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Abstract. Bridge piers with bending failure mode are seriously damaged only in the area of plastic hinge length in
earthquakes. For this situation, a modified method for the layout of longitudinal reinforcement is presented, i.e., the number of
longitudinal reinforcement is increased in the area of plastic hinge length at the bottom of piers. The quasi-static test of three
scaled model piers is carried out to investigate the local longitudinal reinforcement at the bottom of the pier on the seismic
performance of the pier. One of the piers is modified by increased longitudinal reinforcement at the bottom of the pier and the
other two are comparative piers. The results show that the pier failure with increased longitudinal bars at the bottom is mainly
concentrated at the bottom of the pier, and the vulnerable position does not transfer. The hysteretic loop curve of the pier is fuller.
The bearing capacity and energy dissipation capacity is obviously improved. The bond-slip displacement between steel bar and
concrete decreases slightly. The finite element simulations have been carried out by using ANSYS, and the results indicate that
the seismic performance of piers with only increasing the number of steel bars (less than65%) in the plastic hinge zone can be
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basically equivalent to that of piers that the number of steel bars in all sections is the same as that in plastic hinge zone.
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1. Introduction

Pier, which transfers vertical load and bears horizontal
load, is a very important element of bridge structures (Ohno
and Nishioka 1984, Tacobucci ef al. 2003, Xue et al. 2018).
In the investigation of earthquake disasters occurred, it is
found that bridge piers are more vulnerable in bridge
structures under the action of earthquake load (PC 1995,
Bruneau et al. 1996, Kuochun et al. 2000). Once the pier
fails during the earthquake, the entire bridge structure will
suffer severe damage, what’s worse, it can even result in
collapse, causing casualties and major economic losses
(Tehrani and Mitchell 2013, Abdelnaby et al. 2014).
Therefore, it is particularly important to ensure the seismic
performance of bridge piers for the safety of bridge
structures.

Since the 1960s, the seismic performance of reinforced
concrete piers has been studied in the United States, New
Zealand, Japan and other countries. Jaradat et al. (1998,
1999) studied the seismic performance of six circular
section piers built before 1970s under cycle loading. The
results showed that the shear span ratio, longitudinal
reinforcement ratio and stirrup ratio had great influence on
the seismic performance of piers and the lap length of
longitudinal reinforcement has little effect on bending
bearing capacity. In the study of RC piers with different
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stirrups ratio, Rajput and Sharma (2018) found that
increasing the ratio of stirrups could improve the ductility
of piers. Subsequently, some parameters affecting the
seismic performance of RC piers were studied by
researchers from different countries (Tanaka 1990, Wehbe
et al. 1999, Lehman et al. 2004, Xiao and Zhang 2008,
Ding et al. 2018). Based on the summary of these previous
studies, it has been found that the critical factors affecting
the seismic performance of RC piers are axial compression
ratio, shear span ratio, stirrup ratio, concrete strength and
longitudinal reinforcement ratio, etc. Mander et al. (1988,
1996) and Kunnath et al. (1997) carried out a further study
on reinforced concrete piers and obtained the constitutive
model of confined concrete suitable for circular and
rectangular RC piers. Because the influence of the
reinforcement ratio on the seismic performance of the pier
is more critical, this parameter has attracted the attention of
many researchers. Jiang et al. (2013) carried out quasi-static
tests on high-speed railway piers with longitudinal
reinforcement ratios of 0.15%, 0.45% and 0.75%. It has
been found that with the increase of the reinforcement ratio,
the hysteresis curve of the pier becomes fuller and more
energy is dissipated, meanwhile, the stiffness and bearing
capacity of piers are increasing. Obviously, increasing the
pier reinforcement ratio can effectively improve its seismic
performance. In addition, the same viewpoint has been also
found in the studies of Iwasaki et al. (1985), Priestley and
Benzoni (1996), Meli et al. (1984), Panagiotis (Mergos and
Kappos 2015), Zhao et al. (2014), Su et al. (2017) and so
on.

In the existing research, the longitudinal reinforcement
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ratio of all sections of the pier is exactly the same.
However,in the investigations of Wenchuan Earthquake (Jia
et al. 2015), Yushu Earthquake (Ni er al. 2010) and
Jiuzhaigou Earthquake (Wang ef al. 2017) and other large
earthquakes, it has found that the seriously damaged part of
the pier with bending failure is mainly concentrated on the
range of the plastic hinge length at the bottom of the pier.
There is no serious damage such as concrete crushing or
peeling off above the length of plastic hinge (Fig. 1) (Sun
2012). The longitudinal reinforcement above the plastic
hinge length of the bridge pier hardly functions, resulting in
the waste of steel bars. In building structures, the lap splice
increases the longitudinal reinforcement ratio at the bottom
of columns. Aboutaha (Aboutaha et al. 1996, Aboutaha et
al. 1999) studied the column with the lap splice of the
longitudinal steel bars and found that the seismic
performance of this kind of column was insufficient. These
papers have presented the reasons for the insufficient
seismic performance of columns: inadequate confined in the
lap splice length range of longitudinal steel bars. Similar
problems have been found in subsequent studies and the
columns are prone to failure at the lap splice location of
reinforcing bars (Valluvan et al. 1993, Harries et al. 20006,
Ghosh and Sheikh 2007, Lee and Han 2019). This method
of the lap splice of longitudinal reinforcement is not
suitable for bridge piers, but it can be used for reference in
the arrangement of longitudinal reinforcement of bridge
piers.

This study proposes a new arrangement method of
longitudinal reinforcement for railway piers with bending
failure with low longitudinal steel bars ratio, i.e., the
number of longitudinal reinforcement bars is increased only
in the plastic hinge region, while the number of longitudinal
reinforcement bars above the plastic hinge region remains
unchanged. In this way, the longitudinal reinforcement ratio
of the section of the plastic hinge zone at the bottom of the
pier is increased under the condition of insignificant
increase of the total amount of reinforcing steel bars. At the
same time, the bridge pier is ensured to have sufficient
constraint in the plastic hinge area. A large-scale specimen
with increasing number of longitudinal reinforcement in the
plastic hinge area and two comparative large-scale
specimens have been tested to verify the feasibility of this
method to improve the seismic performance of bridge piers.

2. Specimen preparation

increased

2.1 Determination  of
reinforcement height

longitudinal

Based on the investigation of different earthquake
damages, the damage of bridge piers with bending failure is
mainly concentrated on the plastic hinge area at the bottom
of pier, and the calculation method of plastic hinge length is
also stipulated in accordance with national codes.

The length of plastic hinge (L,) is calculated using Eq.
(1) of China code (China 2008), and the minimum value of
the calculation results are adopted.

0.08L+0.022d f, > 0.044d_ f,

sy =
L =12, 0
3

Where L is pier height; b is the short edge of the
rectangular section pier or the diameter of circular section
pier; d, is the diameter of longitudinal ribs; f; is the standard
value of tensile strength of longitudinal reinforcement.

L, is calculated using Eq. (2) of Caltrans code (Caltrans
2006).

L, =0.08L+0.022d, f,, >0.044d, f,, @)

s 'ye

Where f. is the yield strength of longitudinal
reinforcement.

L, is calculated using Eq. (3) of AASHTO code
(AASHTO 1995).

L, =0.08L+9d, 3)

L, is calculated using Eq. (4) of Eurocode 8 code (8
2005), and the minimum value of the calculation results is
selected.

L, =0.1L+0.015d, fye}
“)
L, =(0.4~0.6)H
Where H is the width of section in the loading direction,
or the diameter of circular section pier.
L, is calculated using Eq. (5) of Japan code “JRA”

(Association 1996), and the minimum value of the
calculation results is applied.

L, =0.2L—0.1H }

(5)
0.1H <L, <05H

National standards differ in the calculation of plastic
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Table 1 Similarity relation

Symbol of similarity ~Calculating  Similarity
Parameters .
coefficient formula constant
Length Si Si 1/8
Strain 1 So/SE 1
Modu.lu's of S Sp=S, 1
elasticity
Stress S A\ 1
Mass density Sp So/Si 8
Mass S SoSP 1/64
Vertical force Sr SoSP 1/64
Table 2 The length of plastic hinge
The length of Maximum
Code L
plastic hinge (cm) value (cm)
China 15.9
Caltrans 15.9
AASHTO 17.2 17.2
Eurocode 8 15.0
JRA 12.5

hinge lengths. In addition, some researchers have found that
increasing the reinforcement ratio will increase the length of
the plastic hinge (Li and Ding 2019). That is, the damage
area of the pier becomes longer. In this study, in order to
ensure that the damage location of piers is not transferred
after increasing the number of longitudinal reinforcement at
the bottom of piers, 1.5 times the maximum length of the
plastic hinge are adopted.

2.2 Specimen design

A widely used railway bridge pier with rectangular cross
section in the earthquake region of China is selected as the
prototype in this study. The prototype bridge pier height is
10m, and the size of the cross section is 2.0%2.88 m (width
and length). Specimens were designed in accordance with a
1:8 scale of the prototype bridge pier. Detailed scaling
similarities are shown in Table 1. Three bridge pier
specimens, each with a height of 125 cm and a cross section
of 25x36 cm (width and length) were constructed along
with a stub of a size of 80x70x50 cm (length, width and
height) (Fig. 2). The specimen S1 was designed to have six
longitudinal reinforcement bars with 8§ mm in diameter in
the potential plastic hinge area and four longitudinal
reinforcement bars with 8§ mm in diameter above the
potential plastic hinge area. The increased longitudinal steel
bars were bent at the top to ensure that the steel bar and
concrete worked together, and the bottom construction of
the increased longitudinal steel bars were consistent with
the original steel bars construction of the pier (Fig. 2(a)).
The specimens S2 and S3, which were used for comparison
with the specimen S1, were designed to have 4 and 6
longitudinal reinforcement in all cross sections, respectively
(Fig. 2(b) and (c)). The yield strength of longitudinal steel
bars with 8§ mm in diameter and stirrups with 6 diameters
are 335 MPa. The spacing of stirrups is 10.3 cm. Three
cubes were tested after 28 days of casting to determine the
compressive strength of concrete and their bearing
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Fig. 2 Size and reinforcement details of specimens S1, S2
and S3 (unit: cm)

(e) Section b-b and c-c

platforms was 30 MPa. According to the calculation
formula (Eqgs. (1) to (5)) of plastic hinge length in Section
2.1, the plastic hinge length values were obtained. As shown
in Table 2. The maximum value of the plastic hinge length
is 17.2 cm, and 1.5 times of the maximum value is 25.8 cm.
Therefore, the height of the increased longitudinal
reinforcement at the pier bottom is 25.8 cm in height (Fig. 2
(a)). The detailed parameters of each specimen are shown in
Table 3. Size and reinforcement details of each specimen
are shown in Fig. 2.

2.3 Specimen formation

According to the three designed specimens, the
specimens were made and cured under standard conditions
for 28 days. The reinforcement skeletons of three samples
are shown in Fig. 3.

3. Test program

3.1 Test equipment
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Table 3 Design parameters of bridge pier specimens

D Pier Cross-section Axial compression Longitudinal Diameter of Diameter of hoop
height (cm)  size (cm) ratio (%) steel ratio (%) longitudinal steel (mm)  steel (mm)
0.224 (Above the plastic
hinge region)
S1 125 36x25 396 0.335 (In the plastic hinge 8 6
region)
S2 125 36x25 3.96 0.224 8 6
S3 125 36x25 3.96 0.335 8 6
Vertical Vertical
pressure pressure
sensor Axial force sensor
‘ J;~ Reaction beam | S ‘
Bearing
_ _
% Model %
é pier é
% Anchor bolts %

(c) Steel bar skeleton of S3

Fig. 3 Reinforcement skeletons of three specimens

Fig. 4 shows the loading project of the quasi-static test,
in which the cyclic load is applied through the hydraulic
jack at the embedded hole on the top of the bridge pier. The
maximum load is =*£1000 kN and the maximum
displacement is +200 mm. The vertical load was applied
through the beam on the top of the pier and 2 pieces of
screw-thread steel bar. Pressure sensors were installed
between the beam and the screw-thread steel bars to record
the applied vertical load. The load was controlled by
computer, and the load and displacement on the top of pier
were also recorded by computer. The loading device of the
test is shown in Fig. 5.

3.2 Displacement measuring points

The main test items are horizontal displacement of pier
top and vertical displacement of pier bottom. According to
the test content, the measuring point layout of the pier is
determined, and a horizontal displacement meter is arranged
on the pier top to test the horizontal displacement of the pier
top. A vertical displacement meter is arranged on each side
of the bottom of the pier in the loading direction to test the
displacement caused by bonding slip in the loading process.
The detailed arrangement is shown in Fig. 6.

(a) Vertical loading device

Lectro-hydraulic
. servo control unit
Axial force

Bearint Horizontal
o \Ai hydraulic jck

Embedded bolts <~~~ R
Horiz
pressure Sehsor
Modell
Data acquisition
system
Anchor bolts

pier

(b) Lateral loading device

Reaction frame for loading

Fig. 4 Configuration of the experiment equipment

(b) Lateral loading device
Fig. 5 The loading devices of the test
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Fig. 6 Displacement measuring point of piers
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Fig. 7 Lateral cyclic load history

3.3 Lateral load history

The lateral cyclic loading protocol in this study is based
on the Specification for seismic test of building in China
(China 1997). The force-displacement loading control
protocol is adopted for lateral cyclic loading. Force loading
control is first used before the pier cracking. After cracking,
displacement loading control is adopted, increasing step by
step from 5 mm. To be more specific, three cycles at each
displacement level is performed; before the displacement of
pier top reaches 15 mm, it increases to 2 mm per step, and 5
mm after 15 mm. The rate of the applied displacement is
0.2mm/s in the test. When the horizontal load decreases
below 85% of the peak load, it is considered that the pier
reaches the ultimate failure state and the loading stops. The
detailed lateral load history is shown in Fig. 7.

4. Test results and analysis

4.1 Observations

4.1.1 Specimen S1
When the horizontal force at the top of the pier was

increased to 14 kN, cracks appeared at the bottom of the
pier, and then displacement loading control method was
used. When the horizontal displacement of the pier top was
increased to 5 mm, the crack at the bottom of the pier
expanded, and a second transverse crack appeared at a
distance of 16 cm from the bottom of the pier. When the
displacement was increased to 9 mm, the two cracks at the
pier bottom and 16 cm away from the pier bottom were
connected respectively. With the increase of displacement,
the crack opened obviously, but no new crack appeared.
When the displacement of the top of the pier was increased
to 25 mm, peeling phenomenon appeared on the concrete at
the bottom of the pier. With the increase of displacement,
the peeling of the concrete was intensified. When the
displacement reached 40 mm, the longitudinal steel bar was
fractured, and the horizontal load on the pier top decreased
below 85% of the peak value, and the pier was destroyed.
The final failure state is shown in Fig. 8(a).

4.1.2 Specimen S2

When the horizontal force at the top of the pier was
increased to 12 kN, slight cracks appeared locally at the
bottom of the pier. When the horizontal force at the top of
the pier was increased to 14 kN, growing and expanding
cracks appeared, and then displacement loading control
method was used. When the horizontal displacement of pier
top was increased to 7 mm, the pier bottom crack was
penetrated. With the increase of pier top displacement, the
crack opened obviously. When the displacement was
increased to 25 mm, the second crack appeared about 22 cm
above the bottom of the pier and the concrete at the bottom
of the pier was partially flaking off. When the displacement
of pier top was increased to 30 mm, the second crack was
connected around. With the increase of displacement, the
peeling of concrete at the bottom of the pier intensified.
When the displacement reached 40mm, the longitudinal
steel bar was fractured, the concrete at the bottom of the
pier was seriously peeling, with horizontal load on the top
of the pier dropping below 85% of the peak value, and the
bridge pier being destroyed. The final failure state is shown
in Fig. 8(b).

4.1.3 Specimen S3

When the horizontal force at the top of the pier was
increased to 14 kN, a crack appeared at the bottom of the
pier and was 21 cm away from the bottom of the pier, and
then displacement loading control method was used. When
the horizontal displacement of pier top was increased to 7
mm, the pier bottom crack was connected around. When the
displacement was increased to 11 mm, the third crack
appeared 40 cm away from the bottom of the pier. When the
horizontal displacement of the pier top was increased to 15
mm, the crack 21 cm away from the bottom of the pier was
connected along all sides. With the increase of
displacement, the crack expansion and the peeling of the
concrete at the bottom of the pier intensified, but no new
crack appeared. When the displacement reached 45 mm, the
longitudinal steel bar was fractured, the concrete at the
bottom of the pier was seriously peeling, the horizontal load
on the top of the pier dropped below 85% of the peak value,
and the bridge pier was destroyed. The final failure state is
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Fig. 9 Hysteresis curves of force-displacement

shown in Fig. 8(c).
4.2 Hysteresis curve

The hysteresis curves of horizontal force and
displacement of pier top measured by the test are shown in
Fig. 9. As can be seen from Fig. 9(a), the hysteresis loop of
specimen S1 is obviously fatter than that of specimen S2,
and the maximum bearing capacity is also obviously larger
than that of specimen S2, indicating that increased
longitudinal reinforcement at the bottom of the pier can
significantly improve the bearing capacity and energy
dissipation capacity of the pier. As can be seen from Fig.
9(b), the hysteresis curves of specimens S1 and S3 basically
coincide before the longitudinal steel bar is pulled,

32

24

16

Lateral force (kN)
o

50 -40 -30 -20 -10 O 10 20 30 40 50
Displacement (mm)

Fig. 10 Skeleton curves of piers

indicating that the seismic performance of the pier with the
same reinforcement rate can be basically achieved by
improving the reinforcement rate at the bottom of the pier.
However, the ultimate displacement decreases slightly.

4.3 Skeleton curve

The skeleton curves of the three specimens are shown in
Fig. 10. As can be seen from Fig. 10, the horizontal bearing
capacity of specimen S2 is obviously lower than that of
specimens S1 and S3, and the maximum bearing capacities
of specimens S1 and S3 are basically the same, indicating
that the bearing capacity of the bridge pier can be
significantly increased by only increasing the reinforcement
ratio at the bottom of the pier, and it can be increased to a
degree basically the same as that of the bridge pier with
high reinforcement at the whole pier.

4.4 Stiffness degradation

The stiffness degradation of bridge piers is caused by
the cracking of concrete and the yielding of steel bars. It can
be seen that the stiffness of the pier decreases with the
increase of loading displacement. In order to directly reflect
the change of pier stiffness under cyclic load, the concept of
secant stiffness is introduced. The specific calculation
formula is shown in Eq. (6) (China 1997), where, F;
represents the positive and negative maximum load values
under cyclic load of the loading, and A; is the displacement
corresponding to the peak load. The stiffness degradation
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Fig. 11 Stiffness degradation curves of piers

curves of the three specimens are obtained through analysis,
as shown in Fig. 11.
_ |+Fi|+|_|:i| (6)
A [A
As can be seen from Fig. 11, the initial stiffness of
specimen S1 is significantly higher than that of specimen
S2, and is close to that of specimen S3. With the increase of
displacement, the stiffness of the pier decreases
continuously. The stiffness of specimen S1 is always higher
than that of specimen S2, and is close to that of specimen
S3, indicating that increasing the reinforcement ratio at the
bottom of the pier can improve the stiffness of the pier.

4.5 Displacement ductility coefficient

According to the skeleton curve, the Park method (Park
1989) is used to estimate the yield displacement and
ultimate displacement of the bridge pier, as shown in Fig.
12. Specific steps are as follows: on the basis of the
skeleton curve, determine the maximum lateral force Fiax
and point A of 0.75 Fax on the skeleton curve. Connect the
origin to A and extend the line to the horizontal line of
maximum lateral force at point B, the displacement
corresponding to the intersection point is the yield
displacement A,, and the displacement corresponding to
0.85 Fmax in the descending section of the skeleton curve is
the limit displacement A,. Then the displacement extension
coefficient can be expressed as

,u:Au/Ay @)

The yield displacement, limit displacement and
displacement ductility coefficients of each pier are listed in
Table 4. It can be seen from the calculation results that the
yield displacement of specimen S1 is between specimen S2
and S3, which is improved, compared with specimen S2.
The ultimate displacements of specimens S1 and S2 are
basically the same, both smaller than that of specimen S3,
indicating that only increasing the reinforcement ratio at the
bottom of the bridge pier can improve the yield
displacement of the bridge pier, but have little influence on
the ultimate displacement. The displacement ductility

Foaf 8
0.85F nai
0.75Fmt —Jp
A E2
r Iy
_4
4=73
c 0.75Fms = A+ 4
. ey
0.85F nai 2
D Foas
Fig. 12 Schematic diagram of yield displacement

calculation

Table 4 Displacement ductility coefficient calculation

Yield Limit Displacement Average
ID displacement displacement ~ Ductility displacement
(mm) (mm) coefficient  ductility coefficient
7.94 41.04 5.17
S1 -7.78 -37.84 4.86 502
6.02 44.66 7.42
2 .
S -6.48 -37.50 5.88 6.65
10.39 41.81 4.02
4.
53 8.31 -47.50 5.72 87

coefficient of specimen S1 is between specimen S2 and S3,
indicating that the displacement ductility coefficient
decreases slightly with the increase of reinforcement ratio.

4.6 Energy-dissipating capacity

The energy dissipation capacity of a bridge pier is the
ability to absorb energy due to plastic deformation under
the action of seismic force, and it is also an important index
to evaluate the seismic performance of the bridge pier. In
engineering seismic design, cumulative energy consumption
is generally used to quantitatively assess the energy
dissipation capacity of bridge piers (Tian et al. 2017).
According to the calculation method in literature (Wang et
al. 2018), the curve of accumulated energy dissipation of
each pier changing with displacement is obtained, as shown
in Fig. 13.

It can be seen from Fig. 13 that the total cumulative
energy consumption of specimen S1 is significantly higher
than that of specimen S2, and the cumulative energy
consumptions of specimen S1 and S3 are basically the
same, and the cumulative energy consumption of specimen
S1 under the same displacement is also significantly higher
than that of specimen S2, indicating that only increasing the
reinforcement ratio at the bottom of the pier can also
increase the energy consumption of the pier, and can reach
almost the same level as the cumulative energy
consumption of the pier with high reinforcement in the
whole pier.
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Fig. 14 Slippage displacement between steel bar and
concrete

4.7 Bond-slip displacement between reinforcing bar
and concrete

A longitudinal reinforcement embedded in concrete
under tension will accumulate strain over the embedment
length of the steel bar. This strain causes the longitudinal
reinforcement to slip, or extend, relative to the concrete in
which it is embedded (Sezen and Setzler 2008, Lin and
Zhang 2013, Gooranorimi et al. 2017, Mousavi et al. 2019).
The bond-slip between reinforcing bar and concrete is
reflected in the width of cracks in the footing or pier and
pile cap joint zone. In this study, the displacement of pier
bottom lifting is measured by LVDT-2 and LVDT-3. With
the increase of pier top displacement, the value of bond-slip
is shown in Fig. 14.

As can be seen from Fig. 14, the bond-slip displacement
of specimen S1 is obviously smaller than that of specimen
S2, indicating that the bond-slip between reinforcing bar
and concrete can be reduced by adding short longitudinal
reinforcement in the plastic hinge zone of pier bottom. The
bond-slip displacement of specimen S1 is larger than that of
specimen S3, indicating that the longitudinal reinforcement
above the plastic hinge zone has an effect on the bond-slip
displacement between reinforcing bar and concrete.

Fig. 15 The finite element model

5. Numerical simulation analysis
5.1 Finite element model

In order to conduct further numerical simulation
analysis, a numerical model of the piers was developed by
the finite element software ANSYS. In the numerical
model, Mander constitutive model (Mander and Priestley
1988) was adopted to simulate the cyclic behavior of the
concrete material; KINH model (Dodd and Restrepo-Posada
1995) that could reflect the bauschinger effect of the
reinforcing steel implemented in ANSYS was used to
simulate the reinforcing bars. In addition, the modeling
method that a unit was established between the steel bar
node and the concrete node was used to analyze the effect
of bond-slip between reinforcement and concrete on the
shape of bridge pier hysteresis curves. The rational elastic
model (Han et al. 2003) was applied to simulate the bond-
slip between steel bar and concrete. In the finite element
model, the element SOLID65 was adopted to simulate
concrete, and the element LINKI180 and the element
COMBIN39 in ANSYS were used to simulate steel bar and
the bond-slip relationship between reinforcement and
concrete, respectively. Considering the accuracy of results,
the element mesh size was about 50 mmx50 mmx50 mm.
The vertical force was applied using area load, which was
converted according to the actual load value in the tests. In
the finite element model, the nodes at the bottom of the
cushion cap were fixed. The finite element model was
shown in Fig. 15.

5.2 Comparison of numerical and experimental
results

In order to verify the accuracy of the above numerical
modeling method, the hysteretic curves of the finite element
model are compared with the experimental results, as
shown in Fig. 16. It can be found that the hysteretic curves
obtained from numerical simulation agree well with those
of the experimental results, and the hysteretic behavior of
the specimens is accurately reproduced, which verifies the
accuracy of the given finite element analysis model.

5.3 Numerical analysis of piers with different numbers
of longitudinal reinforcement

In order to further analyze the influence of increasing
the number of longitudinal steel bar in plastic hinge area on
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Fig. 16 Comparison of hysteretic curves

the seismic performance of piers, piers with different
longitudinal reinforcement ratios are analyzed based on the
above numerical analysis model. The height, cross-section
size, stirrup ratio and steel bar diameter of the piers are the
same as those of three specimens. Design parameters of
longitudinal reinforcement are listed in Table 5. The
longitudinal steel bar quantity and layout spacing of the
piers are shown in Fig. 17. The hysteretic curves and
skeleton curves of the piers are obtained from numerical
simulation, as shown in Fig. 18 and Fig. 19.

As can be seen from Fig. 18, the hysteretic curves of M1
pier and M2 pier (M3 pier and M4 pier) basically coincide.

Table 5 Design parameters of longitudinal reinforcement

Proportion of

1D Longitudinal steel ratio (%) increase (%)
0

0.34 (Above the plastic hinge region)

Ml 0.56 (In the plastic hinge region) 65
M2 0.56 -
M3 0.45 (Above the plastic hinge region) 49
0.67 (In the plastic hinge region)
M4 0.67 -
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Fig. 17 Comparison of hysteretic curves

However, when the loading displacement is more than 45
mm, the shape of the hysteretic curve of M1 pier (M3 pier)
is thinner than that of M2 pier (M4 pier). Because the
number of longitudinal steel bars above the plastic hinge
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Fig. 18 Comparison of hysteretic curves

area of M1 pier and M3 pier is fewer than those of M2 pier
and M4 pier, respectively, so that there is a large bond-slip
between steel bar and concrete. As can be seen from Fig.
19, the skeleton curve of M1 pier (M3 pier) and M2 pier
(M4 pier) is in good agreement. In the elastic stage, the
skeleton curves of M1 pier and M2 pier (M3 pier and M4
pier) coincide completely. In the elastic-plastic stage, the
peak load of M1 pier can reach 0.96 times that of M2 pier,
and the peak load of M3 pier can reach 0.95 times that of
M4 pier. In general terms, the seismic performance of piers
with only increasing the number of reinforcing bars (less
than 65%) in the plastic hinge zone at the bottom of piers
can be basically equivalent to that of piers whose number of
reinforcing bars in all sections is the same as that in plastic
hinge zone.

6. Conclusions

Based on the failure characteristics of piers with
bending failure in earthquake, a new arrangement method
of longitudinal reinforcement for railway bridge pier is
proposed in this study. It is believed that this effort might
provide guidance for railway bridge designers. Quasi-static
test of three scaled models have been carried out to
investigate their seismic performance, and the following
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Fig. 19 Comparison of skeleton curves

conclusions can be drawn from this study:

e From the failure characteristics, it can be found from
the ultimate failure state of the three model piers that
when the longitudinal reinforcement bar is ruptured, the
concrete at the bottom of the pier is crushed. This
indicates that the failure characteristics of the pier with
increasing an appropriate amount of longitudinal
reinforcement in the bottom plastic hinge area are not
changed and the vulnerable position is not transferred.
 From the hysteresis curves and the skeleton curves, it
can be found that increasing the number of longitudinal
reinforcement in the plastic hinge area not only makes
the hysteresis curve of the pier fuller, but also improves
the lateral bearing capacity of the pier.

* Based on the analysis of the seismic performance
parameters of the three specimens, it can be found that
increasing the number of longitudinal steel bars in
plastic hinge area can obviously improve energy
dissipation capacity of piers, increase the initial stiffness
of the pier and reduce the bond-slip displacement
between steel bar and concrete.

* According to both the experimental results and
numerical simulation results, it can be found that the
seismic performance of piers with only increasing the
number of steel bars (less than 65%) in the plastic hinge
zone can be basically equivalent to that of piers whose
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number of steel bars in all sections is the same as that in

plastic hinge zone.

This method of increasing appropriate amount of
longitudinal reinforcement in plastic hinge area to improve
seismic performance of bridge piers is feasible and verified
by quasi-static test.
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