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Recently, extensive experimental and numerical studies have been carried out to understand the seismic
behaviors of segmental columns. Very limited studies, however, focused on the seismic performances of a
whole bridge system with precast segmental columns. This paper carries out numerical studies on the
seismic responses of bridge structures with precast segmental columns. For comparison, the seismic
responses of the bridge with conventional monolithic columns are also calculated. The two-
dimensional (2 D) finite element (FE) models of these two bridge types are developed by using the FE
code OpenSEES. The segmental column and monolithic column are simulated by the simplified
lumped-mass model and fiber-based model respectively and validated by the previous experimental
studies. The calibrated column models are then incorporated into the whole bridge structures to calculate
the structural responses. The influences of pounding, frequency ratio and gap size on the structural
responses are investigated and discussed. Numerical results show that the bridges supported by the seg-
mental columns or monolithic columns have very different seismic responses.

� 2017 Published by Elsevier Ltd.
1. Introduction

To achieve the accelerated bridge construction (ABC), precast
segmental columns are more and more widely used in engineering
applications recently. Comparing with the conventional cast-in-
place monolithic columns, precast segmental bridge columns have
many obvious advantages such as the high quality control of fabri-
cation, minimum environmental impact and smaller residual dis-
placement after a severe earthquake [1,2]. Despite these apparent
advantages, the constructions of bridges with segmental columns
were normally limited in low seismic intensity regions. The appli-
cation of this bridge type in regions with high seismicity is rare due
to the lack of understanding on their seismic performances.

Recently extensive research works have been carried out to
investigate the seismic behaviors of precast segmental columns.
Hewes and Priestley [3] conducted analytical and experimental
investigations on the seismic performances of unbonded post-
tensioned precast concrete segmental columns with high and low
aspect ratios. It was found that unbonded pre-stressed segmental
columns could effectively resist the lateral earthquake loading.
However, limited energy was dissipated by the segmental col-
umns. To improve the energy dissipation capability of segmental
columns, many different energy dissipation devices have been pro-
posed by different researchers. Chang et al. [4] and Ou et al. [5]
advocated the use of continuous mild steel bars, which are also
named as ED bars, along the pier segments to improve the energy
dissipation capacity. A flag-shape hysteretic behavior with
increased energy dissipation capacity was observed in the experi-
mental studies. Experimental results revealed that small residual
displacement upon unloading could be obtained if the ED bar ratio
is below a certain threshold. Except for ED bars, researches on the
external energy dissipaters also have been conducted. Chou and
Chen [6] suggested using concrete-filled tubes as external energy
dissipaters, and their results showed that the equivalent viscous
damping ratio can be obviously increased. Marriott et al. [7] used
two different external replaceable energy dissipaters for unbonded
pre-stressed segmental piers and obtained considerable energy
dissipation when compared with the traditional hybrid ED bar sys-
tem. Some previous studies (e.g. [8–10]) showed that monolithic
connections between first segment and the footing can result in
better energy dissipation than segmental connections under seis-
mic loading. The use of other energy dissipaters were also reported
including external steel angles and rubber pads [8] and built-in
elastomer pad [9]. Besides using dissipaters, improving the mate-
rial performance of components, such as using high performance
ED bars [10] or ductile fiber-reinforced concrete [11], could lead
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to higher drift capacity, greater energy dissipation, and higher lat-
eral strength of the column.

Besides the experimental investigations, a wide range of
numerical studies have also been conducted. Solid finite element
(FE) model [5,10], fibre-based FE model [12,13] and lumped-mass
FE model [5] have been commonly used to capture the local stress
of the column or the global response of bridge structure with seg-
mental columns. Detailed 3D solid FE model can capture the local
stress or even damage of the column. Its calculation efficiency is
however low, which makes it difficult to be applied in the numer-
ical simulation of the whole bridge structure. Fibre-based FE mod-
els have been widely used in the seismic response analysis of
structures with conventional monolithic piers [14–16]. For the pre-
cast segmental columns, complex contact behavior between the
segments makes the numerical simulation results with fibre-
based model not as good as 3D FE model. Lumped-mass model
which assumes the segmental column as a hinge spring with a
lumped mass at the top can simulate the global response with
computational efficiency. Ou et al. [5] developed a flag-shaped
model based on the data from Chang et al. [4] and the 3D FE model.
More detailed lumped-mass model which considered the degrada-
tion of unloading, reloading and strength [17,18] were developed
by using the ‘‘Pinching4” material model in OpenSEES [19].

Compared to the extensive experimental and numerical studies
on the seismic performances of segmental columns, the investiga-
tions on the seismic responses of a whole bridge system with seg-
mental columns are rare and no study that compares the seismic
responses of a bridge with segmental columns and with conven-
tional monolithic columns can be found in literature yet. To the
best knowledge of the authors, only the following two papers
reported the seismic responses of a whole bridge system with pre-
cast segmental columns. Sideris et al. [20] carried out a series of
shake table tests on a hybrid sliding-rocking (HSR) posttensioned
segmental bridge system. The HSR joints were designed to exhibit
sliding (slip-dominant, SD) or rocking (rocking-dominant RD)
property to mitigate the applied seismic loading and reduce dam-
age. Experimental results showed that the SD joints provided high
energy dissipation and moderate self-centering capability. The RD
joints, on the other hand, exhibited high self-centering but low
energy dissipation capability. Zhang [13] conducted numerical
and experimental investigations to evaluate the feasibility of
applying steel fiber reinforced self-consolidating concrete to pre-
cast unbonded post-tensioned segmental bridge columns in
moderate-to-high seismic regions. The test results showed that
segmental columns have excellent self-centering capability. Two
types of cap beam-superstructure connections, i.e., a connection
with non-seismic rubber bearing and a fixed connection, were
experimentally tested. Testing results revealed that the fixed con-
nection could induce more impact force at the first joint of the seg-
mental column (counting from the base to the cap beam)
comparing with the one with non-seismic rubber bearings.

Many previous experimental and numerical investigations (e.g.
[3]) indicated that segmental columns have smaller initial stiffness
and smaller energy dissipation capacity than monolithic columns.
Moreover, the opening at the joint interfaces may influence the
integrity of the columns. These factors may result in large relative
displacements between adjacent superstructures of the bridge,
which in turn can lead to higher pounding potentials compared
to the bridges with conventional monolithic columns. Seismic
induced pounding responses between bridges with segmental col-
umns are therefore believed critical and should be considered in
the analyses. No literature, however, reports the seismic induced
pounding responses between adjacent bridge structures with pre-
cast segmental columns though the researches on the conventional
bridges are very extensive. For example, Guo et al. [21] carried out
shake table tests on a 1:20 scaled two-span base-isolated bridge to
investigate pounding behavior of adjacent superstructures. Li et al.
[22] experimentally evaluated the influence of spatially varying
ground motions on the pounding behavior of three adjacent bridge
segments. He et al. [23] conducted large scale (1:6) experimental
studies on the pounding responses between two bridge frames.
Two boundary conditions, i.e. the fixed foundation and rocking
foundation, were tested to investigate the influence of foundation
types. Compared to the relatively less experimental studies, the
numerical investigations on the pounding responses are extremely
rich. Many pounding models (including the stereo-mechanical
method, impact element method and 3D arbitrary pounding
method) and finite element models (including the lumped mass
model, beam-column model, distributed mass model and detailed
3D FE model) have been adopted by different researchers. Hao
et al. [24] summarized these methods and models and discussed
the pros and cons of these methods. These investigations revealed
that pounding can significantly influence the adjacent bridge struc-
tural responses, and it may lead to local damages or even collapse
to the bridge structures. Many methods have also been proposed to
mitigate these adverse effects. Shrestha et al. [25] provides an
intensive review on the devices to protect bridge superstructures
from pounding and unseating damages. It should be noted that
all the studies were focused on the bridge structures with conven-
tional monolithic bridge columns, no literature reports pounding
responses between adjacent bridge structures with segmental col-
umns yet.

This paper carries out numerical simulations on the seismic
responses of bridge structures with precast segmental columns
by using the finite element code OpenSEES. For comparison, the
seismic responses of the bridge with conventional monolithic col-
umns are also calculated. Seismic induced pounding responses are
considered in the numerical simulations. The hysteretic behaviors
of the segmental column and monolithic column are firstly mod-
elled and validated by the experimental results. The validated col-
umn models are then applied to the whole bridge systems to
calculate the structural responses. The influences of pounding, fre-
quency ratio and gap size are investigated and discussed. It should
be noted that ground motion spatial variations and soil-structure
interaction (SSI) can further influence the structural responses.
Not to further complicate the problem, they are not considered
in the numerical simulations.
2. Bridge model

Without loss of generality, a typical five-span continuous bridge
extensively investigated by other researchers (e.g. [13,20,26]) is
adopted in the present study as the reference bridge model with
minor modifications on the span length and pier height. Fig. 1
shows the elevation view of the bridge and Fig. 2(a) shows the
cross section of the box-girder. As shown, this bridge is a single cell
box-girder bridge with a width of 8.4 m and height of 1.8 m. The
length of the side span is 20 m and the lengths of the three middle
spans are 30 m. The height of the four piers is 10 m. One expansion
joint is located at the middle of the bridge and another two locate
at the abutments. The size of the expansion joints is 0.1 m. For easy
reference, the parameters of the girder and columns are presented
in Table 1.

To investigate the influence of different column types, segmen-
tal column and monolithic column are considered in the present
study. Wang et al. [27] carried out large-scale experimental studies
to investigate the hysteretic behavior of segmental columns, the
specimen experimentally investigated in [27] is directly used in
the present study and Fig. 2(b) shows the details of the segmental
column. As shown, the column includes 9 segments (S1 to S9). The
height of the bottom segment is 2 m and the height of the rest 8



Fig. 1. Elevation of the bridge model (m).
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segments is 1 m. The cross section of the column is also shown in
the figure. As shown, six 7T D15 (15 mm in diameter) pre-stressed
tendons are installed to provide the pre-stressed force and self-
Fig. 2. Details of the bridges, (a) cross-section of box-girder; (b) Details of the precast seg
column section (mm).
centering capability of the column. D22 longitudinal mild steel
bars are used in each segment to position the transverse reinforce-
ments (the stirrups, which are not shown in the cross section). D36
mental column (after [27]) and (c) details and fiber discretization of the monolithic



Table 1
Cross-sectional properties and reinforcing steel ratios of structural components.

Structural component Cross sectional area, A (m2) Moment of inertia, I (m4) Tendon ratio, q1 (%) ED bar ratio, q2 (%) Longitudinal steel bar ratio, q3 (%)

Girders 3 1.74 / / /
Segmental columns 1.44 0.24 0.41 S1-S3:0.85

S3-S5:0.57
1.6 (in segment only)

Monolithic columns 1.44 0.24 / S1-S3:0.85
S3-S5:0.57

1.6 (continuous)
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longitudinal mild bars are used as ED bars. Eight D36 bars (the
green dots in the figure) extend continuously from S1 to S5 and
another four (the blue dots) are only within the bottom three seg-
ments (S1 to S3).

Fig. 2(c) shows the cross section of the monolithic column. For a
fair comparison, the longitudinal reinforcement ratio in the seg-
mental column and monolithic column are designed almost the
same. Particularly, the same number of longitudinal mild steel bars
is used in the monolithic column but they are extended along the
whole height of the column. No pre-stressed tendons are designed
in the monolithic column. Cyclic loading is applied in the weak axis
of the two columns.
3. Numerical model and validation

3.1. Segmental column

As mentioned above, the segmental column experimentally
investigated by Wang et al. [27] is directly used in the present
study. The detailed information regarding the segmental column
has been presented in Section 2.
Fig. 3. Numerical modelling of segmental column, (a) lumped-mas

Fig. 4. Numerical modelling of segmental column, (a) load–displacement relationship
testing results.
To simulate the hysteretic behavior of segmental column under
cyclic loading, the lumped-mass model shown in Fig. 3(a) is
adopted. As shown, the mass of the segmental column is lumped
at the top of the column, and it is connected to a 2 D rigid beam
element, which has the same height as the column. The bottom
of the rigid beam is connected to a zero-length element with
‘‘Pinching4” material in OpenSEES to capture the global hysteretic
behavior of the column. Previous studies (e.g. [17,18]) revealed
that this simplified lumped-mass model can capture the global
response of the column with computational efficiency. To examine
the accuracy of the simplified model, the loading protocol (Fig. 3
(b)) that was used in the experimental study [27] is applied to
the simplified model.

Fig. 4(a) shows the constitutive curve of the ‘‘Pinching4” mate-
rial. As shown, this model is composed by piecewise linear curves
and represents a ‘‘pinched” load-deformation response. The cyclic
degradation of strength and stiffness can also be considered by this
model. This model, which was originally developed to simulate the
seismic response of beam-column joints, was also used to capture
the characteristics of other structures, such as the cross-laminated-
timber shear walls [28], the masonry infill walls [29], and the dis-
s model with Pinching 4 material; (b) Cyclic loading protocol.

of ‘‘Pinching4” model; (b) Comparison of the calculated hysteretic curve with the



Table 2
Parameters for the ‘‘Pinching4” model used in the numerical simulation.

Parameters Value

ef1 � 4, defining force envelope (MN�m) ±8* ±12 ± 12.8 ± 13
ed1 � 4, defining deformation envelope (10–2 rad) ±0.89 ± 3.9 ± 5

±5.2
rDispP/rDispN, ratio of deformation during reloading 0.5
rForceP/ rForceP, ratio of force during reloading 0.6
uForceP/ uForceN, ratio of strength during unloading �0.4
gK1 gK2 gK3 gK4 gKLim, unloading stiffness

degradation
1.0 0.0 1.0 0.0 1.0

* ePf1 = +8, eNf1 = �8.
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sipative connections for brace to column joints [30], etc. As shown
in Fig. 4(a), in total 22 parameters need be defined in order to cap-
ture the hysteretic behavior of the segmental column. All these
parameters are defined based on the experimental results. Table 2
tabulates the corresponding values used in the present study. The
meaning of each parameter is not presented in this paper. Inter-
ested readers can refer to the OpenSEES User’s manual [19] to find
more detailed information. Fig. 4(b) shows the comparison
between the experimental data and the numerical result. It can
be seen that this model can capture the hysteretic behavior of seg-
mental column accurately.

It should be noted that in using this lumped-mass model to rep-
resent the true performance of the structure under seismic
motions, proper parameters need be defined. An experimental
study is normally required to accurately determine these parame-
Fig. 5. Details of cantilever column (after [31]). (a) General informatio
ters. To develop a high efficiency numerical model without the aid
of testing data is a very interesting topic but is out of the scope of
the present study.
3.2. Monolithic column

Wang et al. [27] only tested segmental columns in their study.
Another test carried out by Tanaka and Park [31] is used to cali-
brate the numerical model of monolithic column.

Specimen tested in [31] was a 1.65 m cantilever column with a
square cross section. The sectional details and material parameters
are shown in Fig. 5 and Table 3 respectively. To simulate the hys-
teretic behavior of the monolithic column, a fiber-based beam-
column element model is developed in this study. Uniaxial mate-
rial concrete06, which is based on the constitutive model devel-
oped by Mander & Priestley [32], is used to model the
unconfined and confined concrete fibers. The modified reloading
path of the model could capture the bond-slip behavior and resid-
ual displacement of fiber-based element model under seismic
loading [14]. The uniaxial material Giuffre-Menegotto-Pinto
steel02 [33] is used to simulate the steel rebars.

Fig. 6 shows the comparison of the simulated and tested hys-
teretic behavior of monolithic column. As shown the numerical
model can reasonably capture the hysteretic behavior of the mono-
lithic column, which demonstrates the accuracy of the numerical
model.
n; (b) Cross section; (c) Fiber discretization of the section (mm).



Table 3
Material parameters of monolithic cantilever column (after [31]).

Concrete strength
(MPa)

Axial load
(kN)

Longitudinal
reinforcement ratio (%)

Yield strength of longitudinal steel
bars (MPa)

Transverse reinforcement
ratio (%)

Yield strength of transverse steel
hoops (MPa)

32 968 1.25 511 1.7 325

Fig. 6. Hysteretic curve calibration of monolithic column using fibre-based model.

Table 4
Property comparisons of monolithic and segmental columns.

Column
type

Residual
displacement at 5%
drift (m)

Maximum
lateral loading
(kN)

Equivalent viscous
damping ratio (%)

Monolithic 0.306 1320 30.16
Segmental 0.085 1280 9.51
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3.3. Comparisons of hysteretic behaviors of monolithic and segmental
columns

The validated model is used to calculate the hysteretic behavior
of the monolithic column shown in Fig. 2(c). Fig. 7 shows the cal-
culated hysteretic curve of the monolithic column. For comparison,
the hysteretic behavior of the segmental column obtained in Sec-
tion 3.1 is also plotted in the figure. Table 4 compares the impor-
tant parameters of these two columns.

In the experimental study of segmental column [27], the speci-
men was tested up to a drift ratio of 5%. In the numerical simula-
tions, the drift ratios of both the segmental and monolithic
columns are also calculated up to 5%. It can be seen that with a
5% drift ratio, the residual displacement of segmental column
(0.085 m) is much smaller than that of monolithic column
(0.306 m), which demonstrates good self-centering capability of
segmental column. The hysteretic curve shows that the stiffness
of the monolithic column begins to decrease after a drift ratio of
about 2%. For the segmental column, no obvious stiffness degrada-
tion is observed. The maximum lateral loading for the monolithic
and segmental columns are 1320 and 1280 kN respectively. The
Fig. 7. Comparisons of the hysteretic behaviors of monolithic and segmental
columns.
lateral loading at 5% drift ratio of the segmental column is slightly
larger than that of monolithic column, indicating more severe
strength degradation of the monolithic column due to concrete
damage and reinforcement yielding.

To examine the energy dissipation capacity of the segmental
column and monolithic column, the commonly used equivalent
viscous damping ratio, which is defined as neq = Ah/2pAe [34], is
adopted in the present study. In this formula, Ah represents the
area enclosed by one complete idealized load–displacement hys-
teresis loop and Ae is the elastic strain energy in an equivalent lin-
ear elastic system under static conditions. With this definition, the
equivalent damping ratios for the monolithic and segmental col-
umns with a 5% drift ratio are 30.16% and 9.51% respectively based
on the hysteretic curves shown in Fig. 7. It is obvious that much
less energy is dissipated by the segmental column compared to
the monolithic column.
4. Numerical modelling of bridge structures with different
columns

The FE code OpenSEES is used to develop the FE models of the
bridge structures with two types of columns. Fig. 8(a) and (b) show
the FE models of the bridges with segmental and monolithic col-
umns, respectively. The bridge girder is modelled by the 2 D elastic
beam-column elements, and no plastic deformation is considered
in this study [24]. The Young’s modulus is assumed as Ec = 32.5 GPa
and other properties can be found in Table 1. The segmental col-
umns are simulated by the lumped-mass model with ‘‘Pinching4”
material as discussed in Section 3.1 and the monolithic columns
are modelled by the fiber-based model as described in Section 3.2.

The abutments are modelled by two separate nonlinear springs
representing the pile stiffness and passive soil stiffness as shown in
Fig. 8. As indicated in [35], the initial stiffness of the piles degrades
with the yielding of soil, so the bilinear symmetrical model which
acts in both active and passive loadings of the abutments is used to
model this effect. 24 piles are placed in each abutment and they are
assumed to become plastic at a deformation of 25 mm. The ulti-
mate strength of 4 MN is adopted based on a similar bridge as
reported in [16]. Fig. 9(a) presents the load-deformation curve
for the abutment piles. Zero-length element with elastic-
perfectly plastic material in OpenSEES is adopted to model the
piles. As for the passive soil embankment, elastic plastic spring
with initial stiffness of 200 MN/m and ultimate strength of 10
MN is adopted [16]. Fig. 9(b) shows the load-deformation curve
for soil embankment and zero-length element with elastic-
perfectly plastic gap material in OpeenSEES is used to simulate
the passive action of soil embankment. The initial gap size between
the back fill soil and the abutment is assumed to be 0 mm in the
numerical model. The unloading stiffness of both piles and



Fig. 8. Finite element models of the bridge structures, (a) bridge with segmental columns and (b) bridge with monolithic columns.

Fig. 9. (a) Force-displacement model of abutment piles and (b) force-displacement model of soil embankment.
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embankment were assumed as the same with the loading stiffness
and permanent deformation will be formed if they entered plastic
stage.

It should be noted that the simplifications shown in Fig. 9
neglect the influence of damping, which might result in slightly
larger structural responses. However, the primary aim of this study
is to investigate the influence of different column types on the seis-
mic responses of bridge structures, this simplification is believed
not influence the conclusion of the paper. This simplification is
actually adopted by many researchers (e.g. Shrestha et al. [16])
for its simplicity.

With the FE models, the vibration periods and vibration modes
of the bridge system with different columns can be calculated by
carrying out an eigenvalue analysis. It is found that the fundamen-
tal periods of one bridge frame (either the left or right frame in
Fig. 8) are 1.075 s and 1.323 s when the bridge is supported by
the monolithic column and segmental column respectively. The
bridge supported by segmental column is slightly flexible than that
supported by the monolithic column. This is expected because the
formation of the segmental column with a pile of segments intro-
duces more flexibilities to the column as compared to the mono-
lithic column. The fundamental vibration modes are the same for
the two bridge structures, and it is dominated by the longitudinal
movement of the bridge girder.
4.1. Impact element modelling

Seismic induced poundings might occur at the expansion joints
during a severe earthquake, which could significantly affect the
seismic responses of bridge structures. Therefore possible pound-
ing between adjacent bridge super structures at the expansion
joint and between bridge girder and abutment are considered in
the present study. Many different methods have been developed
to simulate the pounding phenomenon between adjacent struc-
tures and the most common way is using the contact element
model. In a contact element, the stiffness of the impact element
(KI) should be defined. In the present study, the pounding along
the longitudinal direction of the bridge is considered and the stiff-
ness is calculated as [15,16]

KI ¼ cEcA=L ð1Þ
where EcA is the stiffness of the axial cross section of the super-
structure, L is the length of the bridge girder and c is the ratio of
impact spring stiffness to the stiffness of the superstructure, which
is taken as 2 according to a sensitivity analysis [15] with similar
superstructures. KI is therefore calculated as 6.5 GN/m in the pre-
sent study. It should be noted that during pounding, some energy
can be dissipated. Not to further complicate the problem this is
however neglected in the present study. This is actually a common



Fig. 10. Impact element.

L. Zhao et al. / Engineering Structures 151 (2017) 568–583 575
practice in the numerical modelling, many previous studies (e.g.
[15,16]) neglected energy dissipation during pounding in the
numerical model. It also should be noted that many previous stud-
ies (e.g. [36]) revealed that the structural responses are not sensi-
Fig. 11. Different acceleration time histories. (a) SMART1 earthquake,
tive to the selected pounding stiffness of the impact element, the
selection of c in Eq. (1) will therefore not obviously influence the
numerical results.

Zero-length element with elastic-perfectly plastic gap material
(shown in Fig. 10) in OpenSEES is adopted to simulate the pound-
ing phenomenon between bridge girders and between bridge gir-
der and the corresponding abutment. Without loss of generality,
a gap size of 0.1 m is assumed in the present study. Parametric
studies are also carried out to investigate the influence of gap size
on the structural responses.

4.2. Damping

Damping can influence the structural response in the nonlinear
time history analysis of structures. The Rayleigh damping model,
which is widely used in the distributed plasticity model, is shown
to develop ‘spurious’ damping forces and lead to inaccurate
response results, especially for the concentrated plasticity model.
(b) El-Centro earthquake and (c) artificially simulated earthquake.



Fig. 12. Acceleration response spectra of the three earthquake ground motions.
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Chopra and McKenna [37] proved that a viscous damping matrix
constructed by superposition of modal damping matrices-
irrespective of the number of modes included or values assigned
to modal damping-completely eliminates the ‘spurious’ damping
forces. OpenSEES has recently been extended to be able to consider
modal damping in the analysis [37]. The more accurate modal
damping is applied in the present study to calculate the structural
responses. The damping ratio for each vibration mode is assumed
as 5%.

4.3. Earthquake loading

Three different earthquake loadings are used as inputs to calcu-
late the structural responses in the numerical simulation. The first
earthquake loading is the record from the SMART1 array (event 40,
1986) located in Lotung Taiwan, and the data is downloaded from
the Pacific Earthquake Engineering Research Center (PEER [38]).
This earthquake loading is characterized by the long-period
pulse-like waveforms, and it is normally classified as near-fault
ground motion. It should be noted that the peak ground accelera-
tion (PGA) of the original data is 0.2 g, to more clearly see the influ-
ence of monolithic and segmental columns, the PGA is scaled to
0.6 g in the numerical simulation. The second record is from the
1940 El-Centro earthquake, which exhibits fewer long-period char-
acteristics and it is used to represent a far-field earthquake. The
PGA of this earthquake loading is scaled to 0.8 g. The third earth-
quake loading is an artificially simulated ground motion. The
ground motion time history is simulated to be compatible with
the design spectra specified in the New Zealand Earthquake Load-
ing Code [39] by using the spectral representation method pro-
posed by Li et al. [40]. The PGA is set as 1.0 g in the numerical
simulation. Fig. 11 shows the acceleration time histories used in
the analyses in this study. The corresponding acceleration response
spectra are shown in Fig. 12.
5. Numerical results

5.1. Seismic response of one bridge frame

This section investigates the seismic responses of one bridge
frame (for example, the left frame in Fig. 1) with different column
types under different earthquake loadings. The influence of pound-
ing is not considered in this section, i.e. the size of the expansion
joints at the abutment and at the middle of the bridge is assumed
large enough and the bridge frame can vibrate freely during the
earthquakes. It should be noted the duration for the earthquake
loadings shown in Fig. 11 is 30, 30 and 20.48 s respectively. To cap-
ture the residual displacement, the simulations are carried out
until the bridge structure becomes still. As shown in Fig. 13, the
bridge structure almost stops vibrating when the time reaches
40 s under these three earthquake loadings.

Fig. 13 shows the longitudinal deck displacements of the bridge
frame with monolithic and segmental columns. As expected, when
segmental columns are used to support the bridge deck, much
smaller residual displacements are obtained as compared with
the one supported by the monolithic columns. As shown, the resid-
ual displacements are 0.100, 0.095 and 0.156 m respectively for the
bridge with monolithic columns. When segmental columns are
used, the corresponding values reduce to 0.044, 0.040 and
0.030 m, with the reduction ratio reaching 56.0%, 57.9% and
80.7% respectively. This is because the pre-stressing tendons as
shown in Fig. 2 can provide good self-centering capability to the
columns, which in turn results in the smaller residual displace-
ments as demonstrated in the hysteretic curves of the bridge col-
umns (Fig. 7). The results also show that larger peak ground
acceleration (PGA) does not necessarily result in the larger residual
displacement, this is because the structural response is not only
related to the amplitude but also influenced by the frequency con-
tents of the earthquake loading. The results also indicate that when
the bridge structures are subjected to the SMART1 earthquake and
El-Centro earthquake the reduction ratios are more or less the
same (56.0% and 57.9%). When the bridges are subjected to the
simulated earthquake, a much larger reduction ratio is obtained
(80.7%). This is because as shown in Fig. 13(c), the bridge supported
by the monolithic columns experiences large plastic deformation
after around 8.8 s, which results in the large permanent deforma-
tions of the structure. These results demonstrate the advantages
of using segmental columns when large earthquake shakings are
expected because segmental columns have very good deformation
recovery capability.

Fig. 13 also shows that bridge structure supported by the seg-
mental columns generally results in larger structural responses
compared to that supported by the monolithic columns. As shown
in Fig. 13, the fluctuations of the red curve are more severe than
the blue curve, and it takes more number of cycles for the red curve
to come to rest. This can be explained by the equivalent damping
ratio shown in Table 4 and the force–displacement relationships
shown in Fig. 14. As shown the areas enclosed by the red curve
(segmental column) are much smaller than those enclosed by the
blue curves (monolithic column), which means less seismic energy
is dissipated by the segmental columns and more energy is trans-
ferred to the superstructure, this in turn leads to the more severe
super-structural vibrations. This may be regarded as a disadvan-
tage of segmental bridge. The peak displacement of the bridge with
segmental columns, however, is not necessarily always larger than
that with monolithic columns. As shown in Fig. 13, when the
bridge structures are subjected to the SMART1 and El-Centro
earthquakes, the peak displacements developed in the bridge with
segmental columns are slightly larger than those in the bridge with
monolithic columns. When the two bridges subjected to the simu-
lated earthquake ground motion, the opposite results are, however,
observed. A detailed examination of the response time histories
reveal that the large residual responses of monolithic column as
shown in Fig. 7 and the ground motion phase contribute to the lar-
ger plastic responses of monolithic column than the segmental col-
umn. When the monolithic column yields and endures some
plastic deformation, the residual deformation is significantly larger
than that of the segmental column. Therefore the monolithic col-
umn vibrates at a new baseline with a larger plastic deformation
when ground motion changes the direction as shown in Fig. 13
(c). As a result, the peak response of the monolithic column sup-
ported bridge is even slightly larger than that of the flexible seg-
mental column supported bridge.



Fig. 13. Deck displacement time histories of one bridge frame under different earthquake loadings. (a) SMART1 earthquake, (b) El-Centro earthquake and (c) artificially
simulated earthquake.

Fig. 14. Force-displacement relationships of bridge structures without the influence of pounding, (a) SMART1 earthquake, (b) El-Centro earthquake and (c) artificially
simulated earthquake.
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5.2. Influence of pounding

In the previous section, only one bridge frame is investigated
and the influence of pounding is not considered. The seismic
responses of the whole bridge structure are investigated in this
section and the influence of pounding is considered. As shown in
Fig. 1, the two frames of the bridge is symmetric, the vibration
characteristics of the two frames are therefore the same. Adjacent
structures with identical dynamic characteristics under uniform
earthquake loading will vibrate in phase and no pounding will
occur if there is no restraint from the abutments. Because of the
restraints provided by the abutments, poundings can occur and
further influence the structural responses. Due to the symmetry
of the structure, only the results of the left bridge frame are pre-
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sented and discussed. The seismic responses of the bridge with dif-
ferent column types, including the deck displacement, pounding
force and pounding times, are compared and discussed. The gap
size at three locations is the same in this section, and it is assumed
as 0.1 m.

Fig. 15 shows the longitudinal deck displacement of the bridge
frame supported by different columns with the effect of pounding.
As shown, when pounding is considered, the residual displace-
ments of the both bridges reduce obviously compared to the case
without pounding as shown in Fig. 12. For the bridge with mono-
lithic columns, the reduction ratios are 24.0%, 47.4% and 84.0%
respectively with an average of 51.9% for the three earthquake
ground motions. For the bridge with segmental columns the reduc-
tion ratios are 40.9%, 20.0% and 40% with an average of 33.4%.
Therefore pounding might be regarded as beneficial in terms of
reducing the bridge residual displacement especially for the mono-
lithic bridge. However, it should be noted that this does not mean
very small separation gap or even no gap should be designed in
engineering practice. Separation gap has many functions, for exam-
ple it is necessary for the expansion and contraction of the super-
structure due to changes in temperature.
Fig. 15. Deck displacement time histories of left bridge frame under different earthqua
earthquake and (c) artificially simulated earthquake.
Compared to those in Fig. 14, Fig. 15 also shows that the
restraints from the adjacent bridge frame and abutment obviously
reduce the peak displacements of both bridge structures. For the
bridge with monolithic columns, the reduction ratios are 15.8%,
20.9% and 51.5% respectively with an average of 29.2% and for
the bridge with segmental columns, the reduction ratios are
23.1%, 35.8% and 37.2% for the three different earthquake loadings
with the average of 32.0%. Similar to the case without considering
pounding, the bridge structure with segmental columns experi-
ences more severe super-structural vibrations (Fig. 15) due to the
fact that less energy is dissipated by the segmental columns as
shown in Fig. 16.

Fig. 17 shows the impact force time histories at the left and
middle expansion joints under different earthquake loadings. As
can be seen, for both bridges, the pounding forces obtained at
the left expansion joint are generally smaller than those at the
middle expansion joints. This is because the mass of the abutment
is 40,000 kg and the mass of the bridge deck is 453,300 kg. At the
left expansion joint, poundings occur between the abutment and
bridge girder while at the middle expansion joint, poundings occur
between two bridge girders. Less mass is involved in the poundings
ke loadings with the influence of pounding. (a) SMART1 earthquake, (b) El-Centro



Fig. 16. Force-displacement relationships of different bridge structures with the influence of pounding. (a) SMART1 earthquake, (b) El-Centro earthquake and (c) artificially
simulated earthquake.

Fig. 17. Impact force time histories at the left and middle expansion joints under three earthquake loadings. (a) SMART1 earthquake, (b) El-Centro earthquake and (c)
artificially simulated earthquake.
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occurring at the left expansion joint compared to those occurring
at the middle expansion joint. Smaller mass leads to smaller iner-
tial resistance and smaller pounding force.

Table 5 tabulates the number of poundings under different
earthquake loadings. As can be seen from the table, the number
of pounding occurring at the middle expansion joint is generally
more than (or equal to) that at the left expansion joint for both
bridges. This is because pounding at the middle gap occurs when
the relative displacement between the two bridge decks is larger
than the separation gap, while at the left expansion joint, it is
determined by the relative displacement between the bridge deck
and left abutment. The bridge abutments vibrate relatively slow
under seismic loadings and therefore generate less number of
poundings. Table 5 also shows that when the bridges are subjected
to the SMART1 earthquake and El-Centro earthquake, the bridge
with segmental columns results in more number of poundings
compared to the bridge with monolithic columns. This is because
both bridge columns exhibit certain extent of inelastic deformation
and less energy is dissipated by the segmental columns (see Fig. 16
(a) and (b)), which results in more seismic energy being transferred



Table 5
Number of poundings at the left and middle expansion joints when the bridge
structures are subjected to three different earthquake loadings.

SMART1
earthquake

El-Centro
earthquake

Simulated
earthquake

Monolithic (left) 2 5 10
Segmental (left) 3 7 9
Monolithic

(middle)
2 7 13

Segmental
(middle)

3 10 11
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to the bridge girders and leads to the more violent vibrations of
bridge girders as discussed above. On the other hand, when the
bridges are subjected to the simulated earthquake loading, the
number of poundings in the monolithic bridge is, however, more
than that in the bridge with segmental columns. This again can
be explained by the hysteretic curves (Fig. 16(c)). It can be seen
that under this earthquake loading, both bridge columns are
almost in the elastic range, the bridge with monolithic columns
are stiffer than that with segmental column as mentioned above,
the stiffer structures are usually associated with more number of
poundings because they vibrate faster as reported in many previ-
ous studies such as [15,41–43]. However, it is worth mentioning
that this conclusion is drawn based on the condition that the
response is linear elastic. When nonlinear inelastic response
occurs, the response characteristics become more complex. Non-
linear inelastic response increases the displacement amplitudes,
but vibration could at a different baseline as shown in Fig. 13.
Moreover, the vibration frequency and phase also change with
nonlinear responses. Therefore the observation on the number of
poundings between adjacent elastic structures is not necessarily
correct for nonlinear structures as demonstrated in the first two
seismic excitations.

It should be noted that the above results are obtained from the
bridge structures shown in Fig. 8, in which the vibration character-
istics of the left and right bridge frames are the same. Pounding
occurs only because of the displacement constraint by the abut-
ments. The effect of frequency ratio on the seismic responses of
the two adjacent bridge frames is discussed in Section 5.3.
5.3. Influence of frequency ratio

The influence of frequency ratio on the pounding responses of
the bridge structures supported by monolithic columns have been
extensively studied by many researchers (e.g. [15] and [16]). For
the bridge structure supported by the segmental columns, no pre-
vious literature can be found. In this section, the influence of fre-
quency ratio on the pounding responses between two segmental
bridges is investigated. Besides the one discussed in Section 5.2,
in which the frequency ratio between the left (f1) and right bridge
frame (f2) is f1/f2 = 1.0, another two frequency ratios with f1/
f2 = 0.707 and 1.414 are also studied in this section. The different
frequency ratios are achieved by changing the mass of the right
bridge frame shown in Fig. 1 to half and twice of the value in Sec-
tion 5.2 respectively, while all the other parameters are kept the
same as those in Section 5.2, i.e. the gap size is assumed as 0.1 m
and poundings are considered. The pounding responses of the
bridge structures subjected to the three different earthquake load-
ings shown in Fig. 11 are calculated. For conciseness, only the
results obtained from the simulated earthquake loading is reported
in this section. Moreover, for comparison, only the results of the
left bridge frame are discussed.

Fig. 18 shows the influence of frequency ratio on the deck dis-
placement time histories. It is interesting to note that when the
frequencies of the two bridge frames are the same (i.e. f1/
f2 = 1.0), the largest displacement response and the largest residual
deformation are generated among the three cases. This is because
when the vibration characteristics of the two adjacent bridge
frames are the same, the two bridge frames tend to vibrate in
phase, which means both bridge frames can vibrate more freely
compared to the cases with different frequency ratios, therefore
larger displacement is generated. The bridge frames are more likely
to experience severer plastic deformations and thus result in larger
residual displacement. To this end, the code specification that the
vibration characteristics of the adjacent bridge structures should
be close to unity in order to preclude pounding may not be a good
choice because it may lead to larger displacement responses.
Pounding inevitably damages bridge superstructure near the
impacting areas, but restrains structure movement, hence reduces
responses of bridge piers. As shown although the largest peak dis-
placement is obtained when f1/f2 = 1.0, at other time instants, the
bridge structures with different vibration characteristics generally
experience larger displacements.

Fig. 19 shows the influence of frequency ratio on the impact
force and Table 6 summarizes the numbers of poundings at the left
and right expansion joints. As shown in Table 6, when the fre-
quency ratio is unity, the least number of poundings occur at the
middle expansion joint due to the in phase vibration. The number
of poundings at the left expansion joint is almost the same for the
three cases. This is because the left bridge frame is kept unchanged
in these three cases and the differences mainly due to the pound-
ings from the right bridge frame.

For the maximum pounding force, Fig. 19(b) shows that when
f1/f2 = 1.414, it results in the largest pounding force and the small-
est pounding force is obtained when f1/f2 = 0.707. This is because
the larger mass of the right bridge frame results in the larger iner-
tia resistance. The more severe pounding from the right bridge
frame transfers more energy to the left bridge frame, which in turn
leads to the slightly larger pounding force at the left expansion
joint as shown in Fig. 19(a).

5.4. Influence of gap size

For the bridge with monolithic columns, previous studies show
that the gap size can obviously influence the structural responses.
For the bridge with segmental columns, no such previous studies
were reported. This section investigates the influence of gap size
on the seismic responses of bridge structure with segmental col-
umns. For comparison, the corresponding results for the mono-
lithic bridge are also plotted. In the numerical simulation, the
vibration characteristics of the adjacent bridge frames are assumed
to be the same in this section, while the gap size is increased from
5 cm with an interval of 5 cm to the size until the pounding
between decks and at abutments is completely avoided. Again only
the results of the left bridge frame obtained from the simulated
earthquake loading are plotted and discussed.

Fig. 20(a) shows the peak deck displacements of the monolithic
and segmental bridges with different gap sizes. As shown, the
influence of column types on the peak deck displacement is not
obvious, similar peak deck displacement can be obtained for all
the considered gap sizes. Fig. 20(a) also shows that when the gap
size is smaller than 0.2 m, bridge with segmental columns leads
to larger peak deck displacement. However, when the gap size is
larger than 0.2 m, bridge with monolithic columns has larger peak
deck displacement. This might be because as shown in Fig. 20(b)
when the gap is smaller than 0.2 m, both bridges deform mainly
in the elastic range (relatively small residual displacements are
observed as shown in Fig. 20(b)) because the adjacent bridge
frames and abutments prevent large bridge displacement. When
the gap size is larger than 0.2 m, the bridge with monolithic col-



Fig. 18. Influence of frequency ratio on the deck displacement time histories of segmental bridge under artificially simulated earthquake.
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Fig. 19. Influence of frequency ratio on the impact force time histories. (a) Left expansion joint and (b) middle expansion joint.

Table 6
Influence of frequency ratio on number of poundings.

Frequency ratio 0.707 1 1.414

Left joint 8 9 7
Middle joint 15 11 16
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umns experiences large plastic deformation (obvious residual dis-
placement as shown in Fig. 20(b)). After the column is yield, the
bridge deck cannot go back to the original position but oscillates
around the yielding position at a smaller frequency. This results
in larger peak displacement.

Fig. 20(b) shows the residual displacements of the two bridges
with different gap sizes. As shown, when the gap size is smaller
than 0.2 m, the vibrations of both bridges are restrained and they
mainly deform in the elastic range. However, when gap size is
large, the bridge structures can oscillate more freely. The large
deformation leads to the monolithic bridge columns entering plas-
Fig. 20. Influence of gap size on the deck displacements. (a)
tic range and results in larger residual displacement. For the bridge
with segmental columns, the bridge columns can almost return to
its original position due to the restoring force provided by the pre-
stress tendons as mentioned above. In spite of the gap size, the
bridge with segmental columns almost always has smaller residual
displacement than the bridge with monolithic columns, demon-
strating the advantages of using segmental columns in bridge
constructions.

Fig. 21 shows the influence of gap size on the maximum pound-
ing force at the left and middle expansion joints. As shown, at both
expansion joints, bridge with monolithic columns almost always
lead to the larger maximum pounding force. The figure also shows
that larger gap size is required for the monolithic bridge to com-
pletely preclude pounding compared to the bridge with segmental
columns. As shown in Fig. 21(a), at the left expansion joint, the
required separation gaps are 0.45 and 0.4 m for the bridge with
monolithic and segmental columns respectively, and at the middle
expansion joint, the required values are 0.35 and 0.3 m respec-
Peak deck displacement and (b) residual displacement.



Fig. 21. Influence of gap size on the maximum pounding force. (a) Left expansion joint and (b) middle expansion joint.

Fig. 22. Influence of gap size on the number of poundings. (a) Left expansion joint and (b) middle expansion joint.
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tively. This is because large displacement is expected for the bridge
with monolithic columns when plastic deformation occurs.

Fig. 22 shows the influence of gap size on the number of pound-
ings for the bridges with monolithic and segmental columns. As
shown when the gap size is smaller than 0.15 m, monolithic bridge
results in more (or equal) number of poundings compared to the
bridge with segmental columns. This is because as mentioned
above, when the gap size is not big enough, both bridges deform
almost within elastic range and the stiffer monolithic bridge leads
to more number of poundings because of its higher vibration fre-
quencies. When the gap size is larger than 0.15 m, the opposite
trend is observed. This is because segmental columns dissipate less
seismic energy and more violent super-structural vibrations are
observed.
6. Conclusions

Bridge structures with precast segmental columns are more and
more widely used in engineering practices. These bridge structures
are normally located in the low seismicity areas due to the lack of
understanding on their seismic performances. Recently, extensive
research works have been carried out to examine the seismic per-
formance of segmental columns. The investigations on the seismic
responses of a whole bridge structure with segmental columns are
rare. This paper carries out numerical studies on the seismic
responses of bridge structure with precast segmental columns.
For comparison, a similar bridge with conventional monolithic col-
umns is also analyzed. The following conclusions are obtained
based on the numerical results:

1. The bridge with segmental columns shows smaller residual dis-
placement but more violent deck vibrations compared to the
bridge with monolithic columns.
2. Pounding can reduce the bridge peak responses and residual
displacement especially for the monolithic bridge.

3. Larger residual displacement can be generated when the vibra-
tion characteristics of the adjacent bridge frames are the same.

4. The influence of different gap sizes on peak displacement
responses is similar to both bridges with monolithic and seg-
mental columns. However, the influence of gap size on the
residual displacement of the two bridges is different. For the
monolithic bridge, larger gap size normally results in larger
residual displacement. For the segmental bridge, the influence
of gap size on the residual displacement is not prominent.

5. To completely preclude pounding, larger separation gap is
required for the bridge with monolithic columns compared to
the bridge with segmental columns.

6. When the gap size is small, bridge with monolithic columns
experiences more number of poundings. When plastic deforma-
tion occurs, the bridge with segmental columns suffers more
number of poundings.
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