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Abstract. Residual deformation of high-speed railway bridge piers is cumulative under repeated earthquakes, and influences
the safety and ride comfort of high-speed trains. This paper investigates the effects of the peak ground acceleration, longitudinal
reinforcement ratio, and axial compression ratio on the cumulative deformation through finite element analysis. A
simply-supported beam bridge pier model is established using nonlinear beam-column elements in OpenSees, and validated
against a shaking table test. Repeated earthquakes were input in the model. The results show that the cumulative deformation of
the bridge piers under repeated earthquakes increases with the peak ground acceleration and the axial compression ratio, and

391

decreases with the longitudinal reinforcement ratio.
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1. Introduction

High-speed railway (HSR) represents a reliable,
efficient, effective, and comfortable transportation solution
for the congestion in China (Ning et al. 2011, Romero et al.
2012, Guan et al. 2013, Sun et al. 2016). Over 25,000
kilometers of HSR was already constructed in China till
2017, which included more than 9,000 kilometers in regions
where the design seismic magnitude was above 7 according
to GB 18306-2015 (2015). As the HSR construction is
extended to western China, longer mileage of HSR is in
seismically-active zone. The HSR network in China is
facing the challenge of safety under earthquake.

In the HSR network in China, bridges cover more than
50% of the total mileage because bridges minimize
interruption of the existing transportation lines and land
occupation (Hu et al. 2013, Yan et al. 2015). Under
repeated earthquake events, the bridges are subjected to
residual deformation, which accumulates and endangers the
safety and riding comfort of high-speed trains (Shin et al.
2010, Loulelis et al. 2012, Aldemir et al. 2013, Duerr et al.
2013, Abdelnaby and Elnashai 2015). The permanent
deformation of bridge piers causes deformation in the rail
track (Gou et al. 2018).
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Cumulative deformations due to repeated earthquakes
were studied through experimentation (Shrestha et al. 2011,
Chou and Liu 2012, Araki et al. 2015, Loh et al. 2011, Vu
and Li 2018, Fu et al. 2015, Tian et al. 2018, Dong et al.
2017) and numerical simulations (Eatherton and Hajjar
2011, Ruiz-Garcia and Miranda 2010, Hatzigeorgiou et al.
2011, Noguez and Saiidi 2013, Tang et al. 2016, Zhang and
Alam 2016, Wang and Zhu 2018, Binder and Christopoulos
2018). Fahmy et al. (2010) tested 13 reinforced concrete
bridge columns under seismic loading to study the effects of
design variables on the residual deformation, and found that
the axial load ratio was the dominate factor. Karavasilis and
Seo (2011) conducted parametric studies on the seismic
response of highly-damped self-centering and conventional
structures, and quantified the effects of viscous damping,
strength ratio, and period of vibration on the peak
displacement, residual deformation, and peak acceleration.
The research showed that increasing the damping ratio
increased the residual deformation of the structures.
Psycharis et al. (2013) conducted Monte Carlo simulations
to assess the seismic risk of a multi-drum column under
synthetic ground motions, and founded that the residual
deformation of column increased with the peak ground
acceleration (PGA) of the ground motions. Zhang et al.
(2017) carried out time-history response analysis to study
the influences of model parameters and ground motion on
the residual deformation of single degree-of-freedom (DOF)
systems under 100 ground motions, respectively. The ratios
of the residual deformation to the maximum deformation of
the systems under different ground motions exhibited
significant scatter, and the degree of scatter was associated
with the stiffness ratio, natural period, relative yield load
coefficient, and peak ground acceleration. While there are
numerous studies on single DOF systems under single
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earthquake, there remains lack of knowledge on multi-DOF
(MDOF) system under repeated earthquakes.

This study aims to investigate the influence of key
parameters on the cumulative deformation of HSR bridge
piers under repeated earthquakes. The influence is
investigated using a simply-supported beam bridge pier
model based on nonlinear beam-column element. This study
is expected to provide a tool to predict the cumulative
deformation, and offer insights into the design, evaluation,
and maintenance of HSR bridges.

2. Cumulative deformation of bridge piers

The effects of repeated earthquakes are not considered
in the current seismic codes. However, as a matter of fact,
many earthquakes are composed of a main shock and a
sequence of aftershocks, as indicated by a large number of
ground motion records (Moustafa and Takewaki 2012,
Kostinakis and Morfidis 2017, Jamnani et al. 2018). Thus,
the HSR bridges in seismically-active regions are often
subjected to repeated earthquakes. The residual deformation
of bridge pier accumulates with the earthquakes that cause
residual deformation. Currently, there is no formula for
calculating the cumulative deformation of bridge piers.

An approach to calculate residual deformation of piers is
recommended by JRA (1996), which is the first code that
uses the post-earthquake residual deformation as an index
for seismic design of bridges. Eq. (1) shows the formula for
determining the post-earthquake residual deformation (d,).
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where r is the ratio of the initial stiffness of pier section to
the yield stiffness of pier section; c, is a coefficient, which
is determined by r; w is the ductility factor of pier
displacement; d, is the yield stiffness of pier; S is the
response acceleration of pier; P, is the lateral force of pier.
To eliminate the effect of pier height on the residual
deformation, a residual deformation ratio (6) is defined

u
0=+ 3)
where h is the height of pier.

The residual deformation ratio of bridge piers should be
no more than 10%.. However, the residual deformation ratio
of some bridge piers exceeded 17.5%o., as observed after the
1995 Kobe Earthquake (Cheng et al. 2016). According to
JRA (1996) and the residual deformation ratio of bridge
piers in the 1995 Kobe Earthquake, the earthquake events
Nio and Nj75, when the residual deformation ratios of the
piers are 10%o. and 17.5%o, are used to evaluate the
cumulative deformation in this study.

3. Finite element model

3.1 Description of the bridge pier

650

N2¢10

3200
=4
=
=3
2
o

120

750

1 T
|
(a) Elevation view of the pier

. 32411 ' N3010

kY

e
L 650 |

1-1

Z
)
=
=
(=3
Y,

P,

N4~N6¢10

300
““M'N:I.qus"»-,ix
TT70V

(b) Cross section and reinforcement of the pier

N1¢25 © 3 _ 3
N T=32£100+1165 Iy S N4dI0 L=304.8 o S
I 286.2 L

N5¢10 L=290.7 <
272.2

290.6
2
2
4

628

167.1
g 3# N3010 L=623.5
°

N6¢10 L=250.1 <
2315

6.28

605 ©

#300 © 3 v
%ﬁ(\! gﬁf

(c) Details of reinforcement

Fig. 1 Details of the high-speed railway simple supported
beam bridge pier (unit: cm).

The piers of a HSR bridge in the Beijing-Shenyang
Railway Line are investigated. Fig. 1 shows a 32-m,
round-ended bridge pier. The cross section is 650 cm in
length and 300 cm in breadth. The concrete is C35 (TB
10002.1-2005); the longitudinal reinforcing bars and
stirrups are HRB400 and HPB300, respectively (GB
50010-2010). The diameter of the longitudinal bars and
stirrups are 25 mm and 10 mm, respectively. Compared
with normal bridge piers, the size of the HSR bridge piers is
larger, and the longitudinal reinforcement ratio of the HSR
bridge pier is lower. In addition, the longitudinal and
transverse stiffness of the HSR bridge piers are greater to
ensure adequate riding comfort of the high-speed trains.

3.2 Modeling of the high-speed railway bridge pier
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Fig. 3 Stress-strain relationship of Concrete04

The bridge pier is modeled using four nonlinear
beam-column elements in OpenSees. The cross section of
each beam-column element consists of concrete fibers and
steel bar fibers, as shown in Fig. 2. For the high-speed
railway bridge pier in good geological conditions, pile-soil
interaction has negligible effect on the residual deformation,
as elaborated in (Chen et al. 2011). In this study, since
possible effect of the geological condition is not considered,
the pile-soil interaction is not considered. The mass of the
pier is equally distributed to the two nodes of each element.
An additional lumped mass is applied to the top node of the
pier to consider the influence of the superstructure.

The concrete fibers are simulated using Concrete04 that
considers concrete stiffness degeneration. The compressive
and tensile stress-strain relationships of Concrete04 are
shown in Figs. 3(a) and 3(b), respectively. The compressive
stress-strain relationship is based on the Sandor Popovics’
model (Popovics 1973), and its stiffness degeneration
during unloading and reloading is based on the Karsan-Jirsa
model (Karsan and Jirsa 1969); the tensile stress-strain
relationship is an exponential function, and its unloading
and reloading paths are defined by the secant stiffness.
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Fig. 5 Details of the reinforced concrete pier (unit: cm)

The steel bar fibers are simulated using Steel02, based
on the Giuffre-Menegotto-Pinto model (Han et al. 2010).
Steel02 considers the Bauschinger effect (Shafaei et al.
2014). The stress-strain relationship of Steel02 is shown in
Fig. 4, where Ej is the elastic modulus; b is the hardening
coefficient of the reinforcing steel; R is an adjustment
coefficient for the curvature of the transition curve.

3.3 Validation of the model

Model test and in-situ test are effective approaches to
investigate the mechanical performance of bridges (Gou et
al. 2018 a, b, c, d, f). In this study, a cantilever reinforced
concrete pier tested by Choi et al. (2010) in the Large-Scale
Structures Laboratory in the University of Nevada-Reno
(UNR) is used to validate the finite element model.

The tested pier was flexure dominated. The details of
the cantilevered reinforced concrete pier are shown in Fig.
5. The height of the pier was 1.6 m. The diameter of the
cross was 0.36 m. The longitudinal reinforcement ratio was
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Fig. 6 Seismic waveform

2.9%; the stirrup ratio was 1.37%. The yield strength of the
reinforcing bars was 490 MPa; the concrete compressive
strength was 44 MPa.

The footing of the pier was anchored to a shake table. A
mass rig system that was connected to the top of the pier
was used to apply inertial force under seismic loading. The
total equivalent weight of the inertial mass of the pier was
276 kN. The axial force was applied using a hydraulic jack
and prestressed tendons, and the compression ratio was 0.08
(Choi et al. 2010). Residual displacements of the pier were
measured.

The pier was subjected to a ground motion recorded by
the Rinaldi Station in the Northridge Earthquake in 1994, as
shown in Fig. 6. The seismic has a peak ground acceleration
of 0.838 g, a peak ground velocity of 1.66 m/s, and a peak
ground displacement of 289 mm (Pacific Earthquake
Engineering Research Center 2007). To obtain the residual
deformation, free vibration for 15 s was added. A total of 12
shaking table tests were carried out under ground motions
with the same waveforms but different PGAs (0, 0.04, 0.08,
0.17,0.25, 0.38, 0.50, 0.63, 0.75, 0.88, 1.01, and 1.13).

Visible cracks began to appear in the tested pier after the
third test. During the fourth test, some longitudinal bar
yielded. Then several flexural cracks occurred during the
fifth test and extended during subsequent tests. The cover
concrete of the pier base started to spall during the seventh
test. During the eighth test, the spiral bar yielded, but the
core concrete was not damaged. After the ninth test, the pier
exhibited permanent displacement. The core concrete of the
pier was obviously damaged after the eleventh test. During
the twelfth test, one longitudinal bar ruptured, and several
other longitudinal bars buckled (Choi et al. 2010).

The pier model consists of five nonlinear beam-column
elements. A zero-length element is established at the bottom
of the cantilevered reinforced concrete pier model using the
Bond_SP01 to simulate the slip of reinforcing bar. The
cover concrete fibers are simulated using ConcreteOl.
Considering the confinement of stirrup, the core concrete
fibers are simulated using Concrete02. The reinforcing bar
fibers are simulated using Steel02. In the above seismic
load cases, the curve and values of residual deformation are
obtained and compared with test results, as shown in Fig. 7.
The test and simulation results of the residual deformation
agree well, indicating the finite element model provides
reasonable prediction of the residual deformation.

4. Seismic input
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Fig. 8 Chi-Chi_CHY101_1244 seismic waveform

The 1999 Chi-Chi Earthquake with a main shock of 7.6
magnitude had four strong aftershocks, which occurred
within 7 days after the main shock and had magnitudes
above 6.5. A seismic wave recorded by the CHY101 Station
is selected to construct repeated earthquake sequences.
Since this study aims to investigate the influence of the
PGA, the longitudinal reinforcement ratio, and the axial
compression ratio on the cumulative deformation of HSR
bridge piers under repeated earthquakes, the intensity and
duration of each earthquake are assumed to be the same.
Parametric studies were conducted using the constructed
repeated earthquake sequences as the input seismic loads, as
shown in Fig. 8. To obtain the residual deformation after the
vibration of the pier fully decayed, there was a time interval
of 3t (t was the duration of last ground motion) between two
seismic waves.

5. Parametric studies

5.1 Effect of the peak ground acceleration
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Table 1 Residual deformation ratio of pier under different peak ground accelerations

Earthquake PGA=0.125g PGA=0.15¢g PGA=0.175¢g
events X direction Y direction X direction Y direction X direction Y direction
1 -0.350%o 0.141%o -0.082%o 0.008%o -0.028%o -0.064%o
2 -0.159%o 0.075%o -0.098%o 0.039%0 0.195%0 -0.141%o
3 -0.207%o 0.092%0 -0.224%o 0.108%o 0.489%0 -0.950%o
4 -0.256%o 0.114%o -0.412%o 0.233%o 3.540%o -9.846%o
5 -0.298%o 0.135%0 -0.785%o 0.496%0 19.163%o -27.359%0
6 -0.340%o 0.156%0 -1.560%o 1.191%o — —
7 -0.370%o 0.171%o -3.003%o 3.091%o — —
8 -0.402%o 0.188%0 -5.105%o 7.365%0 — —
9 -0.430%o 0.204%0 -6.815%o 13.879%o — —
10 -0.461%o 0.221%0 -8.157%o 28.359%o — —
12 -0.517%o 0.253%o — — —
14 -0.585%o 0.292%0 — — —
16 -0.672%o 0.344%0 — — —
18 -0.781%o 0.410%o — — —
20 -0.890%o 0.487%o — — —
22 -1.114%0 0.640%o — — —
24 -1.460%o 0.901%o — — —
26 -2.032%o 1.382%o — — —
28 -2.907%o 2.284%o — — —
30 -4.164%o 4.241%o — — —
32 -4.907%o 6.684%0 — — —
33 -6.423%o 9.012%0 — — —
34 -10.38%o 14.449%o — — —
35 -19.31%o 24.152%o — — —

Note: Negative sign in the table indicates the direction.
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Fig. 9 Influence of PGA on the residual deformation ratio

Three PGA values (0.125 g, 0.15 g, and 0.175 @) are
investigated. Fig. 9 and Table 1 show the relationship
between the PGA and residual deformation ratio. As the
PGA increases, the cumulative deformation and residual
deformation ratio rise with increasing rates. The reason is
that as a higher PGA is applied, the pier is subjected larger
forces. Thus, higher inelasticity in the materials is caused,
resulting in higher stiffness degradation (Abdelnaby and
Elnashai 2015). Damage is accumulated with the increase
of the number of earthquakes, and the residual deformation
ratio increases. When the residual deformation ratio is less
than 1%., the cumulative rate of residual deformation is
slow. When the residual deformation ratio is more than 2%o,
the cumulative rate of residual deformation is fast. The
reason is that the reinforcement in the pier is yielded as the

residual deformation ratio exceeds 2%. (Zhou et al. 2014).
5.2 Effect of the longitudinal reinforcement ratio

The longitudinal reinforcement plays an important role
in the earthquake resistance of bridge piers. On one hand,
the longitudinal reinforcement and stirrup constrain the core
concrete, increasing the strength of core concrete. On the
other hand, the pier is subjected to tension and compression.
Due to the weak tensile strength of concrete, the
longitudinal reinforcement provides tensile strength for the
pier. Moreover, the longitudinal reinforcement ratio of pier
is no less than 0.5% (GB50111-2006 2006). Therefore, four
HSR bridge piers with different longitudinal reinforcement
ratios (0.53%, 0.64%, 0.83%, and 1.04%) are analyzed in
this section.

Table 2 shows the residual deformation ratios of piers
under different longitudinal reinforcement ratios. When the
longitudinal reinforcement ratio is 0.53%, the residual
deformation ratio (Y direction) is -4.405%. after 4
earthquakes, and -36.89%. after 5 earthquakes. However,
when the longitudinal reinforcement ratio of pier is 1.04%,
the residual deformation ratio of pier (Y direction) is
7.465%o after fifteen earthquakes and is 10.139%. after 14
earthquakes. Therefore, the cumulative rates of residual
deformation under different longitudinal reinforcement
ratios are different. A higher longitudinal reinforcement
ratio improves the ductility and the capability of resisting
cumulative deformation, and reduce the cumulative rate of
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Table 2 Residual deformation ratio of pier under different longitudinal reinforcement ratios
Earthquake p=0.53% p=0.64% p=0.83% p=1.04%
events Xdirection Y direction Xdirection Y direction Xdirection Y direction X direction Y direction
1 0.037%o -0.041%o 0.006%o -0.020%o -0.082%o 0.008%o -0.275%o 0.067%o
2 0.093%o -0.075%o 0.057%o -0.038%o -0.098%o 0.039%o -0.372%o 0.065%o
3 0.252%o -0.283%0 0.110%o -0.063%0 -0.224%o 0.108%o -0.541%o 0.135%o
4 1.508%o -4.405%0 0.206%o -0.135%0 -0.412%o 0.233%o -0.673%o 0.191%o
5 27.518%o -36.89%0 0.384%o -0.412%0 -0.785%o 0.496%o -0.814%o 0.271%o
6 — — 0.716%o -4.359%o -1.560%0 1.191%o -0.982%o 0.377%o
7 — — 6.651%o -21.53%o -3.003%o 3.091%o -1.207%o 0.535%o
8 — — 39.628%o -49.12%o -5.105%o 7.365%o -1.544%0 0.779%o
9 — — — — -6.815%o 13.879%o -1.985%o 1.137%o
10 — — — — -8.157%o 28.359%o -2.476%o 1.590%o
11 — — — — — — -3.041%o 2.208%0
12 — — — — — — -3.696%0 3.073%o
13 — — — — — — -4.352%o 4.190%o
14 — — — — — — -5.113%o 5.697%o
15 — — — — — — -6.014%o 7.465%o0
16 — — — — — — -8.123%o 10.139%o
17 — — — — — — -13.214%o 15.879%o
18 — — — — — — -24.243%0  22.726%o
19 — — — — — — -42.842%0  25.744%o
20 — — — — — — -70.451%0  27.344%o
Note: Negative sign in the table indicates the direction.
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Fig. 10 Influence of longitudinal reinforcement ratio on
residual deformation ratio

residual deformation. Besides, the residual deformation
ratio increases with the number of earthquakes.

The relationship between the longitudinal reinforcement
ratio and the residual deformation ratio of pier are shown in
Fig. 10. It can be seen that the residual deformation ratio of
pier with lower longitudinal reinforcement ratio suddenly

increases after several earthquakes. The residual
deformation ratio of pier with higher longitudinal
reinforcement ratio also increases nonlinearly with

earthquake events; however the increasing rate is slower
than that of pier with lower longitudinal reinforcement
ratio. The reason is that the reinforcing steel provides the
plastic deformation capacity for pier during earthquakes.
For pier with lower longitudinal reinforcement ratio, the
stiffness degeneration is serious after several earthquakes,
then the residual deformation increases sharply, and pier
may be destroyed suddenly because of too large residual

Fig. 11 Influence of axial compression ratio on residual
deformation ratio of pier

deformation. However, for pier with higher longitudinal
reinforcement ratio, the deformation capacity that the
reinforcing steel provides is stronger, the residual
deformation increases slowly, and plastic failure occurs.

5.3 Effect of the axial compression ratio

To ensure adequate capabilities of plastic deformation
capacity and collapse resistance capacity of pier, the largest
axial compression ratio is stipulated in GB50011-2010
(2010) and GB50010-2010 (2010). In this section, 4
high-speed railway bridge piers under different axial
compression ratios (0.01, 0.02, 0.03, and 0.04) were utilized
to analyze the effect of the axial compression ratio on the
cumulative residual deformation.

Table 3 and Fig. 11 display the change of the residual
deformation ratio of piers under different axial compression
ratios. The cumulative rate of the residual deformation
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Table 3 Residual deformation ratio of pier under different axial compression ratios

Number of u=0.04 u=0.03 Number of u=0.02 u=0.01

earthquake X direction Y direction X direction Y direction earthquake X direction Y direction X direction Y direction
1 -0.050%0  0.035%0  -0.082%0  0.008%o 1 -0.182%0  0.041%0  -0.094%0  -0.124%0
2 -0.018%0 -0.011%0  -0.098%0  0.039%o 4 0.163%0  -0.020%0  0.229%0  -0.195%0
3 0.065%0  -0.117%0  -0.224%0  0.108%0 7 0.239%0  -0.044%0  0.284%0  -0.230%0
4 0.232%0  -0.515%0 -0.412%0  0.233%0 10 0.294%0  -0.066%0  0.346%0  -0.271%0
5 -0.107%0  -3.883%0 -0.785%0  0.496%0 13 0.336%0  -0.092%0  0.443%0  -0.332%o
6 -6.440%0 -16.280%0 -1.560%0  1.191%0 16 0.391%0  -0.126%0  0.534%0  -0.401%o
7 -31.410%0 -33.600%0 -3.003%0  3.091%o 19 0.476%0  -0.186%0  0.685%0  -0.472%o
8 — — -5.105%0  7.365%o 22 0.618%0  -0.329%0  1.048%0  -0.681%0
9 — — -6.815%0  13.879%0 25 1.144%0  -0.898%0  1.447%0  -0.932%0
10 — — -8.157%0  28.359%0 28 3.656%0  -4.646%0  2.057%0  -1.398%0
29 — — — — 29 7.833%0  -10.069%0 2.287%0  -1.584%o
30 — — — — 30 16.993%0 -18.096%0 2.625%0  -1.887%0
31 — — — — 31 — — 3.002%0  -2.266%o
34 — — — — 34 — — 5.396%0  -5.037%o
35 — — — — 35 — — 7.487%0  -7.232%o
36 — — — — 36 — — 11.936%0 -10.921%o
37 — — — — 37 — — 19.761%0 -15.607%o

Note: Negative sign in the table indicates the direction.

increases with the axial compression ratio. When the axial
compression ratio is 0.01, the residual deformation ratio of
pier (Y direction) is -7.232%. after 35 earthquakes. When
the axial compression ratio of pier is 0.04, the residual
deformation ratio of pier (Y direction) is -16.28%. after 6
earthquakes. The reason is that a smaller axial compression
ratio improves the initial lateral stiffness of pier. With the
influence of P-A effect, the lateral resisting capability of the
pier is enhanced. Therefore, the lateral displacement of pier
under the larger axial compression ratio is amplified under
the same earthquake. The increasing rate of residual
deformation ratio increases with the axial compression
ratio. In addition, the residual deformation ratio also
increases with the number of earthquake.

5.4 Suggestions for controlling residual deformation

According to the above parametric studies, the
following suggestions are proposed for controlling the
residual deformation:

* The cumulative deformation of pier increases
nonlinearly with the increase of the PGA. Therefore, when
designing the pier in seismically-active zones, it should be
conservatively assumed that the earthquake with larger
magnitude occurs firstly, and then the earthquake with
smaller magnitude follows.

» With the increase of longitudinal reinforcement ratio,
the cumulative deformation of pier decreases under the
same earthquake events. Therefore, the longitudinal
reinforcement ratio of pier can be increased properly to
improve the ductility of pier and strengthen the plastic
deformation capacity of pier.

» The cumulative deformation of pier increases with the
axial compression ratio of pier. In order to decrease the
cumulative deformation of pier under repeated earthquakes,
the axial compression ratio of pier has to be decreased.

According to the definition of axial compression ratio, there
are two ways to decrease the axial compression ratio of pier.
On the one hand, the weight of bridge superstructure can be
decreased. On the other hand, the bearing capacity of pier
can be increased, such as increasing the cross section of
pier, improving the concrete compressive strength and
increasing the number or the diameter of longitudinal
reinforcement.

+ Real-time bridge health monitoring in seismically
active zones is suggested for HSR bridges in seismically
active areas. In view of the adverse effect of the
nonrenewable, long-standing and sustainable cumulative
deformation of pier on the track regularity, the rail
deformation should be evaluated and controlled to ensure
safe operation of HSR bridges.

6. Conclusions

Based on the above
conclusions can be drawn:
« The cumulative deformation of high-speed railway
bridge pier under repeated earthquakes is nonlinearly
related to the peak ground acceleration. Increasing the
peak ground acceleration increases the damage caused
by seismic load and the cumulative deformation.
« As the longitudinal reinforcement ratio of pier rises,
the resistance to the cumulative deformation increases,
and the accumulation rate of residual deformation
decreases.
+ The accumulation rate of residual deformation
increases with the axial compression ratio. Increasing
the axial compression ratio increases the initial lateral
stiffness of bridge pier and the cumulative residual
deformation, which has adverse effects on running
safety of high-speed railway.

investigation, the following


http://dict.cnki.net/dict_result.aspx?searchword=%e4%be%a7%e7%a7%bb%e5%88%9a%e5%ba%a6&tjType=sentence&style=&t=lateral+stiffness
http://dict.cnki.net/dict_result.aspx?searchword=%e9%9c%87%e7%ba%a7&tjType=sentence&style=&t=magnitude
http://dict.cnki.net/dict_result.aspx?searchword=%e9%9c%87%e7%ba%a7&tjType=sentence&style=&t=magnitude
http://dict.cnki.net/dict_result.aspx?searchword=%e5%bb%b6%e6%80%a7&tjType=sentence&style=&t=ductility
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