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Abstract: An accurate finite element ( FE) model was
constructed to examine the hysteretic behavior of double-skin
steel-concrete composite box ( DSCB ) piers for further
understanding the seismic performance of DSCB piers; where
the local buckling behavior of steel tubes, the confinement of
the in-filled concrete and the interface action between steel
tube and in-filled concrete were considered. The accuracy of
the proposed FE model was verified by the bidirectional
cyclic loading test results. Based on the validated FE model,
the effects of some key parameters, such as section width to
steel thickness ratio, slenderness ratio, aspect ratio and axial
load ratio on the hysteretic behavior of DSCB piers were
investigated. Finally, the skeleton curve model of DSCB
piers was proposed. The numerical simulation results reveal
that the peak strength and elastic stiffness decrease with the
increase of the section width to steel thickness ratio.
Moreover, the increase of the slenderness ratio may result in a
significant reduction in the peak strength and elastic stiffness
while the ultimate displacement increases. The proposed
skeleton curve model can be taken as a reference for seismic
performance analyses of the DSCB piers.
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hin-walled circular or rectangular concrete-filled
T steel tubular (CFT) columns are increasingly used
for highway bridge piers because of their excellent seismic
performance under a multi-hazard environment. It was
observed by numerous experimental studies''™ that the
strength, ductility and energy dissipation capacity of CFT
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columns were considerably improved by filling concrete
into the hollow spaces of the steel tubes. The improved
strength and ductility of CFT columns can be primarily at-
tributed to the complicated interaction between the steel
tube and the in-filled concrete, i.e., the local buckling
of the steel tube restrained by the in-filled concrete and
the strength enhancement of the in-filled concrete con-
fined by the surrounding steel tube.

In recent decades, some numerical models"”” have
been proposed to predict the hysteretic behavior of CFT
columns. However, most of the existing models were
based on the composite beam theory, such as the concen-
trated plasticity model, the distributed plasticity model
and the moment-curvature model. Due to the limitation of
the theory assumptions, these numerical models cannot
directly consider the local buckling behavior of the steel
tubes, the confinement of the in-filled concrete, and the
interface action between the steel tube and in-filled con-
crete. Some researchers have discovered the above simu-
lation limitations, and developed some new simulation
models. Schneider'® utilized ABAQUS to investigate the
behavior of CFT columns under axial compression using
gap elements to simulate the contact behavior between
steel tube and core concrete. Goto et al. """ presented an
FE model for thin-walled CFT columns, where the local
buckling of steel tubes, the nonlinear behavior of con-
fined concrete, and the steel-concrete interface action can

12 .
! carried out

be simultaneously considered. Deng et al.'
theoretical and numerical research to study the CFSTs and
post-tensioned CFSTs under flexural load. The concrete
properties were modeled using the Drucker-Prager plastic-
ity model, while the behavior of steel tube was modeled
as elastic-perfect plastic. Yousuf et al. '™ investigated
the transverse impact resistance of the hollow and con-
crete filled steel square tube columns with ABAQUS.
Shakir et al. ' presented a three-dimensional nonlinear
finite element analysis using ABAQUS/Explicit for CFST
columns subjected to lateral impact load.

A new type of rectangular CFT member, which is re-
ferred to as the double-skin steel-concrete composite box
(DSCB) piers, is proposed. It can be regarded as an ide-
al alternative for high piers of large-span bridges. To
study the hysteretic behavior of the proposed DSCB piers,
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an experimental program was conducted and the test re-
sults were represented and discussed in Part | of the se-
ries papers'"”!
propose a reliable and effective FE model to study the
hysteretic behavior of DSCB piers. The accuracy of the
proposed FE model was verified by the results from the
bidirectional cyclic loading testing. Based on the vali-
dated FE model, the hysteretic behaviors of DSCB
piers under bidirectional cyclic loading were examined.
The effects of some key parameters,
width to steel thickness ratio p, slenderness ratio A, as-
pect ratio y, and axial load ratio n on the hysteretic be-
havior of DSCB pier were extensively analyzed and
discussed.

. The objective of the present paper is to

such as section

1 Hiysteretic Behavior of DSCB Piers

According to the results of the cyclic loading test'”", it
can be found that the horizontal load versus displacement
hysteretic curves of DSCB piers exhibit a characteristic
pinching behavior, as shown in Fig. 1(a). This hysteresis
loop shows a recovery and degradation in stiffness in the
cyclic loading process. It may be caused by the closing
and opening of transverse cracks in the in-filled concrete,
similar to the elucidated mechanism for pinching hysteret-
ic behavior of CFT columns by Goto et al'” """, When the
horizontal displacement decreased from state 1 to zero
(see Fig. 1), the transverse cracks closed in the compres-
sion side will open due to the reduction in the compressive
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Fig. 1
DCSB piers. (a) Typical load-displacement hysteretic curve of DSCB
piers; (b) State 1; (c) State 2; (d) State 3

of the in-filled concrete and the slope of the hysteretic
stress at state 2. This results in the stiffness degradation
curve becomes smaller. However,
the DSCB pier recovers its stiffness
when the horizontal displacement increases from zero to
state 3 in the reverse direction. This is because the trans-
verse cracks opened in state 2 close again under the com-

in contrast to the un-
loading process,

pressive force in state 3.

Another typical feature of DSCB piers under cyclic
loading is the local buckling restraining behavior of steel
tubes, which is primarily caused by the change of the axi-
al force distribution on the composite section. Before the
occurrence of local buckling in the steel tube, the steel
tube carried both the compressive force and the tensile
force, which can be calculated by the elementary compos-
ite beam theory. After the local buckling occurs in the
steel tube, the compressive stiffness of the steel tube de-
creases gradually, and accordingly, most of the compres-
sive force once carried by the steel tube transfers to the
in-filled concrete. With the increase of the displacement
amplitude, a tensile force is generated on the steel tube.
Because of the transverse cracks,
cannot carry the tensile force. Thus, the tensile force act-
ing on the steel tube is larger than the compressive force,
and the local buckling deformation of the compressive
steel tube is stretched, as from state 1 to state 3 shown in
Fig. 1.

To extensively examine and accurately grasp the hyster-
etic behavior of DSCB piers, the typical pinching behav-
ior and local buckling restraining behavior of DSCB piers
under bidirectional cyclic loading should be properly con-
sidered in the numerical model.

the in-filled concrete

2 Modeling of DSCB Piers
2.1 Modeling of steel tube

Since the hysteretic behavior of DSCB piers is great-
ly influenced by the local buckling restraining behavior
of the steel tube, it is necessary to use an element that
can take into account the geometrical and the material
nonlinearities to model the steel tube.
constitutive model for steel usually can be classified in-
to the isotropic hardening model and the kinematic
hardening model,

The inelastic

and the kinematic hardening model
can be divided into a linear model and nonlinear mod-

18
el[ 1

. In the presented model, the material property of
the steel tube is defined by the metal combined harden-
ing plasticity in ABAQUS'"™.
ing plasticity belongs to the nonlinear kinematic hard-
ening model. It combines the isotropic and the kine-
matic hardening models so that it can be degenerated to
the two aforementioned models. The yield surface of
this model can be expanded, contracted, or translated

and the Bauschinger effect can also be considered.

The combined harden-
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2.2 Modeling of in-filled concrete

Three kinds of concrete constitutive models are com-
monly used in numerical simulations, and they are the
brittle cracking model, the concrete smeared cracking
model, and the concrete damaged plasticity model'™.
The brittle cracking model merely takes the tensile nonlin-
ear behavior into account. The concrete damaged plastici-
ty model can take the material damage, cracks develo-
ping, cracks closure, and stiffness recovery into account.
This makes it more suitable for simulating concrete reac-
tion under bidirectional cyclic loading. Therefore, the
concrete damaged plasticity model is adopted here to re-
flect the concrete properties subjected to cyclic loading.

2.3 Interface contact modeling between steel and in-
filled concrete

There are two interfaces in the DSCB piers, i.e., the
interface between the outer surface of in-filled concrete
and the inner surface of the external steel tube, and the
interface between the inner surface of in-filled concrete
and the outer surface of the internal steel tube. To accu-
rately simulate the interface contact between the steel tube
and the in-filled concrete, appropriate models should be
used to represent the contact behavior of steel-concrete in-
terfaces. When two surfaces come into contact, contact
pressure occurs in the normal direction and frictional
stress occurs in the direction tangential to the contact sur-
face. The contact pressure is calculated using the hard
contact pair model implemented in ABAQUS'"®'. When
the gap of two separated surfaces is closed, the contact
pair can transmit contact pressure at the interface. If the
nodes of the contact pair are subject to a tensile force, the
contact surface will not separate before the tensile stress
increases to the bond strength. After the tensile stress ex-
ceeds the bond strength, a gap will be generated between
the contact pairs. The friction behavior is represented by
the Coulomb friction model implemented in ABAQUS.
The contact surfaces can carry the shear stress up to the
critical shear stress 7, before slipping. The critical shear
stress 7, is calculated as 7., =up, where y is the friction
coefficient and p is the contact pressure. If the shear
stress reaches the critical shear stress 7, slip displace-
ment occurs between the contact surfaces and a shear
stress 7., comes to act on the interfaces. The coefficient of
the Coulomb friction model between the steel and the in-
filled concrete can be taken as yu =0.25"""".

3 Finite Element Analysis for Hysteretic Behav-
ior of DSCB Piers

3.1 Finite element model

The geometrical and material nonlinear FE model for
DSCB pier specimens under cyclic loading was construc-

ted with the finite element software ABAQUS'"”. In or-

der to simulate the main features of DSCB piers under cy-
clic loading accurately, and reduce the computational cost
and improve the convergence efficiency at the same time,
the FE model is simplified as schematically shown in Fig.
2(a). The lower part of the steel tube is modeled with the
4-node thick shell element (S4). A very fine mesh with
the smallest element of dimensions 30 mm x 80 mm is
used to discretize this region to accurately simulate the lo-
cal buckling behavior at the lower part of the steel tube,
as shown in Fig.2(b). The in-filled concrete core is re-
presented by the 8-node solid element with reduced inte-
gration ( C3D8R), while the upper part of the piers is
modeled with the elastic beam element (B31). At the
joint between the upper part and the lower part of the FE
model, all nodes of the shell elements and solid elements
on this section are coupled to a single node of the beam
element. The loading and boundary conditions of the FE
model are the same as those in the experimental program,
i.e., the bottom of the model is fixed and the lateral cy-
clic loads are applied at the loading point by the displace-
ment control method with an axial load applied to the top
of the FE model and keeping constant.

Loading point

Loading point Loading point

DSCB  pier Beam elements Beam elements
Simplification (B31) | (B31)
- — :
Shell elements(S4)
and solid elements Shell elements(S4)
(C3D8R) zn(lg Boghﬁi) elements
(a) (b)

Fig.2 FE model for DSCB pier specimens. (a) Simplification of
FE model; (b) Meshing of FE model

3.2 Verification and discussion

The hysteretic behaviors of DSCB pier specimens were
computed by the above nonlinear FE model. In order to
validate the accuracy and applicability of the presented FE
model, the failure modes and hysteretic curves of DSCB
pier specimens obtained by the FE analyses were com-
pared with those from the experimental program.

3.2.1

The typical failure modes of DSCB pier specimen B4-
Al1-104 obtained by the FE analysis are shown in Fig. 3,
in comparison with those captured from the testing. It can
be seen that the simulated local buckling deformation of
the steel tube at the lower part of pier specimens is very
similar to those observed during testing. This indicates
that the presented FE model can accurately predict the
failure modes of the DSCB piers.

Failure modes
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(a) (b)

Fig.3 Comparisons of failure modes of DSCB pier specimens

from experiment and analysis. (a) FE analysis result; (b) experi-
mental observation

3.2.2 Confinement effect

A typical stress state of a cross section of the in-filled
concrete is shown in Fig. 4. It shows that the magnitude
of the stress has exceeded the defined ultimate strength of
unconfined concrete. Fig. 5 presents the time-history
curve of concrete stress in the corner point at the bottom
of the pier where the material suffered the maximum load-
ing. It can be seen that the maximum stress of concrete
increases gradually until it exceeds the fracture strength of
concrete. After the concrete is crushed, the maximum
stress decreases gradually due to the strength reduction.
This indicates that the material strength of the in-filled
concrete has been enhanced due to the confinement effect
provided by the steel tubes.
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Fig.4 Typical normal stress state of in-filled concrete
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Fig.5 Time-history curve of concrete normal stress in the cor-
ner at the bottom of the pier

3.2.3 Hysteretic curves
Fig. 6 shows the comparison between hysteretic curves
of B4-A1-104 obtained from the FE model and the test

results in terms of the horizontal load-displacement rela-
tions. Comparisons in other specimens have come to sim-
ilar results. It can be observed from the comparisons that
the calculated hysteretic curves and the experimental re-
sults are in good agreement. However, the FE model
slightly overestimates the post peak negative stiffness of
the envelopes of the hysteretic curves. This is because the
cracks in the steel tubes due to ductile metal fractures are
not taken into consideration in the FE model. Besides,
for the specimens under bi-directional cyclic loading, the
hysteretic curves in the X direction fit better than those in
the Y direction. This is because of the coupling effect of
the bi-directional cyclic loading. Generally speaking, the
presented FE model has an acceptable accuracy in predic-
ting the hysteretic behavior of DSCB piers under both uni-
directional and bi-directional cyclic loading.
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Fig.6 Horizontal hysteretic curves of DSCB pier specimens.
(a) B4-A1-104 in X direction; (b) B4-Al1-104 in Y direction

4 Parametric Effects on Hysteretic Behavior of
DSCB Piers

To further understand the seismic performance of
DSCB piers under bi-directional cyclic loading, the para-
metric effects on the hysteretic behavior of DSCB piers,
concerning the key parameters, such as section width to
steel thickness ratio p, slenderness ratio A, aspect ratio y,
and axial load ratio n, were analyzed using the presented
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FE model in this section. The parameters of the simulated

model set as benchmark specimen are p =0. 112, A =

0.993, y=1.375, n=0.20. Each parameter is discussed

in the course of fixing the other parameters.
4.1 Effect of section width to steel thickness ratio p

To determine the effect of section width to steel thick-
ness ratio p on the hysteretic behavior of DSCB piers,
steel thickness is varied from 4 to 10 mm while the other
parameters remain fixed. The horizontal hysteretic curves

of DSCB piers for three steel thicknesses are given in
Fig. 7 to qualitatively demonstrate the variation tendency
with different p. It can be observed that the pinching be-
havior gradually disappears and the hysteretic loop be-
comes plumper with the decrease of p. Horizontal enve-
lope curves with different p are shown in Fig. 8. It is
found that p has a considerable effect on the peak strength
and the elastic stiffness, while there is no
change in the ultimate displacement.
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Fig.7 Horizontal hysteretic curves of DSCB piers with different p. (a) p =0.224 in X direction; (b) p =0.224 in Y direction; (c) p =
0.112 in X direction; (d) p =0.112 in Y direction; (e) p =0.090 in X direction; (f) p=0.090 in Y direction
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Fig.8 Effects of different p on horizontal envelope curves (A =0.993, y =1.375, n=0.20). (a) In X direction; (b) In Y direction

4.2 Effect of slenderness ratio A

The influence of the slenderness ratio A on the hysteret-
ic behavior of DSCB piers is studied hy changing the pier
height from 2 to 8 m. Fig. 9 shows the hysteretic curves
of DSCB piers for three pier heights to qualitatively dem-
onstrate the variation tendency with different A. It can be
observed that the pinching behavior gradually disappears

and the hysteretic loop becomes plumper with the increase
of A. The effect of A on horizontal envelope curves is
presented in Fig. 10. It can definitely be seen that increas-
ing A results in a significant reduction in the peak strength
and the elastic stiffness with an obvious increase in the ul-
timate displacement. However, when the DSCB pier is
relatively slender (A >1.44), A has less influence on the
hysteretic behavior.
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4.3 Effect of aspect ratio y

The effect of the aspect ratio y of the pier section on
the hysteretic behavior of DSCB piers is additionally in-
vestigated. y varied from 1.375 to 2. 625 through the var-
iation of width B, from 440 to 840 mm for the same width
D, of 320 mm. The horizontal hysteretic curves of DSCB
piers with differenty are shown in Fig. 11. It can be no-
ticed from the figures that the pinching behavior of the
hysteretic loop becomes more obvious in the Y direction
with the increase of y. The horizontal envelope curves
with different y are presented in Fig. 12. The results
clearly indicate that the increase of y significantly im-
proves the peak strength and the elastic stiffness in the X

direction while the ductility decreases. This is because the
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—-200
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(b)

Effects of different A on horizontal envelope curves (p =0.112, y =1.375, n=0.20). (a) In X direction; (b) In Y direction

increase of width B, significantly increases the flexural
stiffness in the X direction.

4.4 Effect of axial load ratio n

The effect of the axial load ratio n is discussed in the
range of 0.1 to 0. 3. The horizontal hysteretic curves of
DSCB piers with different n are shown in Fig. 13. It can
be noticed from the figures that the pinching behavior of
the hysteretic loop becomes more obvious with the in-
crease of n. The horizontal envelope curves with different
n are presented in Fig. 14. It is found that n has little
effect on the peak strength and the degradation stiffness,

while there is no significant change in the ultimate dis-
placement.
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5 Skeleton Curve Model of DSCB Piers

Based on the experimental results and numerical analy-
ses, a tri-linear hysteretic model is proposed to reflect the
nonlinear ability of DSCB piers, as schematically shown
in Fig. 15. The three characteristic points of the tri-linear
skeleton curve correspond to the yield point A, the peak
load point B, and the ultimate displacement point C. P,
P and P, are the yield load, peak load, and ultimate
load, respectively; A, A, and A, are the displacements
corresponding to P, P and P,, respectively.

| |
| |
| |
| |
| |

0 4 A, A, A

Fig.15 Simplified skeleton curve of DSCB piers and charac-
teristic points

5.1 Determination of elastic stiffness,

stiffness and degradation stiffness

hardening

There is no clear crack point in the experimental load-
displacement curve, so the skeleton curve of DSCB piers
before yielding is simplified as a line connecting the origin
point O and the yield point A, and the elastic stiffness K, in
the X direction and K in the Y direction can be defined as

- 1
M-_Avx ( )
K, =t 2
4\_'A ( )

Due to the complexity of the geometrical and material
nonlinearity of DSCB piers, it is difficult to obtain the
hardening stiffness and the degradation stiffness through
theoretical analysis. Thus, with the experimental data and
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numerical analysis results, the statistic regression method
is employed to obtain the hardening stiffness and the deg-
radation stiffness corresponding to AB and BC in Fig. 15.
The regression parameters include p, A, and n.

By regression analysis, the following equations can be
acquired to calculate the hardening stiffness K, in the X
direction and K, in the Y direction:

K, = -23.28n" +4.70A" - 66.72p" —548.22n) -
7.63np —467. 18\p +555.27n + 147.27A +
484.02p - 152.54 (3)

K, =28.91n" +1.31\* +52.58p" —19.67n\ —23.87np +
1.290p +11.017 +0.25) - 16.86p +2.17 (4)

The degradation stiffness K, in the X direction and K,
in the Y direction can be obtained by

K, = —113.86n" —0.447* —123.95p" —320.96nA -
254.33np - 285.97)p +401.94n +98.01A -
369.40p —111.70

K, =28.91n" +1.31A% +52.58p° —19.67nA -
23.87np +1.292p +11.01n +0.251 - 16.86p +2. 17
(6)

5.2 Verification of the proposed skeleton curve model

(3)

Based on the established skeleton curve model, the
load-displacement skeleton curves of several typical speci-
mens'"” were calculated and compared with those of the
test results, as shown in Fig. 16. It can be seen that the
theoretical skeleton curves obtained by the proposed skel-
eton curve model agree well with those from the test.
This demonstrates that the proposed skeleton curve model
can appropriately express the nonlinear behavior of DSCB
piers and can be taken as a reference for the seismic per-
formance analyses of DSCB piers.

6 Conclusions

1) The constructed FE model can accurately predict the
hysteretic behavior of DSCB piers under both uni-direc-
tional and bi-directional cyclic loading.
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Fig.16 Comparisons of the skeleton curve from experiment and analysis. (a) B4-A1-10-4 in X direction; (b) B4-A1-10-4 in Y direction;
(c) B4-Al1-154 in X direction; (d) B4-Al-154 in Y direction; (e) B3-Al1-104 in X direction; (f) B3-A1-104 in Y direction; (g) B4-Al-10-6 in

X direction; (h) B4-Al-10-6 in Y direction

2) The peak strength and the elastic stiffness increase
with the decrease of the section width to steel thickness
ratio p, while there is no significant change in the ulti-
mate displacement.

3) The increase of the slenderness ratio A results in a
significant reduction in the peak strength and elastic stiff-
ness while an obvious increase in the ultimate displace-
ment. However, when the DSCB pier is relatively slender
(A >1.44), the slenderness ratio A has less influence on
the hysteretic behavior.

4) The increase of the aspect ratio y significantly im-
proves the peak strength and the elastic stiffness in the X
direction while the ductility decreases.

5) The axial load ratio n has a little effect on the peak
strength and the degradation stiffness, while having no
obvious effect on the ultimate displacement, when n is
smaller than 0. 3.

6) A tri-linear skeleton curve model of DSCB piers is
proposed, which can be taken as a reference for seismic
performance analyses of DSCB piers.
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