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Seismic performance of precast bridge columns connected with
grouted corrugated-metal duct through biaxial
quasi-static experiment and modeling
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Abstract: In this paper, the seismic behaviors of precast bridge columns connected with grouted corrugated-metal duct
(GCMD) were investigated through the biaxial quasi-static experiment and numerical simulation. With a geometric scale ratio
of 1:5, five specimens were fabricated, including four precast bridge columns connected with GCMD and one cast-in-place
(CIP) bridge column. A finite element analysis model was also established by using OpenSees and was then calibrated by
using the experimental results for parameter analysis. The results show the biaxial seismic performance of the precast bridge
columns connected with GCMD was similar to the CIP bridge columns regarding ultimate bearing capacity and hysteresis
energy, and further, that it could meet the design goal of equivalent performance. The seismic performance of the precast
bridge columns connected with GCMD deteriorated more significantly under bi-directional load than under uni-directional
load. A proper slenderness ratio (e.g., 7.0-10.0) and longitudinal reinforcement ratio could significantly improve the energy
dissipation capacity and deformation capacity of the precast bridge columns, while the axial load ratio and concrete strength
had little influence on the above properties. The research results could bring insights to the development of the seismic design
of precast bridge columns connected with GCMD.
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1 Introduction

Precast bridge columns have been widely used to
achieve rapid construction without affecting traffic flow
(Wacker et al., 2005). Mainly, they have been studied
and practiced in the United States, New Zealand, and
China (Wang et al., 2010; Motaref et al., 2011; Palermo
and Mashal, 2012; Chan et al., 2016; Qu et al., 2018).
Due to the advantages of rapid construction, reliable
performance and larger construction tolerances (Pang et
al., 2009; Steuck et al., 2009), the grouted reinforcing
bar connections, commonly known as grouted bar-in-
conduit or corrugated duct connections, are widely used
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to connect precast bridge columns (Elsayed ef al., 2018).
In recent years, with the advantages of convenient
construction, low risk of slurry leakage and low costs,
grouted corrugated-metal duct (GCMD) is commonly
used.

The method employed to connect precast bridge
columns with GCMD is to embed the metal ducts in a
pile cap or a bent cap, reserve some space for exposed
longitudinal reinforcement in the bridge column, and
grout high-strength mortar into the metal ducts when
assembling the bridge columns on site. This connection
is mainly used when the column is connected to the pile
cap or the bent cap. In the United States, it is mainly
used between the column and the bent cap area in
bridges such as the Belton Lake Bridge and the Rehab
Lake Bridge (Restrepo et al., 2011).

To prevent the main rebar from being pulled out of
the duct, it is critical to ensure a proper bond between
GCMD and steel bars. Darwin and Zavaregh (1996)
studied the bond-anchorage mechanism of GCMD
and analyzed the factors affecting its bond-anchorage
performance, including the anchor length of the steel
bars, the grout performance, and the diameter and
thickness of the duct. The results showed that the bond
strength provided by grouts was insensitive to hole



748 EARTHQUAKE ENGINEERING AND ENGINEERING VIBRATION

Vol. 20

diameter, while it rose with increasing embedment
length, cover, and steel bar size. Brenes et al. (2006)
performed pullout tests on thirty-two samples of precast
bridge columns connected with GCMD. They found that
the tensile capacity of the connector was insensitive to
the epoxy coating on the connector or the presence of
transverse spiral bars around a group of connectors. It
was sensitive to several factors, including the type of
duct, the embedded length of the connector, the number
of connectors tested simultaneously in tension, and the
placement of the connector within the duct. By contrast,
Raynor et al. (2002) found that GCMD provided a
higher bond strength than conventional concrete.
Steuck et al. (2007) systematically studied the effects
of steel bar diameter, anchor length and steel fiber on
the connection between GCMD and steel bars. In their
study, the diameter was proved to play a minor role
and the addition of fibers to the grout reduced the bond
strength of the GCMD. Raynor et al. (2002) studied
the relationship between bond stress and slip through
the use of a quasi-static test. Next, they proposed and
verified the displacement equation of the loading end,
thereby confirming the bond reliability of the GCMD.
Currently, the Shanghai government has specified the
design calculation of the metal ducts in connection and
has issued a technical regulation (DG/TJ 08-2160-2015)
for precast bridge columns in medium and low-intensity
seismic zones.

In order to analyze the seismic performance of
precast bridge columns connected with GCMD, Pang
et al. (2010) conducted a quasi-static test of segmental
columns with GCMD. The results showed that the load-
displacement response and damage evolution of the
GCMD-connected precast bridge column were close to
those of the cast-in-place (CIP) bridge column. Khaleghi
et al. (2012) introduced the successful application of a
double-column pier top and a bent cap with GCMD in the
precast bridge column in Washington State, in addition
to providing corresponding quasi-static experiment
results. Tazarv and Saiidi (2015, 2016, 2017) conducted
a quasi-static test on two precast bridge column models.
The results showed that the connection performance of
GCMD with ultra-high-performance concrete (UHPC)
was better than that of a traditional CIP connection.
Wang et al. (2018) studied the seismic performance of
the precast bridge columns connected to GCMD with
prestressed tendons by using a quasi-static test that
considered the effects of bonding, prestressed tendons,
and prestressed rods. For the component with bonding
prestress, its strength was increased while its energy
dissipation capacity was reduced. For the component
without bonding prestress, its energy dissipation capacity
was not compromised, but its ductility was reduced. The
present uniaxial quasi-static study found that the precast
bridge column connected with GCMD demonstrated
a good seismic performance, and the ultimate load
and deformation capacity were close to those of the
corresponding CIP bridge column.

The above studies mainly focus on the understanding
of seismic performance through the bond-anchorage
test and the uniaxial quasi-static test, while the bridge
columns were often subjected to compression and biaxial
bending action due to earthquakes. It has been shown
that the reinforced concrete bridge columns have bi-
directional coupling effects under biaxial bending (Park,
1989; Qiu et al., 2002). Damage to the bridge column in
one direction could result in a decrease in strength and
stiffness in the other direction, thereby compromising its
seismic performance. Thus, it is necessary to investigate
the seismic performance of the precast bridge columns
under the action of biaxial bending. Nevertheless, only
a few studies have conducted biaxial quasi-static tests
for precast bridge columns, and the seismic performance
of the precast bridge columns connected with GCMD
under bi-directional load remains unclear. Due to the
connection joints, the seismic performance of precast
bridge columns could be different when compared to
the CIP bridge columns, especially under bi-directional
load, which indicates a need for additional research.

This study initially conducted a biaxial quasi-static
experiment to investigate the seismic performance of
precast bridge columns connected with GCMD under
bi-directional load. The failure modes and hysteresis
characteristics of the bridge columns were analyzed
and compared to those of the CIP bridge columns. The
testing results were used to verify the accuracy of the
finite element model (FEM), which was then used to
perform a parameter analysis for greater understanding
of the GCMD connected precast bridge columns with
regard to the influence of axial load ratio, longitudinal
reinforcement ratio and concrete strength on seismic
performance. The comprehensive research results aimed
to provide guidance for optimizing the seismic design
of the precast bridge columns connected with GCMD
while considering bi-directional load.

2 Experiment

2.1 Specimen design

The prototype in this paper had a section size of
2.5 m x 1.7 m, 84 longitudinal reinforcements with a
diameter of 28 mm, a reinforcement ratio of 1.23%, a
cover concrete thickness of 35 mm, a concrete strength
grade of C40 (with the cubic compressive strength of
42.4 MPa, and an elastic modulus of 30,700 MPa). The
design axial force was 7/, A = 0.1x26,800x4.21 = 11,283 kN,
where # is the axial compression ratio, 4 is the cross-
sectional area, and f,, is the design concrete compressive
strength.

Five bridge column models, including one
conventional cast-in-place (CIP) concrete bridge column
(RCO0) and four precast bridge columns connected with
GCMD (BBPC-1, BBPC-2, BBPC-3, and BBPC-4),
were designed with a scale ratio of 1:5. BBPC-1 and
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BBPC-2 specimens had the same dimensions. Except
for the height of the columns, the other dimensions of
BBPC-3 and BBPC-4 were the same as those of BBPC-
1 and BBPC-2 (Table 1). Figures 1(a)-1(c) show the
dimensions of the test specimens. In Fig. 1, (D) represents
the longitudinal reinforcement and are stirrups
and ties.

Table 1 shows the main design parameters of the
test specimens. BBPC-2 was chosen as the control
specimen, and its seismic performance was designed
to be identical to that of the CIP specimen. The effects
of loading pattern and slenderness ratio on the seismic
performance of the GCMD-connected precast bridge
columns were investigated. The axial load ratios of all
the specimens were the same as 0.1. The loading patterns
of BBPC-1 and BBPC-2 were different (uni-directional
load and rectangular load, respectively), while BBPC-2
and RCO were both under the rectangular load. Except
for the slenderness ratio, the other design parameters of
BBPC-3 and BBPC-4 were the same as BBPC-2. The
slenderness ratio 4 is the ratio of the effective column
height to the short side length of the section; the volume-
stirrup ratio P, refers to the ratio of the stirrup volume to
the volume of the bridge column.

According to China's current standard specifications
(Code for Seismic Design of Urban Bridges, 2011), the

metal duct consisted of circular stainless-steel and its
length should not be less than 24d_ (d, is the diameter of
the connected longitudinal reinforcement). Note that the
length here refers to the reinforcement anchorage length,
not the bond length. The metal duct used to connect the
precast bridge column specimens for testing was thus
designed with a length of 540 mm, an inner diameter of
45 mm, an outer diameter of 47 mm, and a wall thickness
of 0.6 mm. The depth of the longitudinal reinforcement
embedded in the metal ducts was 540 mm, which was
consistent with the length of the metal ducts.

Meanwhile, to meet the size of MTS anchor plate
on the loading end, a loading head on the top of the
specimens was designed as 530 mm x 700 mm % 700 mm.
The footing was designed as 1,300 mm x 800 mm x 740 mm
by considering the duct length, the position of the
anchorage hole of the reaction wall and the effective
height of the bridge column. The center of loading was
250 mm from the top of the bridge column.

By considering the test loading device, the effective
height of the column was designed as the distance from
the bottom of the column to the center of the loading
head. Concrete with a strength grade of C40 was
used for the loading head, column body and footing.
HRB400 was used for longitudinal reinforcement.
The longitudinal reinforcement of all specimens was
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(d) 1-1 Section (the stirrup encrypted region)

(e) 2-2 Section (the stirrup unencrypted region)

Fig. 1 Structural graph of the specimens (the unit of all dimensions is cm, except that the unit of the steel bar size is mm)
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composed of 10018 mm in the section, The transverse
steel bar was applied with a rectangular stirrup
®8 mm@100 mm in the unencrypted region, while the
spacing between the stirrups was intensified to 50 mm
in the bottom region within 500 mm from the surface of
the footing (the encrypted stirrup region) of the precast
bridge specimens. The thickness of the cover concrete
was 20 mm.

The US AASHTO (2017) limitation requirements
and China's current standard specifications (Code for
Seismic Design of Urban Bridges, 2011) indicate that
the stirrup reinforcement ratio in the potential plastic
hinge region of the columns can be respectively
expressed by Egs. (1) and (2). All five of the specimens
in this study met these requirements. The stirrups of the
bridge columns were designed according to the current
requirements for restraint and shear resistance. The
stirrups were made of HPB235 reinforcement bars with
a diameter of 8 mm. The stirrup spacing of all specimens
was less than six times the diameter of the longitudinal
reinforcement.

’ A ’
P zo.3f—°{f—1} and P > 0.2 (1)

C yh

P 2[0.17, +4.17(7, ~0.1)(R - 0.01) +o.oz]ch' @)

yh

where P _is the stirrup reinforcement ratio, #, is the axial
load ratio, f, is the yield strength of the stirrup, 4_ is
the core concrete section area, P, is the longitudinal
reinforcement ratio, and P is the additional axial load.
The length of the potential plastic hinge region Lp
recommended by the US AASHTO (2017) and China's
current standard specifications (Code for Seismic Design

of Urban Bridges, 2011) was calculated according to
Egs. (3) and (4). The spacing of the encrypted stirrup
region at the bottom of the column was set to 50 mm,
and the spacing of the unencrypted region was set to
100 mm.

L, > max(b,

max ?

1/ 6h,,467 mm) 3)

1/ 6h,,500 mm) 4

max

L, 2 max(b

where b is the largest cross-sectional dimension and 4,
is the effective height of the bridge column.

2.2 Properties of concrete, reinforcement and UHPC
materials

The specimens were made of commercial concrete
with a strength grade of C40. The longitudinal
reinforcement bar of the bridge column was made of
HRB400 hot rolled steel with a diameter of 18 mm. The
stirrups of the bridge column consisted of a HPB235
plain reinforcement bar with a diameter of 8§ mm. The
mechanical properties of the reinforcement steel bars
were measured according to GB/T 228.1-2010 (2010).
The results are shown in Table 2.

Ultra-high-performance concrete (UHPC) was
used for filling the GCMD, which connects the precast
bridge columns. Its mix proportion is presented in
Table 3, where the volume ratio was assigned to steel
fiber, and the mass ratio was set to other materials in
which the cement mass was defined as 1. The fine sand
had a maximum particle size of less than 0.63 mm. The
superplasticizer was composed of CX-8 polycarboxylate,
supplied by Fuzhou Chuangxian Engineering Materials
Co., Ltd., and its water reducing rate was 25%. The 28-
day compressive strength was 117 MPa, which meets the

Table 1 Main design parameters of the specimens

. Effective Height to . Volumetric
Specimen . . ) Axial load Slenderness . . .
Group No height 4, width ratio ratio ratio 4 ratio of stirrup  Loading pattern
: (m) R, "h P_(%)
CIP bridge column RCO 24 1.47 0.10 7.06 1.80 rectangular
Precast bridge BBPC-1 2.4 1.47 0.10 7.06 1.80 uni-directional
columns connected  gppc.p 24 1.47 0.10 7.06 1.80 rectangular
with GCMD
BBPC-3 1.4 1.47 0.10 4.12 1.80 rectangular
BBPC-4 3.4 1.47 0.10 10 1.80 rectangular
Table 2 Measured properties of reinforcement
Reinforcement Diameter Yield strength Ultimate strength Elastic modulus Elongation
(mm) (MPa) (MPa) (MPa) (%)
Stirrup (HPB235) 8 241 330 212,000 26
Longitudinal reinforcement 18 412 567 213,000 31

(HRB400)
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technical specification for prefabricated bridge columns
(DG/TJ 08-2160-2015).

2.3 Pullout test of the metal duct-steel bar connection

The good bond performance of UHPC grouting
connection for reinforcement bars and ducts has been
verified by Tazarv (Tazarv and Saiidi, 2016). This
test mainly focused on the bond performance of the
connection between the metal duct and concrete.
Four metal duct-steel bar connection specimens were
designed and tested according to the standard test
method for concrete structures (GB/T 50152-2012) and
the standard test method for splitting the tensile strength
of cylindrical concrete specimens (ASTM, 2011). The
bottom of the specimens consisted of a concrete cube
with a side length of 180 mm and a strength grade of
C40. The reinforcement bar was 500 mm long and
was made of HRB400 with a diameter of 18 mm. The
ducts were filled with UHPC to connect the longitudinal
reinforcement bars. The unbonded section was 90 mm
long and separated from the normal concrete (C40) by
plastic foam. The detailed design of the component is
shown in Fig. 2. The universal testing machine used
for loading had a loading speed of 9.72 kN/min. The
materials used in the metal duct-steel bar connection
specimens were the same as those used in all test
specimens. Thus, the material mechanical properties of

300
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Fig.2 Illustration of metal duct-steel bar connection specimens

the specimens were the same, as shown in Tables 2 and 3.

During the test, the splitting failure of the specimens
was observed and a slip between the steel bars and the
ducts was not found, indicating a good bond performance
among the specimens. The average maximum splitting
failure load of the other four specimens was 79.77 kN
(see Table 4), which could be regarded as the limit value
for the splitting failure of the specimens. The results
show that the metal duct-steel bar connection specimens
were not pulled out from concrete, indicating that the
UHPC grouting duct would provide a good connection
between the column and the footing for the bridge
column specimens. This result was also verified in the
quasi-static test.

2.4 Experiment scheme

2.4.1 Loading devices and loading scheme

The quasi-static test of all five specimens was
performed in Experimental Hall 2 of the Civil Engineering
College at Fuzhou University. An MTS244.31 250 kN
actuator and an MTS244.41 500 kN actuator made by
MTS (Mechanical Testing & Simulation) were used as
loading devices. A high-precision hydraulic jack with
a range of 1,000 kN was used to provide a constant
axial load for the specimens. The lower part of the jack
device was supported on a spherical hinge to ensure
that the load applied by the jack was always vertically
downward. The on-site layout of the loading devices is
shown in Fig. 3, where the west and south sides of the
specimen are presented.

The displacement loading protocols in this
experiment were based on the seismic test guideline
JGJ/T 101-2015 (2015). The uni-directional load was
applied to the RCO specimen along the strong axis (X
direction). Figure 4 shows the uni-directional load
protocol. In the elastic stage, the displacement was
loaded with 1 mm at the first level, and the loading
displacement was increased by an interval of 2 mm in
the following level before the steel bar yielded, and each
cycle was repeated once in this stage. After the steel bar
yielded, the loading displacement was incremented by
10 mm. The loading cycle was performed three times
and was terminated until the transverse strength of the

(unit: mm) specimen was reduced to 85% of its maximum strength.
Table 3 UHPC mix proportion
Steel fiber Water binder Cement Silica fume Fine sand Superplasticizer
(V%) ratio (V%) (V%) (V%) (V%)
3 0.18 1 0.3 1.20 0.025
Table 4 Pullout test results
Specimen No. 1 2 3 4 5 6
Maximum force (kN) 77.8 115 82.4 84.6 59.2 74.3
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(a) Loading device and sample

(b) West and south sides and loading at X/Y direction

Fig. 3 Photos of on-site layout and sample details with loading directions

Rectangular displacement loading was performed on
the four precast segmental specimens, and the ratio of
displacement in X direction to that in Y direction was
1:1, as shown in Fig. 5. During the test, the displacement
and load on the top of the bridge column were recorded
by an MTS actuator. The loading process included two
stages. In the elastic stage, the displacement was first
simultaneously loaded to 1 mm in X and Y directions,
and the displacement was increased by an amplitude of
2 mm with one cycle. When the steel bar yielded, the
displacement was increased by 10 mm, and the loading
cycle repeated three times. The loading was terminated
when the load capacity of the specimen dropped to 85%
of its maximum load.

2.4.2 Measuring points layout of displacement

The displacement at the top of the bridge column,
the sliding displacement of the pile cap and the opening-
closing extent at joints were measured in this study.
The displacement at the top of the bridge column was
measured by the sensors of an MTS electro-hydraulic
servo loading system, while the others were measured
by strain-type displacement sensors. The displacement
measuring points of the five specimens can be seen in
Table 5, while Fig. 6 shows the measurement points in the
plastic hinge region, the sliding displacement of cap and
the opening-closing extent of joints. The displacement
drift ratio at the top of the bridge column was used to
indicate the horizontal relative deformation of a bridge
column. The displacement drift ratio of the column in
this study is defined as the ratio of the displacement at
the top of the column to the effective height. The residual
deformation is determined as the plastic deformation
when the loading is unloaded as zero.

The load-displacement data were then used to
produce the hysteresis loop. The enclosed area of
the load-displacement (P-A) curve in the hysteresis
loop represents the amount of energy absorbed by the
structure under external loads such as that resulting
from an earthquake. The higher the energy dissipation
index is, the stronger the energy dissipation capacity
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Fig. 5 Bi-directional rectangular load system

of the specimen will be, and the better the seismic
performance. Hysteresis energy dissipation capacity E
and E in X and Y directions can be calculated by Egs. (5)
and (6) respectively.

E, =[Pd, 5)

E, =[P4, (6)
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2.4.3 Measuring point layout of reinforcement and
concrete strain

The resistance strain gauge was used to measure
the strain on the surfaces of longitudinal reinforcement,
stirrup, and concrete. The strain gauge for reinforcement
had a type of BX120-3AA, a resistance value of 119.9
+ 0.1 Q, a sensitivity coefficient of 2.08 + 1%, and a
gate dimension of 5 mm x 3 mm. The strain gauge for
concrete had the same type, resistance type, sensitivity
coefficient as that for reinforcement, but a different gate
dimension of 100 mm %3 mm.

w E
Displacement meter

st i0
=
S M 2
(=3
S i
23 L
| IR B
v
v
21=

(a) Front view (X direction)

The measuring points of the longitudinal
reinforcement and stirrup strain were mainly arranged
via the reinforcement of the plastic hinge region at the
bottom of the bridge column. The strain gauges for
longitudinal reinforcement were arranged on the four
faces of the column at positions corresponding to 50, 200,
400, 600, and 1,200 mm above the bottom of the column.
The strain gauges for the stirrup were arranged on the
four faces of the column at positions corresponding to
50, 100, 200, 300, and 400 mm above the bottom of the
column. Figures 7-9 show the measuring point layout of
reinforcement and concrete strain.

S N
Displacement meter
i1s 20
T14 [b 19
@13 @ 18
le @ 17
q 11 @ 16

L= 122

A

|

Z 1
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Fig. 6 Displacement sensor layout (mm)

Table 5 Displacement measuring point layout of the specimens

Specimen No. Displacement at the top of the

Sliding displacement of ~ Opening-closing extent at

bridge column the pile cap joints
RCO0, BBPC-1-BBPC-4 Electro-hydraulic servo 21,22 1,6,11,16
loading system
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(a) Front view

(b) Side view

(c) Sectional view

Fig. 7 Strain gauge layout of longitudinal reinforcement
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Fig. 8 Strain gauge layout of stirrups
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Fig. 9 Strain gauge layout of the four surfaces

3 Experimental results and discussion

3.1 Damage characteristics

The damage development process of the five
specimens was observed and compared: it involved
concrete cracking, reinforcement bar yielding, concrete
crushing, and reinforcement buckling. As expected,
the results show that the damage process of the five
different precast bridge column specimens was similar,
starting from the surface-concrete cracking at the
bottom of the bridge column (Fig. 10(a)) to the yielding
of the longitudinal reinforcement (Fig. 10(b)). Then,
the concrete cover spalled and crushed (Fig. 10(c)),
and finally the longitudinal reinforcement buckled.
The difference was that the concrete cracking of the
precast bridge columns connected with GCMD was
accompanied by the phenomenon of the joint opening,
which may lead to a reduction in initial stiffness. This
observation is consistent with other studies on reinforced
concrete bridge columns, such as Lehman et al. (Lehman
et al., 2004). As suggested by Lehman et al. (2004),
concrete cover spalling and crushing of the concrete
core were damage states that require repair or significant
repair. After the test, the longitudinal reinforcement bars

embedded in the GCMD were not pulled out, indicating
that GCMD performs well in connecting the column and
footing under bi-directional lateral load.

The final damage states of the five specimens are
shown in Fig. 11. As can be seen from the figures, all
specimens were subjected to classic flexural failure,
which involved concrete crushing and longitudinal steel
bar buckling. Note that the longitudinal bars in the plastic
hinge region of the BBPC-2 and BBPC-3 specimens
were observed to be fractured after the test took place.

To further illustrate the damage states of the bridge
columns, the crack distribution and the damage position
of each specimen were measured and drawn, as shown in
Fig. 12, where the black area at the bottom represents the
crushed concrete. Some meaningful results were found
as follows:

(1) The BBPC-2 (precast) and RCO (cast-in-place)
specimens had almost the same concrete cracking height
and the concrete crushing scope in the plastic hinge
region, which means these two specimens would have a
similar seismic performance.

(2) The bi-directionally loaded BBPC-2 specimen
had a larger crack distribution height and suffered more
several damage when compared to the uni-directionally
loaded BBPC-1 specimen, which indicates the bi-
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Fig. 10 Typical damage stages: (a) surface-concrete cracking; (b) longitudinal reinforcement yielding; (c) concrete spalling
and crushing

(d) BBPC-3
Fig. 11 Final failure states of the CIP bridge column (RCO0) and precast bridge columns with GCMD (BBPC-1 to 4)

directional load leads to more severe damage to a precast
bridge column compared to a uni-directional load.

(3) Three specimens BBPC-3, BBPC-2 and BBPC-4
with the same axial load ratio had different slenderness
ratios, namely, 4.12, 7.06 and 10, respectively. As
shown in Fig. 12, the final crack distribution height
for the three specimens was 85, 133, and 200 cm,
respectively, indicating that the specimens that exhibit a
larger slenderness ratio have a higher crack distribution.
However, the concrete crushing degree of BBPC-3
was obviously less than that of BBPC-2 and BBPC-
4, which is attributed to the smaller slenderness ratio
of BBPC-3 and the more concentrated deformation at
the connection, resulting in a larger deformation of the
reinforcement bars and a lesser degree of crushing of
the concrete. This indicates that the reinforcement bars
of BBPC-3 will yield, buckle or fracture earlier in the
test, which was also verified by the failure mode and the
smallest ultimate drift ratio of BBPC3 among the three
specimens, BBPC-3, BBPC-2 and BBPC-4.

(b) BBPC-1

(¢) BBPC-4

3.2 Seismic performance analysis and comparison

To understand the seismic performance of the
precast bridge column, the five specimens were then
experimentally investigated by considering the influence
of production method, loading pattern, and slenderness
ratio. Through the analysis of the hysteresis loop, skeleton
curve, and displacement ductility of the five specimens,
six seismic indexes were evaluated in this study,
including energy dissipation, residual displacement,
ultimate load, drift ratio, ultimate displacement, and
displacement ductility, etc.

The hysteresis loop could present the hysteresis
characteristics of the specimens, including energy
dissipation, residual displacement, and stiffness
degradation. Generally, the fuller the hysteresis loop
is, the better the seismic performance (Xu et al., 2017).
Regarding the skeleton curve, it is the line connecting
the peak of the first hysteresis loop in each loading
displacement that can show the ultimate load, ultimate
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Fig. 12

displacement, drift ratio, and strength degradation, etc.
(Xu et al., 2017). Ultimate displacement was defined as
the displacement when the load dropped to 85% of its
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Comparison of the final failure mode of the CIP bridge column (RC0) and precast bridge columns with GCMD

(BBPC-1 to 4)

ultimate load.

3.2.1 Comparison between RC0O and BBPC-2

A comparison of the CIP specimen RCO and the
precast specimen BBPC-2 (see Figs. 13(a) and 13(b))
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shows that in X and Y directions, the hysteresis loops
of the two specimens were both full and matched well.
The hysteresis dissipated energies were close to each
other in both X and Y directions, as shown in Figs. 13(c)
and 13(d). Also, hysteresis dissipated energy increased
significantly when the drift ratio became larger at the
later loading stage. The residual deformation of RCO and
BBPC-2 were also similar (see Figs. 13(e) and 13(f)).
Thus, both the CIP and precast specimens had a similar
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and good energy dissipation capacity, which indicates
that the designed precast segmental specimen has the
same hysteresis characteristics as the CIP specimen, and
achieves the expected target performance.

Figure 14 shows the comparison of the skeleton
curves of the CIP specimen RCO and the precast specimen
BBPC-2. Consistent with the hysteresis loop, skeleton
curves of the two specimens also matched well, and
the ultimate load, ultimate displacements and drift ratio
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Fig. 13 Comparison of the hysteresis loops between the CIP bridge column and the precast bridge column in (a) X and
(b) Y directions, the hysteresis energy values in (¢) X and (d) Y directions, the residual displacements in (e) X and
(f) Y directions
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Fig. 14 Comparison of the skeleton curves of bi-directionally loaded specimens

were relatively close. Combined with the comparison of
the hysteresis loops, it can be concluded that the seismic
performance of the precast specimens connected with
GCMD is close to that of the CIP bridge columns under
the bi-directional load, achieving the design goal of
performance equivalence.

Park method (Park, 1989) was used to calculate the
yield displacement and yield load of the tested specimens
(see Fig. 15). The ductility coefficient u is expressed as

u= A“ (7)

y

where A is the ultimate displacement, defined as the
corresponding displacement when the load drops to 85%

of the maximum load; Ay is the yield displacement,
which was determined by Park method.

Due to the opening phenomenon of the precast
specimen connected with GCMD, the initial stiffness
at the initial loading stage was slightly smaller than
that of the CIP specimen, resulting in a larger yield
displacement. Therefore, the displacement ductility of
the BBPC-2 specimen in X and Y directions were 12%
and 15%, that is, smaller than those of the RCO specimen
(see Table 6). In Table 6, the measured feature values,
e.g., the load and displacement values shown in the
table, are the average values in X and Y directions.

3.2.2 Comparison between BBPC-1 and BBPC-2

Figure 16(a) shows the hysteresis curves of the
BBPC-1 and BBPC-2 specimens in X direction. It can
be seen from the figure that, compared to the hysteresis
curve of the BBPC-2 specimen under a bi-direction load,
the hysteresis area of the hysteresis curve of the BBPC-1
specimen under uni-directional load was larger, which
indicates that the BBPC-1 specimen has a larger energy
dissipation capacity in X direction (see Fig. 16(b)). At
the same time, it was found that the hysteresis loop of
BBPC-2 was flatter, and the strength degradation and
the unloading stiffness were larger. This means that the

rA

P = min (0.75 P,
load correspongding to
g /' concrete cracking)

0 A AT

,
Fig. 15 Park method to determine yield strength and
displacement

BBPC-2 specimen suffered more severe damage, which
was in accordance with the failure process of the tested
specimens. In the unloading stage, the hysteresis curve
of the BBPC-2 specimen showed an inverted Z shape
due to the buckling and fracture of steel bars. Due to the
large unloading stiffness of the precast bridge column
connected with GCMD under a bi-direction load, the
residual displacement of the BBPC-2 specimen was also
significantly larger than that of the BBPC-1 specimen
(see Fig. 16(c)). The test results show that the bi-
directional loading action would aggravate the damage
of the precast bridge column in the plastic hinge region
(see Figs. 12(b)-12(c)) and would lead to the worst
hysteresis performance when compared with the precast
bridge column under a uni-directional load.

Figure 16(d) shows the load-drift ratio skeleton
curves of the BBPC-1 and BBPC-2 specimens in X
direction. It can be seen from the figure that the ultimate
load (127.3 kN) and displacement drift ratio (3.39%)
of the BBPC-2 specimen under the bi-directional load
were 11.8% and 18.4% lower than those of the BBPC-
1 specimen under the uni-directional load. This result
can also be observed in Fig. 16(a). Combined with
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Table 6 Characteristics of the specimens in load, displacement, ductility, and drift ratio

Specimen No disp};l;}el:(rinen ¢ Yield load Peak load dislljallggi[leen " 85% Peak  Ductility coefficient Displacement
. 1 1 0,
Ay (mm) Py (kN) P, (kN) A, (mm) load (Park method) drift ratio (%)
RCO X 14.8 111.9 128.8 80.7 109.5 5.45 3.36
Y 16.3 70.7 81.6 86.5 69.4 5.31 3.60
BBPC-1 X 17.0 125.5 147.6 96.9 125.5 5.70 4.04
BBPC-2 X 16.5 114.9 128.1 79.2 108.9 4.80 3.39
Y 18.3 73.4 87.1 82.9 74.0 4.53 3.45
BBPC-3 X 12.2 195.2 231.7 37.4 196.9 3.07 2.67
Y 11.1 112.9 128.6 50.0 109.3 4.50 3.57
BBPC-4 X 28.5 73.1 81.6 127.0 69.4 4.46 3.74
Y 33.0 39.9 48.6 127.0 413 3.85 3.74
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Fig. 16 Comparison of seismic performance of the specimens under uni-directionally and bi-directional loads: (a) the hysteresis
loops and (b) its hysteresis energy (c) residual deformations and (d) skeleton curves

the comparison of the energy dissipation capacity and
residual deformation (see Figs. 16(b) and 16(c)), it can
be seen that the bi-directional load has a disadvantageous
impact on the seismic performance of precast bridge
columns, resulting in a significant decrease of the
energy dissipation capacity, ultimate bearing capacity
and ultimate drift ratio, etc. Table 6 also shows that the
displacement ductility (5.70) of the BBPC-1 specimen
was 19.0% greater than that of the BBPC-2 specimen
(4.80), indicating that the bi-directional load also reduces

the displacement ductility of precast bridge columns.
Therefore, the influence of the bi-directional load should
be urgently considered in the seismic design of precast
bridge columns connected with GCMD.

3.2.3 Influence of slenderness ratio
The influence ofthe slenderness ratio on the hysteresis

loops and hysteresis dissipated energy was then compared
and analyzed (see Fig. 17). The three specimens, BBPC-
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3, BBPC-2 and BBPC-4, had the same axial load ratio
(i.e., 0.1) but with different slenderness ratios (i.e.,
4.12, 7.06 and 10.00). This demonstrates that regardless
of either X or Y direction, the larger the slenderness
ratio, the flatter the hysteresis loop and the smaller
hysteresis area would be, and, the faster that its strength
would degrade (see Figs. 17(a)-17(b)). However, it is
meaningful to note that when the drift ratio at the top of
the bridge column was only 2.67, the BBPC-3 specimen
with the smallest slenderness ratio among the three
specimens failed. Its energy dissipation capacity began
to drop rapidly, resulting in the accumulative energy
being smaller than that of the BBPC-2 and BBPC-4
specimens (see Figs. 17(c)-17(d)), which indicates that
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an insufficiently low slenderness ratio is not conducive to
the energy dissipation of a precast bridge column. With
the proper slenderness ratios (7.06 and 10.0), the precast
bridge columns BBPC-2 and BBPC-4 can obtain a better
seismic performance when compared to the BBPC-3
specimen, including a larger energy dissipation capacity,
a larger drift ratio and a correspondingly smaller residual
displacement (see Figs. 17(e)-17(%)).

The influence of slenderness ratios on the skeleton
curves was also examined. Figure 17 shows that
regardless of X or Y direction, the smaller the slenderness
ratio of the specimen, the larger the peak load and the
ultimate load; however, the faster the load decreased, the
lower the deformation capacity of the specimen. This
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Fig. 17 Comparison of the hysteresis loops of different slenderness ratio specimens in (a) X and (b) ¥ directions, the corresponding

hysteresis energy values in (c) X and (d) Y directions, and the residual deformations in (e) X and (f) Y directions



No. 3 Xia Zhanghua et al.: Seismic performance of PC columns connected with GCMD through quasi-static experiment and modeling 761

observation matches well with the previous laboratory
test or numerical results (e.g., Peng et al., 2018). It
also can be seen from Table 6 that the maximum drift
ratios of the BBPC-3, BBPC-2 and BBPC-4 specimens
were 2.67%, 3.39% and 3.74%, respectively (with the
maximum drift ratio of each specimen taking the smaller
value in the two directions), indicating that there is no
linear relationship between the slenderness ratio and
the drift ratio for the tested specimens. The maximum
drift ratio of the BBPC-3 specimen was significantly
smaller that of the BBPC-2 and BBPC-4 specimens.
This is mainly because there was no stirrup constraint
at the connection joint of the precast bridge columns
connected with GCMD. When the slenderness ratio was
too small, the deformation was more concentrated on the
longitudinal reinforcement, which led to premature yield
and fracture under the bi-directional load. Therefore, the
slenderness ratio of the precast bridge column should
not be too small. Similarly, the displacement ductility
coefficient (3.07) of the BBPC-3 specimen with a small
slenderness ratio was significantly smaller than that of
the BBPC-2 and BBPC-4 specimens (4.53 and 3.85,
respectively), and the displacement ductility coefficient
was also taken as the smaller one in two directions.
Therefore, it is suggested that the slenderness ratio of the
precast bridge columns connected with GCMD should
be 7.0-10.0. Note that the column with a slenderness
ratio more than 10.0 is defined as the tall column, whose
seismic performance still lacks sufficient research and
understanding at present (Wang et al., 2018).

Through the above analysis of seismic performance
with regard to hysteresis dissipated energy, residual
displacement, skeleton curve, ultimate displacement,
and drift ratio, etc., it is found that a reasonably designed
precast bridge column connected with GCMD is mainly
subjected to the bending failure, and has a similar seismic
performance to that of the CIP bridge column.

Generally, a high amount of spending is required
to design structures for elastic response due to the
consequences of severe earthquakes. Alternatively,
engineers prefer to design structures for a lower force
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level and detail them to produce sufficient energy
dissipation capacity to prevent structure collapse (Bae,
2005). This study shows that the hysteresis energy
dissipation capacity of the precast bridge column
connected with GCMD was similar to the CIP bridge
column (see Figs. 13(a)-13(d)). It is noted that the
longitudinal reinforcement rebar used has a yield
strength of 241 MPa, which is within the normal range
of strength. For rebars with what is considered high
strength (more than 500 MPa), the energy dissipation
of precast bridge column connected with GCMD could
be different from that of CIP bridge columns (Zhuo et
al., 2018). Future studies needed to be conducted to
understand the influence of longitudinal reinforcement
on hysteresis energy dissipation capacity.

However, the precast bridge column connected with
GCMD under bi-directional load exhibits lower seismic
performance than that under uni-directional load. This
is consistent with other studies (Li ef al., 2018; Marriot
et al., 2011). Saatcioglu and Ozcebe (1989) concluded
that columns subjected to varying bi-directional loads
demonstrate severe strength and stiffness degradation
compared to those under uni-directional load. This
means that bi-directional load also should be included
in the seismic design of the precast bridge column
connected with GCMD.

The parameter of slenderness ratio has a significant
effect on peak load and hysteresis dissipation capacity
of the precast bridge column connected with GCMD.
Additionally, the precast bridge column with an
appropriate slenderness ratio could have a good
seismic performance with respect to a good hysteresis
dissipation capacity and deformation capacity. To
enhance the understanding of the seismic performance
of the precast bridge column connected with GCMD,
other parameters such as axial load ratio, longitudinal
reinforcement ratio and concrete strength are expected
for seismic performance analysis. However, a thorough
experiment including the analysis of those parameters
is of high cost, leading to numerical simulation in the
following section.
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Fig. 18 Comparison of the skeleton curves of specimens with different slenderness ratios
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4 Numerical analysis

4.1 Finite element model

4.1.1 Structure model and loading

In this section, a finite element model (FEM) of the
precast bridge columns connected with GCMD was
established using OpenSees software. There are two
types of nonlinear beam-column elements in OpenSees.
One consists of nonlinear beam-column elements (Scott
et al., 2004) and plastic hinge elements (Scott and
Fenves, 2006) based on the compliance theory; the other
contains nonlinear beam-column elements based on the
stiffness theory. The type of nonlinear beam-column
elements based on the flexibility theory was adopted
in the FEA model for the purpose of this study. Several
studies (e.g., Shooshtari et al., 2015) using nonlinear
beam-column elements to examine the nonlinear
behaviors of structures in OpenSees software has been
reported.

The gravity of the superstructure was simulated by
applying the concentrated load on the top of the bridge
column. To simplify the model, the weights of the
column and the loading head were ignored. The fiber
cross-section of the bridge column was divided into
three types according to the material characteristics, i.e.,
unconstrained concrete fiber (cover concrete fiber), core
concrete fiber and steel fiber, as shown in Fig. 19.

The parallel springs that were established with
zero-length element were applied to simulate the joints,
and elastic-perfectly plastic (EPP) material without
considering tensile behavior was adopted in the zero-
length element. Two types of parallel springs were
included in the model to simulate the actual mechanical
behavior of the joints. One type of springs (an edge
spring), placed at each edge of the section, was used
to simulate concrete cracking at the joints. The other
type of springs (core spring) that were arranged in the
core concrete region was used to simulate the opening
and closing phenomena of joints. Thus, the improved
Kent-Park model (Concrete02 Model) was adopted
for the first type of springs. Elastic-No Tension (ENT)
material was applied to the core spring to simulate the
mechanical behaviors of core concrete at the joints. The
corresponding constitutive model of ENT is shown in
Fig. 20, where the measured strength was expressed by
using elastic modulus (£), which was set to 15 times that
of the cover concrete, ensuring rigid contact of the core
concrete on the contact surface without the intrusion of
the concrete in the upper and lower parts.

The establishment process of the FEM of CIP
columns by using the nonlinear beam-column element
was relatively simple. Five elements were divided along
the length of the column, and the material properties were
assigned to the corresponding fiber, while the bottom of
the column was consolidated. The element division and
material properties of the precast bridge column were

consistent with the CIP column, but the joint simulation
was relatively complicated. The simulation of the joint
meant that the lower node of the bottom element and the
bottom node were respectively connected to a rigid arm,
and the rigid arms were connected by spring elements.
Among them, the middle 5/6 parts of the section were
rigidly contacted by core springs, and the edges were
connected by edge springs. The FEM of the precast
column is shown in Fig. 21.
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Fig. 19 Fiber cross-section of the bridge column
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4.1.2 Material models

The improved Kent-Park model (Concrete 02) and
the improved Menegotto-Pinto model (Steel 02) were
respectively used for the constitutive model of concrete
and rebar material (Menegotto and Pinto, 1973; Scott et
al., 1982), as shown in Fig. 22.

4.2 Accuracy analysis of the FEM

The developed FEM was calibrated by a comparison
of the numerical results and the experimental results
regarding the hysteresis loops (both X and Y directions),
which represents the general hysteresis characteristics
of all the precast bridge column specimens prepared
for this study, i.e., BBPC-1, BBPC-2, BBPC-3, BBPC-
4. Figure 22 shows that the calculation hysteresis loops
match well with the experimental hysteresis loops.

The FEM calculation results of the hysteresis curves
in the X and Y directions of all the precast bridge columns
(i.e., BBPC-1, BBPC-2, BBPC-3, and BBPC-4) were
compared with the test results, as shown in Fig. 23. It was
found that the calculated hysteresis loops matched well
with the test ones, indicating that the FEM displays good
accuracy in calculating the hysteresis characteristics.
The feature values of the hysteresis curves were also
obtained and compared, as listed in Table 7. As can be
seen from the table, the testing feature values agree well
with the calculating ones.

4.3 Parameter analysis

A parameter analysis was performed to investigate
the influence of axial load ratio (5%, 10%, 20%),
longitudinal reinforcement ratio (0.90%, 1.18%, 1.50%)
and concrete strength (C30, C40, C50) on the seismic
performance of the precast bridge columns connected
with GCMD.

4.3.1 Axial load ratio

With other parameters being maintained consistently,

Stress |

Strain

(a)

the axial compression ratios of precast bridge columns
connected with GCMD were set to 5%, 10%, and 20%,
respectively.

The results from Fig. 24 show that as the axial load
ratio increased, the peak load also increased, while the
strength dropped sharply, leading to a decrease in the
deformation capacity of precast bridge columns. The
axial load ratio was found to be insensitive to residual
displacement and insensitive to the hysteresis energy in
the early loading stage, but the axial load ratio of 10%
was obviously beneficial for increasing the hysteresis
energy dissipation in the latter loading stage. This result
shows that with an increase in the axial load ratio, the
ultimate load capacity of the precast bridge column
increased, while the deformation capacity decreased, and
strength degradation became faster. The comprehensive

Table 7 Comparisons of testing and calculation results

Yield ~ vield o Peak e
. . load load .
Specimen No. displacement displacement
A (mm) Py Pyia A (mm)
Y (kN)  (kN) .
BBPC-  Testing 17.0 1255  147.6 96.9
1 Calculating 21.2 113.7  129.6 101.0
BBPC-  Testing 16.5 1149 128.1 79.2
X Calculating 20.7 107.4  106.1 63.4
BBPC-  Testing 18.3 73.4 87.1 82.9
2-Y  Calculating 21.5 624 644 89.0
BBPC-  Testing 12.2 1952 231.7 374
X Calculating 13.9 191.7  214.1 33.6
BBPC-  Testing 11.1 1129  128.6 50.0
3-Y Calculating 13.4 1042 117.8 51.5
BBPC-  Testing 28.5 73.1 81.6 127.0
4X Calculating 30.0 679 744 116.6
BBPC- Testing 33.0 39.9 48.6 127.0
4-Y Calculating 352 36.1 422 127.0
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Fig. 22 The constitutive models of (a) Concrete02 and (b) Steel02 in OpenSees
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analysis indicates that a reasonable axial compression
ratio (approximately 10%) is helpful for maintaining a
stable strength degradation, as well as obtaining a better
deformation capacity and stable energy consumption
capacity for the precast bridge columns connected with
GCMD.

4.3.2 Longitudinal reinforcement ratio

According to Chinese specifications JTG/T B02-
01 (2008) and JTG 3362-2018, the longitudinal
reinforcement ratio normally ranges from 0.6% to 4.0%.
In this study, the longitudinal reinforcement ratios of the
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precast bridge columns connected with GCMD were
thus set to 0.90%, 1.18%, and 1.50%. Figure 25 shows
that with an increase in the longitudinal reinforcement
ratio, the peak load was considerably improved, but
the variation of residual displacement was negligible.
In the early loading stage, the hysteresis dissipated
energy of the bridge column with various longitudinal
reinforcement ratios was relatively close, but in the later
loading stage, the precast bridge column with a higher
longitudinal reinforcement ratio demonstrated a better
energy dissipation capacity. This can be attributed to
the fact that the energy dissipation of the precast bridge
column following the joint opening mainly stems from
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the elastic-plastic deformation of the reinforcement bars.
The above observations indicate that the increase in the
longitudinal reinforcement ratio can improve the load
capacity, the deformation, and the energy dissipation
capacities, thereby improving the seismic performance
of the precast bridge column.

4.3.3 Concrete strength

Given the importance of bridge safety, the common
concrete design strength grades for bridge columns are
designed from C30 to C50. Thus, the concrete strengths
of the precast bridge columns connected with GCMD
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were set to C30, C40, and C50. The representative
results of the BBPC-2 specimen with variable concrete
strength are presented in Fig. 26. This figure shows that
concrete strength was insensitive to all investigated
seismic indexes, e.g., peak resistance, ultimate load
capacity, residual displacement, and hysteresis energy,
etc. Therefore, within a range of reasonable design
strength (e.g., C30, C40, and C50), the concrete strength
has little influence on the mechanical behavior of the
connection and the seismic performance of the precast
bridge column connected with GCMD.

Although the above experimental and numerical
analysis enhance the understanding of the seismic
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in X and Y directions

performance of the precast column connected with
GCMD, a comprehensive investigation is still needed,
particularly the full-scale test. Note that tests on large-
scale concrete columns have rarely been conducted (Bae,
2005) and so far, no full-scale test has been reported on
the precast column connected with GCMD.

5 Conclusions

In this paper, the seismic performance of the precast
bridge column connected with GCMD was compared
to that of the CIP column under the bi-directional load.

Also, the influence of the uni-direction and bi-direction
load, axial load ratio, slenderness ratio, concrete strength
and longitudinal reinforcement ratio on its seismic
performance was analyzed by experiments and FEA
with a parameter analysis. The main conclusions were
extracted and listed as follows:

(1) Similar to the CIP bridge column, the precast
bridge columns connected with GCMD were mainly
subjected to bending failure involving concrete crushing
and reinforcement bar buckling under bi-directional
load. The difference was that the concrete cracking of
the precast bridge columns connected with GCMD was
accompanied by the phenomenon of the connection joint
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opening, which leads to a concentrated deformation at
the connection, resulting in a larger deformation and
earlier buckling or fracturing of the reinforcement bars
of the precast specimens that have smaller slenderness.
This feature was obviously found in the specimen
BBPC-3 with a slenderness ratio of 4.12 in the test.

(2) During the test, the precast bridge column under
the bi-directional load suffered more significant damage,
including an increase in the concrete crushing degree and
scope and fracture of reinforcement bars, which results
in the decrease of the peak load, ultimate drift ratio and
displacement ductility coefficient by 11.8%, 18.4%, and
15.7%, respectively, compared with the test specimen
under solely the uni-directional load. This indicates that
the bi-directional load has a disadvantageous impact on
the seismic performance of the precast bridge columns.
Therefore, the action of the bi-directional load should
be eagerly involved in the seismic design of the precast
bridge columns connected with GCMD.

(3) The hysteresis curves and skeleton curves of the
CIP and precast bridge column with the same design
parameters were essentially similar in terms of overall
performance, including hysteresis dissipated energy, peak
load, displacement drift ratio and residual displacement,
etc., which means that the precast bridge columns can be
designed for an equivalent seismic performance of the
CIP bridge column. This also indicates that the GCMD
performs well in connecting the column with the footing.
However, the displacement ductility coefficient of the
precast bridge column was slightly smaller than that
of the CIP bridge column. This can be attributed to the
joint opening phenomenon in the loading process of the
precast bridge column and the corresponding decrease
in the initial stiffness, coupled with an increase in yield
displacement.

(4) Similar to the CIP bridge column, the slenderness
ratio is an important factor that affects the seismic
performance of the precast bridge columns connected
with GCMD. The precast bridge column with a larger
slenderness ratio (e.g., 7.06 and 10.0) can obtain a better
seismic performance and is more conducive to resisting
the seismic load. Conversely, the decrease in the
slenderness ratio will significantly reduce the seismic
performance, including the more rapid degradation of
strength, the reduction of energy dissipation capacity
and deformation capacity, e.g., the maximum drift ratio
of the test specimen with a slenderness ratio of 4.12 was
only 2.67%. The main reason for this is that when the
slenderness ratio is too small, the deformation of the
column following the opening of the joint is concentrated
in the longitudinal reinforcement, which leads to
premature buckling and fractures. Thus, the slenderness
ratio of the precast bridge column should not be too
small. The primary recommendation of the slenderness
ratio for the precast bridge columns connected is 7.0—
10.0.

(5) The FEA results show that with an increase in
axial load ratio, the ultimate load capacity of the precast

bridge column increased, the deformation capacity
was reduced, and the energy dissipation capacity was
insignificantly improved. An extremely large axial
compression ratio will lead to the rapid degradation
of strength and a decrease in seismic performance;
therefore, an axial compression ratio near 1.0 in the
seismic design of the assembled pier is recommended.
With the increase in the longitudinal reinforcement ratio,
the hysteresis energy dissipation capacity increased, and
ultimate load capacity and deformation capacity were
significantly improved; thus, the seismic performance
of the bridge column could be improved. Due to the
layout density of longitudinal reinforcement, it is
difficult to significantly improve the reinforcement ratio
in the actual engineering project. Hence, the application
of high-strength reinforcement in the precast bridge
column connected with GCMD is worth further study.
However, the influence of the concrete strength had little
influence on the ultimate strength, ultimate deformation
capacity, residual deformation and energy dissipation
capacity. Therefore, the concrete strength of precast
bridge columns connected with GCMD can be taken as
the design value under normal loads.

The above comprehensive research results are
believed to potentially benefit the seismic design of
precast bridge columns connected with GCMD that are
subjected to bi-directional load. A future study could
focus on the full-scale test of the precast bridge column
connected with GCMD.
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