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The analytical behavior of concrete-encased CFST (concrete-filled steel tube) columns under cyclic lateral loading
is reported in this paper. A finite element analysis (FEA) model is developed to investigate the cyclic behavior of
such composite column. Comparisons are made between measured and predicted results on failure modes, load
versus displacement relationships and ultimate strength. It is found that the proposed FEA model can reproduce
the experimental results with good accuracy. The full-range load-displacement relationships, the contact stress
between steel tube and concrete and the axial load distribution among different components are analyzed using
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Concrete-encased CFST the verified FEA model. The cyclic behavior of concrete-encased CFST is compared with that of conventional CFST
Concrete and reinforced concrete (RC) columns. The parametric analysis is conducted to investigate influences of various
Column parameters on the moment-curvature (M — ¢) envelope curves. The parameters include the material strength,
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Finite element analysis

the steel ratio of inner CFST, the longitudinal reinforcement ratio, the stirrup characteristic value, the tube
diameter to cross-sectional width ratio (D/B) and the axial load level. Finally, a simplified hysteretic model for

Parametric study
Hysteretic model

the M — ¢ relationship of concrete-encased CFST column is proposed.
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1. Introduction

Concrete-encased concrete-filled steel tubular (concrete-encased
CFST) columns consist of inner concrete-filled steel tube (CFST) and
outer reinforced concrete (RC) [1]. They have been used in high-rise
buildings and bridges. Fig. 1(a) and (b) shows a concrete-encased
CFST column under construction and the schematic view of its cross sec-
tion, respectively. When the column is used in high-rise building, it may
be subjected to constant axial load and cyclic lateral loading, as shown
in Fig. 1(c).

Extensive studies have been conducted to analyze the static behav-
ior of concrete-encased CFST column under axial compression, pure
bending, as well as combined compression and bending, which contrib-
ute to reveal the performance of these columns [1,2,3]. However, the re-
search on the seismic performance of concrete-encased CFST column
was rather limited, and was mainly focused on experimental investiga-
tions of composite columns under cyclic lateral loading. Han et al. [4]
conducted tests of concrete-encased CFST beam-columns under
constant axial load and cyclically increasing lateral loading. It was
found that concrete-encased CFST columns exhibited favorable energy
dissipation and ductility even when subjected to high axial load levels.
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Jietal. [5] carried out experiments of concrete-encased CFST columns
with different axial load levels and volumetric ratios of stirrups. The re-
sults showed that concrete-encased CFST columns had high strength
and good ductility. Li et al. [6] conducted tests on high-strength
concrete-encased CFST columns under cyclic lateral loading. The load
distributions between the inner CFST and outer RC components were
analyzed according to experimental results. However, there is a lack of
numerical model which could reproduce the behavior of concrete-
encased CFST columns under cyclic loading with favorable accuracy.
The analytical model is also useful to study the full-range response of
concrete-encased CFST columns under cyclic lateral loading.

This paper presents an investigation on the analytical behavior of
concrete-encased CFST columns under cyclic lateral loading. The main
objectives of this research are threefold. Firstly, to develop a nonlinear
3-D finite element analysis (FEA) model on composite columns under
cyclic loading with consideration of the cumulative damage of concrete
as well as the interaction between concrete and steel. Secondly, to pres-
ent analytical results of concrete-encased CFST columns under cyclic lat-
eral loading, including the load-displacement relationships, the contact
stress between steel tube and concrete and the axial load distribution
among inner CFST and outer RC components. Meanwhile, comparisons
on the behavior of concrete-encased CFST, conventional CFST and RC
columns are also conducted. Thirdly, to provide a moment versus curva-
ture hysteretic model using the verified FEA model, which can reason-
ably predict the behavior of composite columns under cyclic lateral
loading.
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Nomenclature

A Cross-sectional area of concrete-encased CFST

Ao Cross-sectional area of hoop-confined concrete

Acore Cross-sectional area of core concrete in CFST

An Cross-sectional area of stirrup

Al Cross-sectional area of longitudinal reinforcement

Aout Cross-sectional area of outer concrete

As Cross-sectional area of steel tube of CFST

B Cross-sectional width

c The distance from neutral axis to edge of outer com-
pressive zone

D Steel tube diameter of CFST

D/B Tube diameter to cross-sectional width ratio

E. Modulus of elasticity of concrete

E Modulus of elasticity of steel

fe Compressive strength of concrete

fecore Compressive strength of core concrete

feout Compressive strength of outer concrete

feucore Cube strength of core concrete

feuout Cube strength of outer concrete

c Cylinder strength of concrete

fyn Yield strength of stirrup

fa Yield strength of longitudinal reinforcement

fys Yield strength of steel tube

he Equivalent damping coefficient

In Total length of stirrup in cross section

M Moment

M, Ultimate moment

My Yield moment

No Axial load

Ny Column compressive strength

Nout Axial load of outer concrete

n Axial load level (n = No/Ny)

P Lateral load

Rarea Ratio of sectional area of column to that of the concrete-
encased CFST column

Reon Ratio of volume of concrete of column to that of the
concrete-encased CFST column

R Ratio of volume of total steel of column to that of the
concrete-encased CFST column

S Stirrup spacing

t Thickness of steel tube in CFST

o Longitudinal reinforcement ratio (=A/Aout)

oA Steel ratio of CFST (=As/Acore)

A Lateral displacement

) Curvature

bp Curvature corresponding to M,

13 Confinement factor of CFST (= afys/fc)

As Stirrup characteristic value (= py.fyn/fc)

u Ductility coefficient

Py Volumetric ratio of stirrups (=Ap:l/Ao/S)

v Poisson's ratio of steel

v

2. FEA model and verifications

The software package of ABAQUS/Standard module [7] was employed
to conduct the finite element analysis. Fig. 2 depicts the schematic view of
the FEA model.

2.1. Material properties

(1) Steel.

The behavior of steel was modeled by a combination of isotropic and
kinematic hardening models with a von Mises yield criterion and an as-
sociated plastic flow rule. The five-stage and bi-linear stress-strain rela-
tions provided by Han et al. [8] and Zhao et al. [9] were used to simulate
uniaxial stress—strain relations of steel tube and reinforcements, respec-
tively. Young's modulus Es and Poisson's ratio vs was set to be
206,000 N/mm? and 0.3, respectively.

(2) Concrete.

The concrete damaged plasticity model with a non-associated plastic
flow rule and isotropic damage was used to simulate the performance of
cyclically loaded concrete. The concrete cross section was divided into
three parts according to different confinement as follows: the core con-
crete, the hoop-confined concrete and the cover concrete [1], as shown
in Fig. 2(a). The stress-strain relations proposed by Han et al. [8], Han
and An [1] and Attard and Setunge [10] were used to describe the uni-
axial compressive stress-strain relations of the core concrete, the
hoop-confined concrete and the cover concrete, respectively. The accu-
racy of the above model was verified by An and Han [3] under monoton-
ic loading of combined compression and bending. As the stress—strain
relation under monotonic loading is an approximation of the skeleton
curve under cyclic loading, it was used herein for cyclic loading in this
paper. The tensile performance of concrete was described by the tensile
curve proposed by Shen et al. [11] for all kinds of concrete, which could
also be found in Han et al. [8]. The elastic modulus E. was determined as

4730\/)7[ [12], and Poisson's ratio v was set as 0.2.

For the concrete damaged plasticity model, the tensile damage vari-
able d; and the compressive damage variable d. were introduced to
describe the evolution of concrete damage under tension and compres-
sion, respectively. For the definition methods for damage variables,
Birtel and Mark [13] suggested the plastic strain to be the proportion
of the inelastic strain. Li and Han [14] employed the assumption of
“focal points”, which considered that all unloading curves were pointing
at virtual points in the uniaxial stress-strain plane. The comparison of
analytical and experimental loading-unloading curves for concrete ma-
terials [15,16] using these two different definitions of damage variables
is depicted in Fig. 3. It is shown that for the concrete under compression,
the unloading stiffness using these two methods is similar. While for the
concrete under tension, the predicted results using Li and Han's method
are closer to the measured ones. Moreover, the convergence of the FEA
model using Li and Han's method is better. The damage variable defini-
tion method proposed by Li and Han was adopted in the FEA model for
further analysis, as it could predict the behavior of both unconfined con-
crete and concrete confined by the steel tube with a good accuracy [14],
while the method presented in [13] may overestimate the damage for
the tube-confined concrete. Based on extensive FEA trials, tensile and
compressive stiffness recovery factors w, and w, were set as 0 and 0.5,
respectively.

2.2. Element types, boundary conditions and steel-concrete interface

One fourth of the composite column was modeled due to the sym-
metry about xy and yz planes, as shown in Fig. 2(b). The concrete,
steel tube and steel reinforcements were simulated by 8-node brick el-
ement (C3D8R), 4-node shell element (S4R) and 2-node truss element
(T3D2), respectively. The mesh convergence study was performed to
determine a proper mesh density, and the typical meshed numerical
specimen is shown in Fig. 2.

Arigid block was created to model the support and tied with the col-
umn end. The displacements in x, y directions and rotations around y, z
axes on the middle line of the support were constrained. Two rigid load-
ing plates were created for lateral loading on top and bottom surfaces of
the column. The boundary conditions are presented in Fig. 2(b). Two
loading steps were employed for the member. A constant axial com-
pressive load was applied at the end of member first, and then the cyclic
load was applied by the displacement controlled method.
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Fig. 1. Concrete-encased CFST column.

It is better to designate the hysteretic model to simulate the interface
behavior in the numerical model. Applying the hysteretic model to the
steel-concrete interfaces could enhance the accuracy of the calcula-
tion result. However, according to the experimental results of
concrete-encased CFST columns under cyclic lateral loading [4,5,6],
no sign of interface slippage was found between the steel tube and
outer concrete, which implies that the interactions behave elastically
during the loading. Moreover, the modeling difficulty is increased
and numerical non-convergence may occur when hysteretic contact
model is applied. Therefore the surface-based interaction between
the steel tube and concrete was tentatively used in the cyclic simula-
tion. In previous numerical study [14], the same surface-based inter-
action was applied for CFST structures under cyclic loading and was
found to be adequate for the simulation. In this model, the Coulomb
friction model was applied in the tangential direction and the hard-
contact model was applied in the normal direction [3,14], where
the frictional factor was taken as 0.6. For steel reinforcements, the in-
tegrity of the steel-concrete interface was also kept after the test.
Therefore all longitudinal reinforcements and stirrups were assumed
to be embedded in concrete elements. The verification shows that

Longitudinal bar - Cover concrete

Lateral loa
Hoop-confined

concrete

Core concrete

(a) Half part of the cross section

d Loading plate

the proposed contact model could also provide results with reason-
able accuracy.

2.3. Verifications of the FEA model

The FEA model was verified by previous experimental results of
concrete-encased CFST columns under cyclic loading. The details of
the test data from literature are listed in Table 1, where B is the cross-
sectional width; D and t are the diameter and thickness of the steel
tube of the CFST, respectively; feuout and feycore are the cube strength
of the outer and core concrete, respectively; fys and f;; are the yield
strength of the steel tube and longitudinal reinforcement, respectively;
Ny is the constant axial load applied before cyclic loading.

(1) Failure modes

Fig. 4(a) and (b) shows the measured and predicted failure modes of
outer concrete and inner CFST for the specimen CCS10 [5] under cyclic
loading, respectively. It is shown that in the experiment, the outer

Support

Axial load
”
~

=d, =0

2

1-Symmetrical about xy plane
(= displacement and = rotation are restricted)
2-Symmetrical about y= plane
(x displacement and x rotation are restricted)

(b) Schematic view

Fig. 2. A general view of FEA model.
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Fig. 3. Compressive and tensile loading-unloading curves for concrete.

concrete at the fixed end was crushed due to the cyclic compression and
tension. Meanwhile, the interface slippage between the steel tube and
outer concrete was not observed in the test. For the FEA model, the max-
imum principle strain vectors are near the fixed end and the outward de-
formation of concrete is observed at the same place. The local buckling of
steel tube is observed near the fixed column end in both experimental
and FEA results.

(2) Load versus displacement relations

The measured and predicted lateral load (P) versus lateral displace-
ment (A) relations are compared in Fig. 5. It is found that generally
good agreement is achieved between the measured and predicted results.
The FEA model gives a reasonable prediction on the loading stiffness and
the ultimate strength. For instance, the measured and calculated ultimate
strength for CC1 is 263 kN and 269 kN, respectively, while the measured
and calculated ultimate strength for S-1 is 98 kN and 92 kN, respectively.
The predicted unloading stiffness is close to the measured one as well.
However, the pinching phenomenon of cyclic curves observed in the ex-
periment is more significant than that in the calculation, which may be
due to the fact that the concrete damaged plasticity model could not prop-
erly simulate the crack closure of concrete from tension to compression.

Table 1

(3) Ultimate strength

The measured and predicted ultimate strength is compared in Fig. 6,
where the ultimate strength is the average of peak loads from both di-
rections. More comparisons are listed in Table 1. It is found that in
most cases the predicted results agree well with the experimental
ones, although some specimens may not be satisfactory, which may
be due to the material hardening in the experiment. The mean value
and the coefficient of variation (COV) of Py¢/Pye are 0.930 and 0.138, re-
spectively. In general the proposed FEA model reproduces the experi-
mental results with reasonable accuracy.

3. Analytical behavior

The verified FEA model is used to conduct the analytical study. A typ-
ical concrete-encased CFST column is selected as follows:

* B =400 mm; D = 250 mm; t = 5.8 mm); the steel ratio of the inner
CFST, i.e. o (=As/Acores Where A and Acqre are areas of the steel tube
and the core concrete, respectively) is 0.1; diameters of the longitudi-
nal reinforcement and stirrup are 14 mm and 8 mm, respectively; the
spacing of the stirrups is 100 mm; the thickness of concrete cover is

Measured and predicted ultimate strength of concrete-filled CFST columns under cyclic lateral loading.

No.  Specimen B Dxt Jeuout feucore Jys fu No Measured P, Predicted P,  Py/Py,  Data
label (mm) (mm) (N/mm?) (N/mm?) (N/mm?) (N/mm?) (kN) (kN) (kN) sources
1 SC1 150 60x2 52.4 52.4 353 417 0 43 39 0918 Han et al. [4]
2 SC2 150 60x2 524 524 353 417 282 56 55 0.980
3 SC3 150 60x2 52.4 52.4 353 417 564 62 52 0.841
4 CCS1 300 168x5.76 53.0 72.2 354 391 1038 268 267 0.994 Jietal [5]
5 CCS2 300 168x5.76 53.0 72.2 354 391 1025 266 244 0.916
6 CCS3 300 168x5.76 54.0 67.3 354 391 1377 243 248 1.021
7 CCs4 300 168x5.76 54.0 67.3 354 391 1365 234 239 1.022
8 CCS5 300 168x5.76 58.3 68.7 354 391 1708 252 267 1.060
9 CCs6 300 168x5.76 58.3 68.7 354 391 1697 250 251 1.004
10 CCS7 300 168x5.76 59.4 74.1 354 391 2045 242 249 1.030
11 CCS8 300 168x5.76 59.4 74.1 354 391 2040 261 257 0.986
12 CCs9 300 168x5.76 57.1 73.1 354 391 2201 263 262 0.998
13 CCS10 300 168x5.76 57.1 73.1 354 391 2188 281 283 1.010
14 S-1 202 84.4x2.5 42.1 85.5 274 405 or 350 670 97 92 0.949 Liet al. [6]
15 S-2 200 84.4x2.5 53.8 85.5 274 405 or 350 870 146 97 0.664
16 S-3 200 84.4x2.5 53.2 85.5 274 405 or 350 1063 166 102 0.617
17 S-4 200 89.0x5.0 72.0 85.5 274 405 or 350 1081 169 136 0.802
Mean (u) 0.930
cov 0.138
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Fig. 4. Comparison of failure modes between measured and predicted results under cyclic lateral loading.
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Fig. 5. Comparison of load versus displacement relations between measured and predicted results.
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20 mm; the longitudinal reinforcement ratio oy (= Aj/Aou, Where A
and Aoy are areas of the longitudinal reinforcements and the outer
concrete, respectively) is 1.66%; the volumetric ratio of stirrups p,
(=An-1n/Ao/s, where Ay, is the cross-sectional area of stirrup, I, is the
total length of stirrup in cross section, Ay is the cross-sectional area
of hoop-confined concrete and s is the spacing of stirrups) is 1%; the
stirrup characteristic value of outer concrete As (= py.fyn/fcour, Where
feout is the axial compressive strength of the outer concrete according
to Chinese code for design of concrete structures [17]) is 0.125.

The material properties are as follows:

* fys =345 N/mm?; f; = 335 N/mm?; the yield strength of stirrup fy, =
335 N/mm?; foyoue = 40 N/mm? and foy core = 60 N/mm?,

The effective length [, between two rotation centers at the ends of
column is 3300 mm. The axial load level n (= Ny/N,, where N is the
axial load applied to the composite column; Ny, is the axially compres-
sive capacity calculated by current FEA model) is set to be 0.4. The test-
ing program in ATC-24 [18] is adopted for the cyclic loading. Only one
fourth of the specimen is modeled for the symmetry.

600

400
z
=t
o

200 i Ccr,nm

0 1 1
0 10 20 30

A (mm)

Fig. 7. Typical P-A envelope curve.

3.1. Analysis of full-range load—-displacement envelope curve

Fig. 7 shows a typical P-A envelope curve of the concrete-encased
CFST column, which is obtained by connecting peak points of every
loading cycle. Six characteristic points are marked in this curve to ana-
lyze the behavior of composite column at different stages as follows:
Point Ce;out, cracking of the cover concrete; Point R, initial yielding of
the longitudinal reinforcement under compression; Point Cjn, cracking
of the core concrete; Point S, initial yielding of the steel tube under
compression; Point P, the ultimate strength; Point U, the load falls to
85% of the ultimate strength.

1) Point Cerout

The Point Cg oy indicates the cracking of the cover concrete. The
stiffness of the P-A envelope curve begins to decrease slightly due to
the cracks after Point C¢; oy Fig. 8(a) shows the maximum principle
stress vectors of outer concrete at Point Cey oy, Where arrows represent
the directions of the maximum principle stress. Although the concrete
damage plasticity model could not provide visualization of cracks, the
direction of the maximum principle stress is perpendicular to that of
the concrete crack. Therefore the direction and magnitude of the maxi-
mum principle stress can reflect the direction and distribution of cracks.
It is shown that vertical initial cracks occur at the tensile zone at the
mid-span of the column. At Point C¢; oy, the tensile longitudinal strain
at the mid-span exceeds the cracking strain of concrete, as shown in
Fig. 8(b), while the stress of steel reinforcements and steel tube is far
less than the yield strength. The inner CFST component almost behaves
elastically at Point Ce; oyt

2) Point R.

The Point R, indicates the initial yielding of the longitudinal rein-
forcement under compression. The stiffness of the P-A envelope curve
begins to decrease obviously from Point R, to Point P. The curve shows
elasto-plastic behavior after Point R.. As the increase of the lateral dis-
placement, the neutral axis moves towards the compressive side due
to the cracking of outer concrete. The stress of the longitudinal rein-
forcement under compression almost reaches the yield strength at
Point R. as shown in Fig. 9(a) while that of the longitudinal reinforce-
ment under tension is relatively small. Fig. 9(b) gives the maximum
principle stress vectors of outer concrete at Point R.. It can be seen
that the intensity of the stress increases at the tensile zone of the

b

LE, LE33Z

(Avg: 75%)
+1.763e-04
+1.730e-04
+1.677e-04

+1.51%e-04
+1.466e-04
+1.41d4e-04
+1.361e-04
+1.308e-04
+1.255e-04

+1.150e-04
-7.198e-03

(b) Longitudinal strain distribution of outer concrete at
the mid-span

Fig. 8. Stress and strain of outer concrete at Point Cer oyt
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(a) Stress distribution (S11 in MPa) of longitudinal reinforcements

(b) Maximum principle stress vectors of outer concrete

Fig. 9. Stress of longitudinal reinforcements and outer concrete at Point R.

outer concrete from Point C; oy to Point R.. For the inner CFST compo-
nent, the stress of the steel tube is still less than the yield strength and
the intensity of the maximum principle stress is very small in the core
concrete at Point R..

3) Point Cepjin

The Point C;, indicates cracking of the core concrete of the inner
CFST component. As the neutral axis gradually moves up, the bottom
zone of the core concrete is under tension at Point C j,. The maximum
principle stress vectors of core and outer concrete at Point Cejn is given
in Fig. 10(a) and (b), respectively. The maximum longitudinal strain of
the core concrete at the mid-span presented in Fig. 10(c) is more than
the cracking strain of concrete. The cracking area of the outer concrete
expands when compared to the last point.

4) Point S¢

i 14

(a) Maximum principle stress vectors of core concrete

(b) Maximum principle stress vectors of outer concrete

LE, LE33

(Bvg: 75%)
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+1.513e-04
+1.445¢e-04
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+1.240e-04
-1.471e-03

(c) Longitudinal strain distribution of core concrete at the mid-span

Fig. 10. Stress and strain of core and outer concrete at Point Cey i

The Point S, indicates the initial yielding of the steel tube of the inner
CFST component under compression. The longitudinal stress distribu-
tion of the steel tube is shown in Fig. 11. As the lateral load increases,
the stress of steel tube increases continuously and reaches the yield
strength at Point S. The tensile stress of the steel tube is less than the
yield strength.

5) Point P

The Point P indicates that the ultimate strength is reached. Fig. 12(a)
shows the maximum principle stress vectors of concrete at Point P. It
can be found that several main cracks are formed near the mid-span.
The longitudinal stress at the top of the core concrete is higher than
the cylinder compressive strength (f.core, = 51 N/mm?) owing to the
confinement provided by the steel tube, as shown in Fig. 12(b). The neu-
tral axis locates between the central line of the cross section and the ten-
sile fiber at the bottom of the core concrete. The longitudinal strains of
the outer concrete on the edge of the compressive zone are larger
than the crushing strain of the RC column (&, = 3300 pe) according
to GB50010-2010 [17], which indicates that this part of concrete is
crushed. Meanwhile, stirrups yield at this point, as shown in
Fig. 12(c), and the tensile stresses of the steel tube and longitudinal re-
inforcements are less than the tensile yield strength. The failure mode is
a compression-controlled one according to An and Han [3].

6) PointU

The load decreases after Point P due to the material deterioration.
The Point U corresponds to the stage when the load falls to 85% of the
ultimate strength. The cracking zone expands to a farther region from
the mid-span and several shear cracks occur near the column end
from Point P to Point U, as shown in Fig. 13(a). The average longitudinal
stress of the outer concrete is less than 10 MPa, which indicates that the
outer concrete is severely damaged when the column (fails.
Fig. 13(b) shows that the neutral axis of the cross section moves to-
wards the tensile side for more axial load is resisted by the inner CFST
component during the loading. The whole cross section of the core con-
crete of the inner CFST component is under compression.
Fig. 13(c) shows that the steel tube and longitudinal reinforcements
under tension have yielded.

3.2. Contact stress between steel tube and concrete

The outer concrete, steel tube, core concrete and longitudinal rein-
forcements work together to resist the cyclic loading. It is important to
understand the composite effect between these components. The nor-
mal stress develops between the outer concrete, steel tube and core
concrete, which causes confinement effect to the components. The nor-
mal stress redistributes when the lateral displacement increases. When
the ultimate strength is reached, the average longitudinal stress of the
core concrete is still high owing to the confinement of the steel tube,
and the local outward buckling of the inner steel tube does not occur
owing to the support of the outer concrete.

-0.78 f;,

0%

W

0.09 £,

Fig. 11. Longitudinal stress distribution (S22) of steel tube at Point S..
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(c) Stress distribution (S11 in MPa) of stirrups

Fig. 12. Stress of concrete and stirrups at Point P.

The normal contact stress between the steel tube and core concrete,
as well as that between the steel tube and outer concrete of the mid-
span cross section at different displacement levels is shown in
Fig. 14(a) and (b), respectively. The contact stress is parallel to the nor-
mal directions of the tube surfaces. Points 1 and 3 marked in Fig. 14 are
at the tensile and compressive sides under positive loading, respective-
ly. Before the cyclic loading is applied, i.e., A = 0, the contact stress for
Points 1, 2 and 3 is almost the same for the whole cross section is
under uniform compression. The contact stress inside and outside the
steel tube has a similar trend.

It can be seen in Fig. 14 that the variation trend of contact stress at
Points 1 and 3 is opposite: the contact stress at Point 1 increases while
that at Point 3 decreases. The reason is that the longitudinal stress of
the concrete caused by lateral displacement is in opposite directions at
Points 1 and 3, and higher longitudinal stress of the concrete leads to
higher contact stress between steel tube and concrete. For Point 3, the
contact stress increases with the increase of positive displacement
level until the ultimate strength of the column is reached. It begins to
descend afterwards due to the crush of the outer concrete. Meanwhile,
the contact stress at negative displacement levels keeps low for the
cracking of concrete. The contact stress of Point 2 is always low despite
the loading direction.

3.3. Axial load distribution among components

The axial load distribution among different components could affect
the design of concrete-encased CFST columns. The parametric study is
conducted to analyze influences of key parameters on the axial load dis-
tribution to each component. Two parameters, the axial load level n and
the ratio of diameter of steel tube to cross-sectional width D/B are cho-
sen to analyze their influences for they affect the value of axial load
resisted by different components before cyclic loading.

(1) Influence of n

The influence of the axial load level on the axial load distribution is
depicted in Fig. 15(a). The values of N,,/N for different axial load levels
before the cyclic loading are around 0.6, where N, is the summation of
axial loads resisted by the outer concrete and the reinforcements, N is
the total axial load applied. It is due to the reason that, during the elastic
stage, the load distribution is related to the proportions of the compres-
sive stiffness of different components. The elastic stiffness of the inner
CFST EAcrst and the outer concrete EA,,: can be calculated in
Egs. (1) and (2) as follows:

EACFSI‘ = Es.s ‘ As + Eccore . Acore (])

EAout = Es.l : Al + Ec,out . Aout (2)

where Eg, Es ), Eccore and E¢ oy are the elastic modulus of steel tube,
longitudinal reinforcement, core concrete and outer concrete, respec-
tively; As, Al, Acore and Aoy are the cross-sectional areas of steel tube, lon-
gitudinal reinforcement, core concrete and outer concrete, respectively.
The calculated value of EAqy/(EAcest + EAout) is 0.58, which is close to
Noue/N obtained (0.6).

The value of No/N when the column fails is less than 0.5, which in-
dicates that more than half of the axial load is resisted by the CFST com-
ponent at that moment.

As shown in Fig. 15(a), Nou/N increases before the ultimate strength
is reached when n = 0.2. However, N,,/N decreases when n = 0.4 or
0.6. It might be due to the following two reasons.

i) For the specimens with higher axial load level (n = 0.4 or 0.6), the
stress level of concrete is higher, as shown in Fig. 16, which means
that the damage of external concrete is more severe under high
axial load. Therefore Ny decreases with the increase of axial load
level, and a higher n leads to a faster decrease of Ny/N. However,
for a low axial load level (n = 0.2), the stress of outer concrete at
the compressive zone could increase further and N, increases ac-
cordingly.

ii) The neutral axis is closer to the central line of the inner CFST with a
lower axial load level (n = 0.2), which means more area of the inner
CFST is under tension. Therefore the average stress of CFST under
compression is low and the summation of axial load resisted by
the CFST is smaller.

Nout/N decreases rapidly after the ultimate strength due to the
crushing of outer concrete, and the axial load is gradually transferred
to the inner CFST.

(2) Influence of D/B

Three composite columns with D/B of 0.5, 0.625 and 0.75 are de-
signed for comparison of the influence on the axial load proportion,
as shown in Fig. 15(b). The other parameters of the composite
columns are the same with those for the column prototype defined
above. It can be seen that the average No/N is lower when the D/B
is higher, but D/B ratio only has minor effect on the variation
tendency of the axial load distribution on components. The reason
might be that the stress levels of outer and core concrete with
different D/B are close to each other under axial compression alone.

It is concluded that the axial load level has obvious influence on the
variation tendency of axial load distribution among different compo-
nents. The proportion of axial load resisted by the outer concrete may
increase under cyclic loading with a relatively low axial load level n.
Meanwhile, D/B only has a minor effect on the variation tendency of
the axial load distribution.
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Fig. 13. Stress of concrete, steel tube and reinforcements at Point U.

3.4. Comparisons on the behavior of concrete-encased CFST, CFST and RC
columns

The concrete-encased CFST column has its own characteristics
when compared with conventional CFST and RC columns. Some key
issues, such as the ductility and energy dissipation capacity are of
key importance when designing such column members. An RC col-
umn and a circular CFST column are designed for comparison with
the typical concrete-encased CFST column. These columns are de-
signed with the following principles: the compressive capacities N,
of the columns are almost the same, and the ultimate bending mo-
ments M, under a specific axial load level of the columns are almost
the same as well. The axial load level is set to be 0.3 herein for anal-
ysis. Extensive trials through FEA model are conducted to determine
the parameters of the RC column and CFST column. The parameters
adopted for CFST column are: D = 356 mm; t = 6.3 mm; fys =

345 N/mm?; foy.core = 60 N/mm?. The parameters for RC column
are: B = 460 mm; f, = 40 N/mm?; f,; = f,n, = 335 N/mm?; diame-
ters of longitudinal reinforcement and stirrup are 12 mm and
8 mm, respectively; the layout of the longitudinal reinforcements is
the same with that in typical concrete-encased CFST column; the
spacing of stirrups is 83 mm to ensure that the volumetric ratio of
stirrups of the RC column is equal to that of the concrete-encased
CFST column. The calculated N, and M, for these three columns are
within a deviation of 6%.

The comparison of moment (M) versus curvature (¢) envelope
curves is shown in Fig. 17. A curvature ductility coefficient (p) is intro-
duced to discuss the ductility of the columns under cyclic loading,
which is defined as follows [19]:

bu

u=g 3)
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Fig. 14. Contact stress between steel tube and concrete at the mid-span.

where ¢, and ¢y are the curvatures corresponding to failure and
yielding on M-¢ envelope curve.

The energy dissipation coefficient (E) and the equivalent damping
coefficient (h.) in JGJ101-96 [20] are used to assess the energy dissipa-
tion capacity of the columns. The definitions can also be found in Han
and Li [21].

The calculated coefficients pand h, for the cycle where the ultimate
strength is reached are listed in Table 2, where i is the averaged curva-
ture ductility coefficient of both loading directions. The cross-sectional
dimension and the material consumption are also compared in
Table 2, where R;.ca, Rs and R, are the ratios of cross-sectional area,
the volume of total steel (steel tube, longitudinal reinforcements and
stirrups) and the volume of concrete to those of the concrete-encased
CFST column, respectively.

The comparison results between these specific columns are summa-
rized as follows:

(1) Comparison between concrete-encased CFST and RC columns:
the curvature ductility coefficient of the concrete-encased CFST
column is about 7, which is 15% higher than that of the RC col-
umn due to the inner CFST. The concrete-encased CFST column
exhibits better ductility performance under cyclic lateral loading.
The consumptions of total steel and concrete for the RC column
are 0.34 and 1.37 times of those for the concrete-encased CFST
column, respectively. The cross-sectional area of concrete-
encased CFST column is 24% less than that of RC column, which
means more usable area is saved if concrete-encased CFST col-
umn is adopted.

(2) Comparison between concrete-encased CFST and CFST col-
umns: Coefficients ptand h. of CFST column are 31% and 54%
higher than those of concrete-encased CFST, respectively. In

1
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Fig. 15. Influence of different parameters on axial load distribution among components.

general the seismic performance of the CFST column is better.
It can also be seen from Table 2 that the CFST column uses less
material than the concrete-encased CFST column, and the
cross-sectional profile is smaller. Nevertheless, the fire resis-
tance of the concrete-encased CFST column is enhanced for
the protection of the outer concrete, and the concrete-
encased CFST column is more convenient to be connected
with RC beams.

4. Parametric analysis and hysteretic model
4.1. Parametric analysis

The parameters that may affect the cyclic behavior of concrete-
encased CFST column are summarized as follows:

* Material paramEterS: fcu,core- fcu,out- fys, fyl;
= Geometric parameters: D/B, as, oy, A;
* Loading parameters: n.

The archetype of these numerical samples is the same as that in
Section 3.1. The effects of different parameters on M-¢ envelope curves
are shown in Fig. 18.

(1) Effect of cube strength of core concrete fo, core
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(a) n=0.2

(c) n=0.6

Fig. 16. Stress distribution (S33) of outer concrete under only axial compression.

The effect of cube strength of core concrete f, core 0N M-¢ envelope
curves is shown in Fig. 18(a). It can be seen that f., core has a negligible
effect on the ductility. For the flexural strength, the ultimate moment
M, increases with the increase of fey core-

(2) Effect of cube strength of outer concrete fqy out

The effect of cube strength of outer concrete f, o,c ON M-¢ envelope
curves is shown in Fig. 18(b). It is evident that the ultimate moment and
ductility are significantly influenced by fw, our. The ultimate moment in-
creases by 15% when f, oy varies from 30 MPa to 50 MPa. For the duc-
tility, the sample with fo,, oue 0f 30 MPa is the highest. While the ductility
of the samples decreases when f, o increases, for usually the ductility
is lower when the concrete strength is higher.

(3) Effect of yield strength of steel tube fys

Fig. 18(c) shows the effect of yield strength of steel tube f,; on M-¢
envelope curves. The increase of fy; leads to a moderate increase in the
ultimate moment and ductility.

(4) Effect of yield strength of longitudinal reinforcement f;

Fig. 18(d) shows the effect of the yield strength of longitudinal rein-
forcement f,; on M-¢ envelope curves. It can be found that the ultimate
moment increases moderately with the increase of f,;. The effect of fy, is
negligible on the ductility, for the longitudinal reinforcements yield
under compression when the ultimate moment is reached, and the con-
tribution to the moment is limited afterwards.

600
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Fig. 17. Comparison of M-¢ envelope curves.

(5) Effect of steel ratio of the inner CFST o

It can be seen in Fig. 18(e) that the steel ratio of the inner CFST o has
a significant effect on both the ultimate moment and the ductility. The
ultimate moment increases by 20% when o varies from 0.05 to 0.15.
The ductility continuously increases with the increase of o due to the
reason that a higher as leads to a better ductility of inner CFST compo-
nent, which resists most of the load after the ultimate strength is
reached.

(6) Effect of longitudinal reinforcement ratio oy

Fig. 18(f) gives the effect of longitudinal reinforcement ratio oy on
M-¢ envelope curves. When o changes from 1% to 2.32%, the ultimate
moment increases by 17%. The ductility for different longitudinal rein-
forcement ratios is almost the same.

(7) Effect of stirrup characteristic value of outer concrete A

The effect of stirrup characteristic value of outer concrete A on M-¢
envelope curves is shown in Fig. 18(g). With the increase of A, the ulti-
mate moment increases moderately. The reason is that a higher value of
As leads to a stronger confinement to the outer concrete and the com-
pressive strength in uniaxial direction increases when the degree of
confinement improves. Within the parameter scope in this study, As
seems to have a limited influence on the ductility.

(8) Effect of tube diameter to cross-sectional width ratio D/B

The effect of the tube diameter to cross-sectional width ratio D/B on
M-¢ envelope curves is shown in Fig. 18(h). The ultimate moment in-
creases by 31% when D/B increases from 0.5 to 0.75. The D/B has negli-
gible effect on the ductility because the effect of D/B on the crushing of
the outer concrete is rather limited.

(9) Effect of axial load level n

Table 2
Comparisons between concrete-encased CFST, CFST and RC columns.

Column type u u he Rarea R Reon

(+) (=)

Concrete-encased CFST ~ 6.08 791 699  0.168 1.00 1.00 1.00
CFST 9.07 929 9.18 0259 062 098 0.60
RC 560 6.51 6.06 0203 132 034 137
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The axial load level n has significant influence on M-¢ envelope
curves, as shown in Fig. 18(i). The ultimate moment increases at first
and then decreases with the increase in the axial load level n, which is
in accordance with the typical N,/Nyo-M,/M, interactive curve provid-
ed in An and Han [3]. The ductility decreases rapidly with the increase of
axial load level, for the area of compressive zone expands with the in-
crease of n, which leads to the decrease of ductility.

4.2. Hysteretic model

A hysteretic model for the M-¢ relation under cyclic lateral loading
is proposed for the concrete-encased CFST column. The variation ranges
of parameters are: foy core = 40-80 MPa; feyour = 30-50 MPa; fys = 235-
420 MPa; f; = 235-400 MPa; as = 0.05-0.15; oy = 1%-2.32%; As =
0.05-0.20; D/B = 0.5-0.75; n = 0-0.8. The hysteretic model is described
as follows:

4.2.1. Envelope curve

The envelope curve of the hysteretic model is modeled by a trilinear
relation including the elastic stage, the elasto-plastic stage and the de-
scending stage, as shown in Fig. 19. The parameters to be determined
for the envelope curve include: the elastic stiffness K., the yield moment
My, the ultimate moment M, and the corresponding curvature ¢, as
well as the stiffness of descending branch K,

(1) Elastic stiffness (Ke)

The cross section is assumed to remain plane at the elastic stage and
all components work together well. The elastic stiffness is expressed as
the superposition of the contribution from all components:

Ke = Es.s . Is + Es‘l . Il + Ec,core . Icore + Ec,out . Iout (4)

where E, Es, Ec core and Ec o, are the elastic modulus of steel tube, lon-
gitudinal reinforcement, core concrete and outer concrete, respectively;
I, I, Icore and Ioye are the moments of inertia of steel tube, longitudinal
reinforcement, core concrete and outer concrete, respectively.

(2) Yield moment (My) at Point A

The stiffness of the M-¢ envelope curve begins to decrease after ini-
tial yielding of the longitudinal reinforcement under compression at
Point R (Fig. 7). The curve shows elasto-plastic behavior after Point R,
therefore this point is regarded as the yield point, marked as Point A
herein. Extensive numerical and experimental results show that the
yield moment My is approximately proportional to the ultimate mo-
ment Mp, and the proportion varies from about 0.5 to 0.7. Therefore

Fig. 19. Hysteretic model for M-¢ curve.

the yield moment My at Point A is assumed to be proportional to M,
as follows:

My = 0.6 M, (5)

where M, is the ultimate moment defined in the following section. The
coefficient is tentatively set to be 0.6 in this study. Fig. 18 also shows the
points corresponding to 0.6 Mj,.

(3) Ultimate moment (M,)

It is found in experiments and numerical calculations that, for
concrete-encased CFST members, the plane cross section assumption
stands when the ultimate strength is reached. The equation proposed
by An and Han [3] is adopted herein to predict the ultimate moment
M, of concrete-encased CFST columns under combined compression
and bending

(4) Ultimate curvature (¢p)

The extreme compressive strain on the edge of outer concrete is as-
sumed to be 3300 pe when the ultimate strength is reached. The corre-
sponding ultimate curvature ¢;, is calculated by 0.0033/c, where ¢ (unit
in m) is the distance from the neutral axis to the edge of the compres-
sive zone of outer concrete, and can be obtained by the method present-
ed in An and Han [3].

(5) Descending stiffness (Kj,)

For both experimental and numerical results, the descending stiff-
ness is found to be approximately proportional to the initial loading
stiffness. The parametric analysis indicates that parameters fey out, Qs
and n have significant influences on the stiffness of the descending
branch of the M-¢ envelope curve, as shown in Fig. 18. Kj, is obtained
using the regression analysis of analytical results as follows:

K, = ake (6)

The coefficient €(—, 0]. It is found in the parametric analysis that
aincreases with the increase of confinement factor (§), which indicates
that the load decrease of specimen with higher confinement factor is
less significant. Meanwhile, @ decreases with the increase of outer con-
crete strength. When the axial load level n increases, the decrease of
load is more significant, which means that « also decreases. The coeffi-
cient e can be determined using the regression analysis as follows:

o= (0.8+0.236 —1.1C).n (7)

where C = fey0ut/30; § is confinement factor of CFST calculated as oxfys/
fecores the axial compressive strength fc core i calculated as 0.67 fey core-

4.2.2. Hysteretic rules of M—¢ relation

The stiffness degradation is observed for concrete-encased CFST col-
umns under cyclic lateral loading. The unloading stiffness (K;) proposed
by Clough [22] is adopted herein to consider the stiffness degradation
for the concrete-encased CFST column after the ultimate strength is
reached:

Ke o Ibist,
K =4 /o, (8)
<$r) Ke iy

where ¢, is the curvature of the unloading point; ¢ is an empirical
coefficient and is set to be 1.2 based on numerical trials.

The schematic view of the M-¢ relation model with hysteretic rules
is presented in Fig. 19. The hysteretic rules are summarized as follows:
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Fig. 20. Comparison between FEA and hysteretic model results.

(1) For the elastic stage, i.e., OA and OA', the model is loaded and
unloaded with elastic stiffness. (2) For the elasto-plastic stage and the
descending stage, the loading path is along the envelop curve, and the
unloading stiffness is K; according to Eq. (8). (3) The reloading point is
on the unloading curve, while the vertical coordinate is 0.2 times of
that of the unloading point. For instance, Points 2 and 5 are reloading
points on the unloading curve, and the corresponding unloading points
are Points 1 and 4, respectively. The vertical coordinates of Points 2 and
5 are 0.2 times of those of Points 1 and 4, respectively, while the sign is
opposite. (4) The mid-target point lies on the extension line of OA or
OA', and the ordinate of the mid-target point is the same as that of the
final-target point. All final-target points lie on the envelop curve. For in-
stance, Points 3" and D’ are mid-target points and the corresponding
final-target points are Points 1’ and 4/, respectively. The vertical coordi-
nates of Points 3'and D' are the same as those of Points 1'and 4', respec-
tively. The loading path afterward is along 3'12'3 or D'4'5'D.

4.2.3. Validations of hysteretic model

The comparison between results predicted from FEA model and the
hysteretic model is shown in Fig. 20, where the results from FEA model
are the referenced one. For the hysteretic model, M, and ¢;, are predict-
ed by the method presented in Section 4.2.1. It can be seen that in gen-
eral the hysteretic model could give reasonable prediction to the cyclic
behavior of concrete-encased CFST members under different axial load
level. However, the ultimate strength M, in the hysteretic model is
smaller than that in FEA results under high axial load levels, for the
method provided in Ref. [3] is conservative in the prediction of the
cross-sectional capacity.

The M-¢ curves for concrete-encased CFST columns reported in lit-
erature are rather limited. Fig. 21 shows the measured and hysteretic
model-predicted M-¢ envelope curves of specimens SC1, SC2 and SC3
in Han et al. [4]. The details of specimens are listed in Table 1. Only the

M- results before reaching the ultimate strength are compared, for
the measurement of the curvature is not stable after the crush of con-
crete in original literature. It can be seen that the ultimate moment M,
predicted is less than the measured one for the cross-sectional capacity
prediction method in Ref. [3] is conservative. In general, the proposed
model could give reasonable prediction on the elastic stiffness of M-¢
envelope curves for specimens SC1, SC2 and SC3, although the stiffness
under low axial load level maybe overestimated. More comparisons can
be made when more test data is available.

5. Conclusions

The following conclusions can be drawn within the limited parame-
ter scope of this study:

(1) A nonlinear 3-D FEA model for the concrete-encased CFST col-

umns under cyclic lateral loading was proposed, where the dam-

age of concrete as well as the interaction between concrete and
steel were considered. It is shown that the proposed FEA model
can reproduce the experimental results with good accuracy.

The analytical results show that components of the composite

column work together well under cyclic loading. The axial load

level affects on the axial load distribution among components.

The proportion of the axial load resisted by the outer reinforced

concrete increases at first, and then decreases with the increase

of the displacement level when under a low axial load level

(n=10.2).

(3) When compared with the conventional RC column having the
same ultimate strength, the concrete-encased CFST column ex-
hibits better ductility performance under cyclic loading, where
the curvature ductility coefficient p1is 15% higher than the RC col-
umn. On the other hand, coefficient u of CFST column is about
30% higher than that of concrete-encased CFST.

(2
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Fig. 21. Measured and predicted M-¢ envelope curves.
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(4) A hysteretic model of the M-¢ relation under cyclic lateral loading
was proposed for the concrete-encased CFST column, where the
stiffness degradation during unloading was also taken into ac-
count. Reasonably good agreement is achieved among the hyster-
etic model-predicted, FEA-predicted and experimental results.
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