section that is approximately 60 mm apart from the restricted part, in which the
concrete develops the largest plastic strain for the section is at the middle of two
stirrups. Therefore the section of 60 mm away from the junction is selected as the
governing section. The longitudinal stress of steel tube and concrete in the governing

section are shown in Fig.9 (b). The steel tube has largest longitudinal stress at point a

11
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and point d, and the longitudinal stress varies gradually from point a to point d.

The stresses in red represent the post-peak stresses, while those in black represent the
stresses prior to the maximum strength. The spalling of the concrete cover is also
found at this typical point. The maximum longitudinal strain of the concrete is 4585p¢,
exceeding the spalling strain of concrete cover[22]. The longitudinal stress of core
concrete reaches the uniaxial compressive strength.

(3) Point C

Point C indicates the maximum strength of the specimen. The longitudinal stress of
concrete and steel tube at governing section is shown in Fig.10 (a). The longitudinal
stress of core concrete exceeds the uniaxial compressive strength at this point,
indicating that the confining effect induced by the steel tube can further increase the
uniaxial compressive strength. The longitudinal stress of outer concrete decreases to
lower than 50% of the maximum strength. Fig.10 (b) shows the longitudinal strain
distribution of outer concrete, core concrete, steel tube and rebars at the governing
section. The horizontal ordinate D means the distance from the measured point to the
middle axis. It can be found that the neutral axes of all components are nearly 15mm
away from the middle axis and the strain varies linearly along the height of cross
section. Except for the post-peak stresses region, the longitudinal strain of concrete
cover keeps linear. In the point C, the assumption that a plane remains plane after
bending exists for most regions of the whole section.

(4) Point D

Point D indicates the bearing capacity decreases to 85% of the ultimate strength. Fig.

12
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11 (a) shows the equivalent plastic strain of outer concrete. It can be found that the
equivalent plastic strain of outer concrete is concentrated in the farthest corners. The
stirrups have not yielded yet, and they can provide increasing confinement up to
further loading. Fig. 11 (b) shows the stresses of concrete in the y direction. The
neutral axis of core concrete and that of the outer concrete are not identical. The
compressive stress of most outer concrete drops below 0.2fc out. It indicates the
bending moment is mostly undertaken by the core concrete in compression and
reinforcements in tension. Fig.11 (c) shows the contact stress between the steel tube
and concrete. The stresses in blue represents the contact stress between the steel tube
and outer concrete, and the stresses in green represents the contact stress between the
steel tube and core concrete. The contact stress between the steel tube and outer
concrete is found on the compressive side, which means the outer concrete can
prevent the steel tube from local bulking under compression. The contact stress
between the steel tube and core concrete is distributed at the compressive side and the
tensile side, which indicates the steel tube can provide confinement to core concrete
under compression and tension.

3.2 Contact stress between steel tube and concrete

The contact stress between steel tube and concrete is discussed in this section, and it is
illustrated in Fig. 12. Under positive loading, points 1 and 2 marked in Fig. 12 are
subjected to tensile strain and compressive strain, respectively.

The contact stresses of point 1 and point 2 have a similar tendency due to the

symmetricity, and the point 3 has little contact stress. The contact stress between steel
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tube and core concrete represents the confinement to core concrete. The contact stress
between the steel tube and core concrete increases with the increase of displacement
at the tensile and the compressive edge until 34y is reached, and the maximum
strength of the column is also reached at 34y. The contact stress between the steel tube
and outer concrete reaches the maximum value at the compressive edge when the
maximum strength of the column is reached. At that instant, the maximum
longitudinal strain of the outer concrete is 8458ue. The severe damage of outer
concrete leads to the decrease of the contact stress between the steel tube and outer
concrete. The maximum longitudinal strain of the steel tube is 5034ue and it has local
buckling due to the decreasing of contact stress between the steel tube and outer
concrete. The yielded steel tube couldn’t provide more confinement to the core
concrete and the core concrete fails gradually, which consequently leads to the
decrease of contact stress between the steel tube and core concrete.

In conclusion, the outer concrete can prevent the steel tube from local buckling, and
the steel tube can provide the confinement to the core concrete under both tensile and
compression before the maximum strength is reached.

3.3 Strength contribution of different components

Fig. 13 shows the contributions of CFST component and RC encasement component
on the axial force, shear force and bending moment during the full range of loading on
the hexagonal concrete-encased CFST column.

It can be seen from Fig. 13 (a) that the variation trend of axial force is opposite

between the CFST component and RC encasement component. The RC encasement

14



270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

component bears a major portion of the axial load before the yield displacement.
Afterwards, the axial force carried by the outer RC encasement gradually transfers to
the CFST component due to the strength degradation of outer concrete. In the end of
loading, more than 50% of the axial load is carried by CFST component. As shown in
Fig. 13 (b) and (c), the shear force and bending moment carried by CFST component
keep increasing until two times of yield displacement. While the shear force and
bending moment carried by the RC encasement component decrease after the yield
displacement. The shear force and bending moment carried by the CFST component
don’t decrease until the end of loading, which ensures a good ductility for the
concrete-encased CFST column.

4. Parametric analysis

The major design parameters that affect the cyclic behaviour of the hexagonal
concrete-encased CFST column include: (1) cube strength of core concrete (feu,core); (2)
cube strength of outer concrete (feu,out); (3) confinement factor for CFST section (¢&); (4)
stirrup characteristic value (4v); (5) area ratio of CFST core (a); (6) axial force ratio
(n). To reflect the variation of those parameters, the material strength, the geometric
dimension and the axial force ratio of the FEA model vary as follows: fcucore = 40-80
MPa; feuout = 40-60 MPa; fys = 235-420 MPa; t = 2-6 mm; fyn = 300-400 MPa; s =
45-135 mm; Acore = 16080-34142mm? n = 0.15-0.45. The effects of different
parameters on envelope curves are shown in Fig. 14. When changing the value of a
parameter to investigate its effect, the values of other parameters keep constant and
are the same as the values defined in the previous section. The load is applied along
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the strong axis of the column section, while the loading along the weak axis is not
discussed here.

(1) Effects of the concrete strength

In practice, the core concrete of the hexagonal concrete-encased CFST columns is
usually designed with a cubic compressive strength of 40-80 MPa, and the outer
concrete with a cubic compressive strength of 30-50 MPa. Fig. 14 (a) and (b) show
the effects of the compressive strength of core concrete and outer concrete on P-4
envelope curves. The increase of the compressive strength of core concrete feu,core
leads to a slight increase of the maximum strength of the composite column, while it
does not influence the post-peak strength deterioration. The increase of the
compressive strength of outer concrete feu,out Can increase the bearing capacity of the
hexagonal concrete-encased CFST column, while it nearly has no influence on its
post-peak behaviour.

(2) Effects of the confinement factor for CFST section (&)

Fig. 14 (c) shows the effects of the confinement factor for the CFST section

f . : . :
(cf:h ) on P-4 envelope curves. The confinement factor is varied by changing the

ck,core

thickness of steel tube and the yield strength of steel tube. The ultimate strength
obviously increases with an increase of & which is related to the steel ratio of CFST
core and the yield strength of steel tube. The ultimate strength increases by 15% as the
confinement factor for CFST section (¢) increases from 0.610 to 1.195. Due to the
increase of the confining effect, when the confinement factor ¢ increases from 0.610

to 1.195, the drift ratio Au increased by 115%.
16
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(3) Effects of the stirrup characteristic value (iv)

The stirrup characteristic value Av specified in GB 50011-2010[23] (i.e., the
mechanical volumetric ratio wwd specified in Eurocode 8[24]) is calculated as A =
pviylfeout, Where fyn and feout denote the yield strength of transverse reinforcement and
the axial compressive strength of outer concrete, respectively. Fig. 14 (d) shows the
effects of the stirrup characteristic value Av on the P-4 envelope curves. The stirrup
characteristic value Av is varied by changing the yield strength of stirrup fyn and the
stirrup spacing s. The yield strength of the stirrup fyn only has moderate effects on the
P-4 envelope curves when it varies from 235 MPa to 335 MPa. The reason is that the
stirrup doesn’t yield until the ultimate displacement Au is reached. The decrease of the
stirrup spacing s can effectively increase the ultimate displacement. The ultimate drift
ratio fu increases from 0.016 to 0.024 when the stirrup spacing decreases from
135mm to 45mm.

(4) Effects of the area ratio of CFST core ()

The area ratio of CFST core a represents the ratio of cross-sectional area of the CFST
core to that of the composite column. Fig. 14 (e) shows the effects of the area ratio of
CFST core a on P-4 envelope curves. When the area ratio of CFST core o increases
by 0.2, the ultimate strength increases by 13% and the ultimate displacement increases
by 40.7%. As the CFST can provide high bearing capacity and ductility, the hexagonal
concrete-encased CFST column can have larger ultimate strength and ductility with a
larger area ratio of CFST core a.

(5) Effects of the axial force ratio (n)

17
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Fig. 14 (f) shows the effects of the axial force ratio n on the P-4 envelope curves.
With the axial force ratio n varies from 0.15 to 0.45, the flexural strength hardly
changes. According to M-N interaction diagram analysis of typical column sections,
the flexural strength capacity of a RC column significantly increases when the axial
force ratio increases from 0 to 0.3, and then the flexural strength capacity of RC
column drops down sharply with the further increase of axial force ratio. The M-N
interaction diagram of the hexagonal concrete-encased CFST column does not have a
sharp decrease in flexural strength capacity with the axial force ratio increasing from
0 to 0.45. Similarly as the RC component, the increase of the axial force ratio of the
hexagonal concrete-encased CFST column leads to an obvious decrease of ultimate
drift ratio. The ultimate drift ratio varied from 0.018 to 0.011 when the axial force
ratio n increases from 0.15 to 0.45.

Xu et al. [25] has proposed a simplified method to predict the flexural strength of
concrete-encased column base. The simplified method was verified by the test results
and is modified here to predict the flexural strength of the hexagonal concrete-encased
CFST column. The CFST component and RC encasement component bear axial force
and bending moment together, which has also been verified by the analytical studies.
The following assumptions are made. (1) Linear stain distribution is developed for the
section, which has been verified by analytical studies. (2) The ultimate compressive
strain ecu Of outer concrete is taken as 0.003[14], and the tensile contribution from the
concrete is ignored. (3)Uniform concrete stress is assumed over a compressive zone,
where the equivalent stress block area of outer concrete Aeout IS calculated according

18
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to ACI 318-14[14]. (4) The constitutive model proposed by Han et al.[26] is used for
the core concrete. (5) The constitutive model of steel tube and longitudinal rebars
follows a bilinear model, and the hardening modulus is 0.01Es.
The strain distribution of the whole section can be calculated by the strain at the
compressive edge and the compressive zone depth c. The strain and stress distribution
are shown in Fig.15. By dividing the whole section into equivalent blocks, the axial
force of the RC encasement component (Nrc) and CFST component (Ncrst) can be
calculated as follows:

Nie = 0.85 f couA o + D04 A, 1)

Nepst = zo'c,coreAc,core +z oA (2)
Aeout IS the equivalent area of the outer compressive concrete. As the equivalent area
of the hexagonal section has not been investigated, the factor of 0.85 and £ for the
rectangular section proposed by ACI 318-14[14] are used for the calculation of the
compressive strength and height of the equivalent compressive stress block ; avi is the
stress of a longitudinal rebar; Ari is the cross-sectional area of a longitudinal rebar;
accore 1S the stress of a core concrete block; Ac.core IS the area of a core concrete block;
osi 1S the stress of a steel tube block. Asi is the area of a steel tube block. The maximum
strength corresponds to the instant when the extreme compressive edge arrives at the
ultimate compressive strain ecu that is taken as 0.003[14]. From the equilibrium of the
axial forces, the compressive zone depth ¢ can be determined using Eqg. (3).

Nee + Nesr = N, 3)

The flexural strength of the RC encasement component (Mrc) and CFST component
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(McrsT) can be calculated as follows:

Mec = 0.85f conA o (0.5H = X o )+ S0, A, (0.5H — x,,) (4)

Merst = 2 O sorePhoore0-5H = X cord) + 2 0 A (0.5H — ;) (5)
Where H is the height of the cross section; Xcout is the distance from the extreme
compressive edge to the centroid of outer compressive concrete. Xc.core IS the distance
from the extreme compressive edge to the centroid of core concrete block; x:i is the
distance from the extreme compressive edge to longitudinal rebars; xsi is the distance
from the extreme compressive edge to the centroid of steel tube block. Then, the
ultimate moment Mu can be calculated by using the following expression

M, =Mgc + Mgy (6)

In this paper, Fibre model method, which is achieved by Xtract software, is used to
make a comparison with the simplified method. The constitute models proposed by
Attard and Setunge[11] and Han et al.[26] are used for the outer concrete and core
concrete. The bilinear model is used for the fibres that represent the steel tube and
rebars.
The calculated flexural strength (Muc) using the simplified method and fibre model are
compared with the measured flexural strength (Mue) in Fig. 16. Both the FEA model
and experimental results are used to verify the strength prediction method. Mean
values (Muc/Mue) of 0.838 and 0.946 with the standard deviation of 0.038 and 0.029
are obtained individually for the simplified method and fibre model method. Both
methods give reasonable predictions. In conclusion, the proposed simplified method is

convenient for manual computation and the fibre model is convenient for
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computerized calculation.

5. Conclusions

The following conclusions are drawn based on the studies:

(1) A FEA model is developed to represent the hexagonal concrete-encased CFST
column. The cracking and damage of concrete, the cyclic behaviour of steel tube, the
slippage between longitudinal rebars and concrete, and the interaction between steel
tube and surrounding concrete are considered in this model. Comparisons between
experimental and FEA results indicate that the FEA model can reasonably track the
experimental behaviour of the hexagonal concrete-encased CFST column.

(2) Using the verified FEA model, the hysteretic response of the composite columns,
the contact stress between steel tube and concrete, and the strength contribution of
different components during the full range of loading are investigated. It is found that,
with the increase of lateral displacement, the axial load and bending moment carried
by the RC encasement component gradually transfer to the CFST component.

(3) The parametric study shows that the confinement factor for CFST section, stirrup
spacing, area ratio of CFST core and axial force ratio have obvious influence on the
envelope curve. The maximum strength of the column increases with an increase of
the steel tube ratio due to the strength and confinement effects provided by the steel
tube. The drift ratio 6u increases by 115% when the confinement factor ¢ increases
from 0.610 to 1.195. The ultimate drift ratio fu increases from 0.016 to 0.024 when
the stirrup spacing decreases from 135mm to 45mm. The ultimate strength increases
by 13% and the ultimate displacement increases by 40.7% when the area ratio of
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CFST core a increases by 0.2. The confinement provided by the steel tube and stirrups
can improve the flexural strength and ductility of the composite column.

(4) In general, the proposed simplified method can provide a reasonable and
conservative estimation of the hexagonal concrete-encased CFST columns. The fibre
model using X-tract software also can accurately predict the flexural strength of the

composite columns.
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Tables
Table 1 Summary of measured and predicted results

Specimen 4y(mm) Au(mm) Measured Predicted
n Puc/Pue

label Measured Predicted Measured  Predicted ~ Pue (KN)  Puc (kN)
1 CE-1 0.1 8.99 11.27 37.27 27.10 279 284 1.018
2 CE-2 0.1 9.37 11.13 36.43 32.75 285 283 0.999
3 CCS3 0.25 6.52 4,95 31.34 34.00 252 252 1.000
4 CCS4 0.25 8.38 4,62 27.73 25.98 239 242 1.012
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