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ABSTRACT

Concrete filled steel tubular (CFST) column is a kind of composite structure, in which a concrete
core is confined within a steel tube. Thanks to the interaction between the steel tube and the
concrete core, the compressive load carrying capacity of concrete is increased. This phenomenon
is usually referred to as the ““confinement effect". Correctly modeling the confinement effect, i.e.
how the confined concrete behaves under certain types of loadings, is essential in analysis and
design of CFST columns. Most of the current works focus on straight columns. In this paper, a
novel finite element model is developed in ABAQUS software to analyze the nonlinear behaviors of
CFST columns under axial compression, which is suitable for both uniform columns (i.e. the cross-
sectional area is constant) and tapered columns (i.e. the cross-sectional is continuously varied with
respect to the length of the column). The tapered columns are approximated as columns with
piecewise constant cross sections, linearly varying from one end to the other end. Geometrically,
as the number of piecewise constant cross sections increases, the model converges to the tapered
column. In each segment of constant cross-sections, the material behavior of straight column is
assumed. Thus, the current model is an extension to existing models for straight CFST columns.
Two types of cross sections are investigated: circular shape and rectangular shape. These two cross
sections are also the most popular ones in real life. Pre-processing in ABAQUS, i.e. setup of the
model, is conducted via a subroutine written in Python script. The ability of the proposed numerical
model in load carrying prediction is demonstrated through comparison with experimental data

previously reported in the literatures by other authors.
Key words: CFST structures, tapered column, axial compression, nonlinear finite element model,

cross-sections

INTRODUCTION

Concrete-filled steel tubular columns have drawn in-
tensive attention during the last decades'?. This
type of structure is widely applied in bridge construc-
tion. In comparison with reinforced concrete (RC
columns), the CFST columns have been recognized
due to the high ratio of compressive strength over
weight without increasing either the complexity or
the cost of manufacturing process >*. High resistance
of CFST columns to fire>° and seismic loading”*®
are also experimentally recorded. To foster the de-
sign of CFST columns, various finite element models
have been proposed, see e.g. references®’~!%. Physi-
cally, the interaction between the concrete core and
the steel skin enables the confinement effect, mak-
ing the concrete behavior under compression more

towards plasticity »'%!4

. Therefore, development of
material models that are able to take the confinement
effect into account is essential in numerical analysis.
Nevertheless, most of available numerical models are

for straight columns with uniform cross-sections. In

practice, due to architectural requirements, tapered
columns of which cross-sections vary along the lon-
gitudinal direction have been increasingly used, see

e.g. references!~17

. A numerical model for tapered
CFST columns with square cross-sections was pro-
posed by Lam et al.'8, in which a conservative ap-
proach is suggested, that the compression capacity of
a tapered CFST is not higher than that of the weak-
est cross-section. Thus, it is essential to evaluate the
weakest cross-section in a given tapered CFST col-
umn, though it is a challenging task. Furthermore,
only square cross-section was studied in reference '°.
In this paper, a new finite element model is developed
based on the Concrete Damaged Plasticity (CDP)
model in the software ABAQUS. The tapered CFST
column is approximated as a stepped one, with nu-
merous straight cross-sections. The higher number
of cross-sections, the better the approximation is. A
Python script sub-routine is employed to automat-
ically set up the geometry and material models for
concrete core and steel skin, in which the number of
cross-sections is defined by users.
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This report is organized as follows. Right after the In-
troduction, the second section presents the material
models of the steel skin and the concrete core. The
third section is reserved for finite element model of
tapered CFST columns. Results and discussion are
provided in the fourth section. Finally, concluding re-
marks are drawn in the last section.

MATERIAL MODEL FOR CFST
COLUMNS

A CFST column consists of a plain concrete core and
a steel tube, as schematically depicted in Figure 1. De-
scription of material models for the concrete core and
the steel skin is essential to simulate the behavior of
the CFST column. Experimentally, in order to deter-
mine the axial compression capacity, the column is
usually loaded until failure. Therefore, large deforma-
tion and material nonlinearity are expected. The top
surface of the column is attached with a steel plate,
namely the loading plate, while the bottom surface
is welded to another steel plate which is fixed to the
ground. The compressive load is built up by apply-
ing downward (vertical) displacement to the loading
plate. In this paper, the material model for straight
CFST columns with both circular and rectangular
cross sections are adopted from reference '°. However
for brevity, only the calculation of material parame-
ters for circular columns is presented in the following
sub-sections. Details about rectangular cross-section

can be found in reference '°.

Concrete Steel CFST

Figure 1: Schematic sketch of a CFST column (one-
fourth model)

Material model for the steel tube

In the literatures, various stress-strain relation mod-
els have been proposed for the ductile behavior of the
steel skin, including elastic-perfectly plastic model !
and elastic-plastic model with multi-linear harden-
ing”. For circular columns, the elastic-plastic model
with non-linear hardening proposed by reference '*
is adopted. As illustrated in Figure 2, the stress-

strain curve is expressed via four segments: the first
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one is the linear elastic behavior; the second one is
a short period of perfect plasticity when yield stress
is reached; the third one is nonlinear hardening un-
til the ultimate tensile strength is achieved; and after
that, perfect plasticity is assumed.

arctan(E,)

Stress o

arctan(E,)

[3 € €,
Strain €

Figure 2: Stress-strain relation for steel '°

The mathematical description of the steel stress-strain
curve is as follows

Ese, 0<e<¢g
fy, & <€elg

_ p
o= £, —€
fu*(fu*fy)( > , Ep €< g
& —€p
fuv SMSS

where Ej is the elastic modulus of steel; Ej, is the plas-
tic modulus; fy is the yield stress; f, is the ultimate
tensile stress; €, is the strain that marks the begin-
ning of hardening; €, and &, are the strain values
corresponding to f and fy, respectively. The strain-
hardening exponent p is given by

& —€p
e (325)
P\ fu— 5y
If measured data are not available, generally the fol-
lowing values can be taken: E; = 200 GPa, E, = 0.02
E;. €5, €, and f,, can be estimated with respect to fy,

see reference 1.

2

Material model for concrete core

Concrete is a material that has much better resis-
tance to compression than tension. The compres-
sive strength is roughly 10 times higher than the ten-
sile one. In CFST columns under axial compres-
sion, the lateral expansion of the concrete core is re-

stricted by the steel tube, making the concrete core
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behavior is even more plastic-like (see e.g. refer-
ences '*20). That effect is usually known by “confine-
ment effect” The geometric property of the cross-
sections may have influence on the confinement ef-
fect. The difference between the behavior of circu-
lar CFST columns and rectangular CFST columns was
pointed out in reference '°. In this paper, the empiri-

cal calculation '©

is adopted to evaluate the necessary
parameters required by the concrete damaged plastic-
ity CDP) model available in ABAQUS. Based on the
compressive strength of the concrete, f., the elastic

modulus of concrete, Ec, is evaluated by

E. = 4700\/f- [MPa] (3)
The equibiaxial concrete strength, fj0, is calculated

from f. as follows '*2!

fo _ s (£2) 0075

fe

With f. and fj available, the ratio of the second stress

invariant on the tensile meridian to that on the com-
10

(4)

pressive meridian, K¢, is estimated by

Ke =5.5fp0- (3fc+5/0) " (5)

The dilation angle y, which is used by the CDP model
to define the plastic flow potential, is calculated with
respect to the confinement factor & . 19

563(1—&), & <05

6.672exp ( ) , & >05 ©)

v= 74
4.644 &

Following reference !, the confinement factor Ecis
evaluated by

Asfy
Acfe

in which Ay and A, are the cross-sectional area of the

éc = (7)

steel tube and the concrete core, respectively.

Compressive behavior of concrete

The empirical curve for compressive behavior of con-

crete, as proposed by reference '

, is expressed in three
parts: the ascending branch OA, the plateau OB and
the descending branch BC, see Figure 3. It is no-
ticed that curve for confined concrete is different from
that of unconfined concrete in two features: the larger
strain value at which softening occurs and the larger

residual stress.

The part OA is mathematically given by reference '
o AX+BX’ ®
Joo - (a-2) X+ (B+1) X

where

_ 2

€ ©

x=°
€0

The strain value at point A and point B, i.e. €. and
€cc, respectively, are calculated as

€0 = 0.00076 + /(0.626f. —4.33).107  (10)
Ecc = €p-exp (k) (11)
fB 0.31244-0.002 f.
k= (2.9224 —0.00367f.) (7) (12)
c

In Equation (12), fp is the confining stress providing
to the concrete by the confinement effect, and should
be evaluated differently for circular cross section and
rectangular cross section, see reference 10 for details.

The descending branch BC is written in term of an

exponential, as suggested in reference >’

_ B
o= frt(fom fr)exp <— (%) ) (13)

in which f, is the residual stress; o and 3 are two pa-
rameters that control the shape of the softening curve.

All the three values are referred to reference '°.

Tensile behavior of concrete

Tensile behavior of concrete is not important of CFST
columns being subject to axial compressive loads.
However, it is needed to define the tensile behavior
in the CDP model. Therefore, a simple brittle behav-
ior can be used, in which the stress-strain relation is
assumed to be linear until the tensile strength f, is
reached. Fracture energy Gr can be evaluated by ref-

erence 22

Gr = (0.0469d2 . — 0.5dmax +26) £/ [N/mm] (14)

where dy;qx is the maximum coarse aggregate size (in
millimeters). Generally, dj;,.x =20 mm can be taken.
When the tensile strength of concrete is not available,
it can be estimated roughly as one-tenth of the com-

pressive one.

METHODOLOGY: THE PROPOSED
FINITE ELEMENT MODEL FOR
TAPERED CFST COLUMNS

The finite element model is developed in the software
ABAQUS. 3D solid elements C3D8R (8 nodes with re-
duced integration) are used for the concrete core, and
the shell elements S4R (4 nodes with reduced integra-

tion) for the steel tube. Hourglass control is active.
Interaction between the concrete core and the steel
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Figure 3: Stress-strain curves for compression behavior of concrete '°

tube is defined by surface-to-surface contact, with a
friction coeflicient of 0.6. By using surface-to-surface
contact, there is no sharing nodes at the interface be-
Therefore, the
difference in the number of degrees of freedom be-

tween concrete core and steel tube.

tween C3DS8R element (concrete core) and S4R ele-
ment (steel tube) does not raise any issue. The top sur-
face of the column is in contact with the loading plate,
which is modeled by discrete rigid elements and is al-
lowed to move only in vertical direction. The bottom
surface of the column is fixed to the ground.

Reference '® argued that the compressive load capac-
ity of a tapered column would be equivalent to that
of a straight column with cross section equal to the
“weakest section” of the tapered column. Neverthe-

«

less, it is challenging to determine the “weakest sec-
tion”. Therefore, a different strategy is employed in
the current work. The tapered column is now approx-
imated as # straight layers, in which the cross section
of each straight layer varies along the longitudinal of

the column, see Figure 4. Geometrically, a piecewise
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straight column will converge to a tapered column
with large value of n. Furthermore, the changing of
confinement effect due to the changing of cross sec-
tional area is captured. A Python script subroutine
is developed to automatically define the n layers with
arbitrary #.

RESULTS AND DISCUSSION

The proposed model is applied to predict load capac-
ity of CFST columns under axial compression. Two
types of cross-sections are considered: circular and
square sections. For each type of cross-sections, the
numerical model is compared with experimental data
available in the literatures for one straight column and
two tapered columns. The material parameters (i.e.
yield stress of steel f, and compression strength of
concrete f) for each specimen is as follows.

Circular cross section:

« 3HN (Straight specimen) ' fy = 287.4 MPa, fc
= 28.7 MPa. Size: overall diameter D = 150 mm
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Figure 4: The tapered column is approximated by n
layers of straight cross-sections

atboth top and bottom surfaces, steel tube thick-
ness t = 3.2 mm, and length of column L = 450
mm.

« TC-2 (Tapered specimen) '°: fy = 410.1 MPa, fc
= 69.6 MPa. Size: overall diameter D = 158 mm
at top surface and D = 200 mm at bottom sur-
face, steel tube thickness t = 3.75 mm, and length
of column L = 601.36 mm.

« TC-3 (Tapered specimen) '°: fy = 410.1 MPa, fc
= 69.6 MPa. Size: overall diameter D = 116 mm
at top surface and D = 200 mm at bottom sur-
face, steel tube thickness t = 3.75 mm, and length
of column L = 300.31 mm.

o Square cross section (a special case of rectangu-
lar cross section):

+ 3MN (Straight specimen) '°: fy = 287.4 MPa, fc
= 28.7 MPa. Size: overall width B = 150 mm at
both top and bottom sections, steel tube thick-
ness t = 3.2 mm, and length of column L = 450
mm.

o TS-1 (Tapered specimen) !°: fy = 410.1 MPa, fc
= 69.6 MPa. Size: overall width B = 158 mm at
top section and B = 200 mm at bottom section,
steel tube thickness t = 3.75 mm, and length of
column L = 601.36 mm.

o TS-2 (Tapered specimen) !°: fy = 410.1 MPa, fc
= 69.6 MPa. Size: overall width B = 116 mm at
top surface and D = 200 mm at bottom surface,
steel tube thickness t = 3.75 mm, and length of
column L =300.31 mm.

The peak load results of circular columns are reported
in Table 1, and those of square columns are presented

in Table 2, showing good agreement between numer-
ical prediction and experimental data.

The distribution of total displacement (the whole col-
umn) and von Mises stress (steel tube) of TC2 speci-
men near the peak load are depicted in Figure 5 and
Figure 6, respectively. Largest displacement is ob-
served at the top section. Nearly two-third of the steel
tube has almost reach the ultimate tensile strength.
Near the end of the load-displacement curve, the col-
umn tends to be swollen near top section (see Fig-
ure 7). This observation is in agreement with that
from experiment '° that outward buckling occurs near
the top section where the concrete is crushed.

U, Magnitude
+3.976e+00
+3.644e+00
+3.313e+00
+2.982e+00
+2.650e+00
+2.319e+400
+1.988e+00
+1.657e+00
+1.325e+00
+9.93%e-01
+6.626e-01
+3.313e-01
+0.000e+00

Figure 5: Distribution of total displacement of TC2
specimen near the peak load

For TS1 sample, the observation in Figures 8, 9 and 10
is similar, except that the local buckling is much
clearer.

The graphs of axial load versus nominal axial strain
(the ratio between vertical displacement and initial
length) of specimen TC2 and TS1 are depicted in Fig-
ure 11 and Figure 12, respectively. For the square col-
umn TSI, the prediction by current FE model is better

than that by reference '.

CONCLUSION

A novel finite element model for tapered CFST
columns under axial compression is proposed and
verified by comparison with experimental data. The
proposed model can be considered as a straightfor-
ward extension from the existing model ° for straight
CFST columns. Results evidently show that the
model is applicable for both circular and square cross-
sections. For square columns, prediction of compres-
sion capacity can be achieved with better accuracy

1288
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Table 1: Comparison of peak loads in circular CFST columns between numerical model and experimental data.

Name Peak load (model) Peak load (experiment) Ratio
3HN 1021 kN 1067 kN 0.957
TC-2 2352 kN 2515 kN 0.935
TC-3 1604 kN 1759 kN 0.912

Table 2: Comparison of peak loads in square CFST columns between numerical model and experimental data.

Name Peak load (model) Peak load (experiment) Ratio
3MN 1135 kN 1130 kN 1.004
TS-1 3041 kN 2842 kN 1.070
TS-2 2087 kN 1976 kN 1.056
S, Mises
SNEG, (fraction = -1.0) U, Magnitude
(Avg: 75%) +1.242e+01
+4.101e+02 +1.138e+01
+3.932e+02 +1.035e+01
+3.764e+02 +9.312e+00
+3.595e+02 +8.277e+00
ig-gégeigg +7.242e+00
. e
+3.089¢+02 M e
+2.921e+02 3
+2.583e+02 +3.104e+00
+2.415e+02 +2.069e+00
+2.246e+02 +1.035e+00
+2.078e+02 +0.000e+00

Figure 6: Distribution of von Mises stress on the
steel tube of TC2 specimen near the peak load

than the model previously reported in reference'®

(Circular columns were not studied in reference '%).

Possible improvement would be focused on material
models, which can reflect the material behavior closer
to experiments. Various authors !> have pointed
out that the columns with square cross section (and
generally rectangular cross-section) are more sensi-
tive to pre-stressed condition and geometric imper-
fection than those with circular cross section. It is
also noticed that in practice, the columns may in some
certain cases be subject to eccentric compression !®!7.

Those topics would be interesting directions for fur-

ther extension of the current model.
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Figure 7: Distribution of displacement of TC2 spec-
imen near the end of load-displacement curve

APPENDIX: BRIEF DESCRIPTION OF
THE PYTHON SCRIPT UBROUTINE

The subroutine is designed to calculate the stress-
strain values for the material models of steel tube and
for every cross sections of the concrete core. The steps
of calculation has been described in Section 2. In-
put parameters include the dimensions of the column,
the material parameters (e.g. Ey, fy, f.) and the num-
ber of cross sections along the length of the column.
Flowchart of the subroutine is provided in Figure 13.

LIST OF ABBREVIATIONS

CFST column: Concrete-filled steel tubular column
CDP: Concrete damaged plasticity model

CONFLICT OF INTEREST

There is no conflict of interest.
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' Dimensions, material parameters, |
1 = 1
; number of sections alongthe |

. . . !
i vertical direction !

Pmmmmmmm———— -

Start #{ Input > End

Calculate the stress-strain values of
steel skin
Calculate the stress-strain values of
concrete at n cross sections

Figure 13: Flowchart of the Python script subroutine

TC2

3000000

~—@— Current FE model

2500000 P2
£ 200000 r;fu“m_,.,__, —#— Experiment [15]
3 1500000

g 1000000 //

S, Mises

SNEG, (fraction = -1.0)

(Avg: 75%)
+4.101e+02
+3.976e+02
+3.851e+02
+3.727e402
+3.602e+02
+3.477e+02
+3.352e+02
+3.227e+02
+3.103e+02
+2.978e+02
+2.853e+02
+2.728e+02
+2.603e+02

500000

o 0005 001 0015 002
Nominal axial strain

Figure 11: The graphs of axial load versus nominal
axial strain (i.e. the ratio between vertical displace-
ment and the initial length for the TC2 specimen

Figure 9: Distribution of von Mises stress on the
steel tube of TS1 specimen near the peak load

Ts1
3500000 ~—@— Current FE model

U, Magnitude = 2052:2 7% Experiment [15]
+2.460e+01 3 2000000
+2.255e+01 :—!' 1500000 —#A— Reference FE model [18]
+2.050e+01 < “5’23"0;’, i
+1.845e+01 o
+1.640e+01 0 001 002 003
+1.435e+01 Nominal axial strain
+1.230e+01
+é.gf238e+8(1) Figure 12: The graphs of axial load versus nominal
16: 1502100 axial strain (i.e. the ratio between vertical displace-
+4,100e+00 ment and the initial length for the TS1 specimen
+2.050e+00
+0.000e+00

Figure 10: Distribution of displacement of TS1 spec-
imen near the end of load-displacement curve
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U, Magnitude
+1.290e+00
+1.182e+00
+1.075e+00
+9.672e-01
+8.597e-01
+7.522e-01
+6.448e-01
+5.373e-01
+4.299e-01
+3.224e-01
+2.149e-01
+1.075e-01
+0.000e+00

Figure 8: Distribution of total displacement of TS1
specimen near the peak load
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Cot 6ng thép nhoi bé tong (CFST) la mot loai két cau lién hop, véi 16i bé téng dugc nhoi chat bén
trong 6ng thép. Nha vao tuong tac giia l6i bé tong va 6ng thép ma kha nang chju tai nén ctia bé
téng dugc cai thién. Hién tugng nay dugc goi la “"hiéu Ung khang n& hong". M6 hinh héa chinh
xac hiéu ting khang n& hong, tic la tng xUr clia bé tong trong diéu kién bi kep chat khi chiu tai,
la yéu t6 quan trong khi phan tich va thiét két cot CFST. Hau hét cac nghién cliu hién nay déu tap
trung va cot thang (tuc co tiét dién khong déi). Trong bai bao nay, mét mé hinh phan tihiu han
md&i dugc phét trién dua trén phan mém ABAQUS dé phan tich dap Ung phi tuyén clia cot CFST khi
chiu nén dung tam, dp dung cho ca trudng hop tiét dién khong déi va trusng hop tiét dién bién
déi déu. Cot tiét dién bién déi déu dugc xap xi bdi nhiéu doan tiét dién khong ddi, trong do gia tri
tiét dién clia ting doan thay d6i dan tir chan cot dén dinh cot. Vé hinh hoc, khi s6 lugng doan chia
tang Ién, mo hinh sé hoi tu vé trusng hop cot cé tiét dién bién déi déu. Trong tiing doan chia, tinh
chat vat liéu clia cot thdng sé duac ép dung. Do dé, mé hinh hién tai c6 thé xem la ma réng clia
mo hinh cot thang hién cé. Hai loai tiét dién dugc khao sat trong bai béo 1a tiét dién tron va tiét
dién chir nhat. Bay cing la nhimng trudng hop phd bién trong thuc té. Quéa trinh thiét [ap mé hinh
trong ABAQUS dugc thuc hién qua chuang trinh con viét bang Python script. Kha néng clia mo
hinh trong du doan gidi han chiu nén ctia cot dugc khao st va so sanh vai két qua thuc nghiém
da cong bd badi cac tac gia khac.

Tur khoa: Két cau CFST, cot tiét dién thay d6i, nén doc truc, mo hinh phan td hitu han phi tuyén,
tiét dién

Trich dan bai bao nay: Minh N N, Thdng N H, Tinh B Q. Mé hinh héa phan ti hitu han cho cét 6ng
thép nhoi bé tong tiét dién thay doi déu khi chiu nén doc truc. Sci. Tech. Dev. J. - Eng. Tech.;
4(4):1284-1292.
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