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Rounded rectangular cross section piers were widely used for high-speed railway (HSR) bridges in China. However, the per-
formance of such piers under seismic scenarios has not been well studied. To study the earthquake behavior and damage of
rounded rectangular cross section piers under different intensities of earthquake excitation, nine scaled pier specimens were
constructed and tested on the shaking table. Experimental results show that the specimen remains elastic (no or slight damaged)
for all experimental earthquake scenarios (from 0.45 g to 0.96 g). Finite element (FE) models were developed and validated by the
experimental results. Using this FE model, the damage levels of these specimens under severe earthquake excitations (from 1.05g
to 1.95g) were quantified. Numerical results show that the specimen in transverse direction shows no or slight damage, while
repairable damage can be seen in longitudinal direction as the earthquake intensity increases from 1.05 g to 1.65 g. Repairable and
unrepairable damage can be seen in transverse and longitudinal direction, respectively, as the earthquake intensity increases to
1.95 g. Researchers can make good use of these findings for better earthquake design or protection of this type of HSR piers in

the future.

1. Introduction

For bridges, the pier plays a significant role in resisting
seismic force under an earthquake excitation. Therefore, its
seismic performance and damage level need to be well
studied (experimentally and numerically) to ensure whole
structural safety [1,2,3]. Nowadays, there are many experi-
ments conducted to examine the earthquake behavior of
piers and some of these focused on the piers with rectangular
section. For example, Pinto et al. [4] performed cyclic tests
on two large-scale models of existing reinforced concrete
(RC) bridge piers to study their seismic performance and
failure modes. Chung et al. [5] carried out a quasistatic test
on 6 fibre reinforced polymer (FRP) confined reinforced
concrete bridge piers to evaluate their seismic performance

and failure modes. Han et al. [6] conducted cyclic test on 5
pier specimens to investigate the seismic performance of
reinforced concrete (RC) bridge piers. Yeh et al. [7] studied
the seismic performance by conducting cyclic tests on 3
prototype piers. Xia et al. [8] carried out biaxial quasistatic
tests on 14 reinforced concrete thin-walled piers and the
seismic properties were studied in detail.

In addition, there are also many experimental researches
about the piers with circular section. For example, Shim et al.
[9] performed quasistatic tests on precast segmental bridge
piers to investigate the seismic behavior of this type of pier.
Wang et al. [10] manufactured 8 partially concrete-filled
steel circular bridge pier specimens and studied their seismic
performance by cyclic test. Osada et al. [11] carried out static
and pseudodynamic tests on circular reinforced concrete
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(RC) bridge piers to study their seismic performance. Yuan
et al. [12] conducted cyclic test to investigate the seismic
performance of partially concrete-filled steel tube (PCFST)
bridge piers with circular section by cyclic test.

Apart from experimental methods, validated finite ele-
ment (FE) analysis has also been applied for detailed
parametric analysis. For example, Dong et al. [13] proposed
a simplified FE model, validated by test results, to evaluate
the seismic performance of fibre reinforced polymer (FRP)
confined reinforced concrete rectangular bridge piers. Lee
et al. [14] developed and experimentally validated a mul-
tidimensional fiber-based section model, which offers ac-
curacy and computational efficiency to study the seismic
performance of rectangular section reinforced concrete (RC)
piers. Guo et al. [15] proposed a simplified mechanical
model to study the seismic performance of a self-centering
bridge pier and the results were validated by quasistatic test.
Sun et al. [16] experimentally studied the seismic perfor-
mance of reinforced concrete bridge piers and established a
validated finite element model to study the hysteretic be-
havior of pier.

Due to the need to increase train speed, high-speed
railway bridges (HSRBs) are increasingly constructed. For
the HSRBs, the piers with rounded rectangular cross section
are widely applied, since it provides larger stiftness in the
transverse direction and prevents stress concentrations
when compared to those circular and rectangular sections.
However, researches about the seismic performance and
damage of this type of HSRB piers are limited. As the loading
(high-speed train) to the HSRB piers is quite different in
nature to that of conventional piers (with rectangular or
circular section), the results (experimentally and numeri-
cally) from abovementioned studies cannot be directly ap-
plied for this typical pier for the following reasons. Firstly, to
ensure the comfort and stability of high-speed train travel, a
larger sectional size is common for HSRB piers. Since the
larger sectional size can result in a larger bending stiffness
(ED), the seismic performance of this type of pier is different
to those common piers (with rectangular or circular section).
Moreover, HSRB piers generally have a lower longitudinal
reinforcement percentage compared to other piers, which
also result in a different seismic performance. Therefore,
specifically targeted experimental studies are necessary for
this type of HSRB pier [17].

To achieve a better understanding of the earthquake
behavior and damage level of HSRB piers with rounded
rectangular cross section, shaking table tests and numerical
analysis were conducted in this paper. Specifically, nine
scaled pier specimens were fabricated in accordance with
specific similarity relations and tested on the shake table.
During the test, acceleration, displacement, and strain of
each pier under the peak ground acceleration (PGA) scale of
0.45g, 0.60g, and 0.96g (simulate the Chinese common
earthquakes (0.15g, 0.20g, and 0.32g) after similarity
transformation) were recorded. Moreover, the change of
natural frequency before and after each test scenario was also
obtained. Secondly, a finite element (FE) model of this
specimen was also established and validated against the
experiments. Using this model, the damage of these pier
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specimens under earthquake excitations was quantified. The
results from this work can benefit for understanding the
seismic performance of HSRB piers with rounded rectan-
gular cross section and for providing suggestions on their
earthquake safety assessment.

2. Shaking Table Test

2.1. Materials. All materials used for the construction of pier
specimen (e.g., rebar and concrete) were the same as those of
the prototype HSRB piers. Specifically, grade HRB 235, 335
steel and grade C35 concrete (according to Chinese code
GB50010-2010) were used for longitudinal rebar and con-
crete, respectively. To obtain the material properties, three
concrete blocks (100x100x300 mm) were prepared for
concrete compressive strength test. For example, the design
value of compressive strength f,,, 1, the compressive strength
for and the axial compressive strength f. were given in
Table 1. Diameters of 8 mm and 10 mm rebar were used in
this test and their average yield strengths were 452 MPa and
405 MPa, respectively. Plain steel rebar of 6 mm diameter
was used as transverse reinforcement with the yield strength
of 550 MPa.

2.2. Specimens. Due to the limitation of acceleration ca-
pacity (no more than PGA scale of 1.0 g) and size of shake
table (no more than 4 (length) x 4 (width) m?), the prototype
pier should be scaled for shaking table tests. Therefore, an
experimental specimen should be conducted for shaking
table test and reflects the dynamic characteristics (or
earthquake behavior) of corresponding prototype pier. The
key of designing shaking table test programme is to de-
termine the similarity relationship between the scaled
specimen and prototype [18,19,20]. In this study, dimen-
sional analysis was applied in this experiment to determine
the similarity relationship of physical quantities between the
actual HSRB pier and specimen. To be specific, the ratio of E/
pal should be kept the same for the specimen and prototype
bridge, where E, p, a, and [ represent the elastic modulus,
density, acceleration, and length parameters, respectively. In
this work, the geometric (S;) was selected as 1/8 (for 16 and
24 m prototype piers) and 1/5 (for 8 m prototype piers). The
acceleration (S,) of the specimen was 3, while the elastic
modulus ratio (Sg) was 1 since the same materials were
applied in both specimen and prototype pier. Other
remaining ratios, for example, stress, displacement, and
stiffness were determined from these three basic ratios
according to the similarity relations as shown in Tables 2 and
3. Detailed sectional geometries of the specimens are shown
in Figure 1 [21].

Furthermore, in order to meet the similarity requirement
for additional density in specimen, a steel container for
weights was constructed and installed on the top of speci-
mens, which filled with leads. These weights acted as ad-
ditional dead load and inertial forces to meet the similarity
requirement to the prototype bridge. Moreover, they can
also represent the axial compression ratio from girder and
therefore, this arrangement can simulate the true seismic
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TaBLE 1: Compressive strength of concrete (average value).

Specimen feurx (MPa) feu (MPa) f. (MPa)
M1, M2, M3 35 43.1 28.8
M4, M5, M6 35 43.4 26.7
M7, M8, M9 35 38.6 25.2

TaBLE 2: Similitude parameters of the shaking table test for 8 m
piers.

Property Physical quantity  Similarity relation Ratio
Modulus* S 1
Material Stress So=Sg 1
Density Sp=S84/8aS1 5/3
Point load Sp =Sg S7 1/25
Load Line load So=S5S 1/5
Area load S4=Sk 1
Length* S 1/5
Geometric Displacement NEN 1/5
Area Sa =S 1/25
Acceleration* Sa 3
Dynamic Mass Sm=1S5, s? 1/125
Period Sr=8¢(S,5: )" V115

TaBLE 3: Similitude parameters of the shaking table test for 16 and
24 m piers.

Property Physical quantity ~ Similarity relation ~ Ratio
Modulus* S 1
Material Stress Sy=Sg 1
Density Sp=84/8aSi 8/3
Point load Sp =Sg S7 1/64
Load Line load Sw=SES; 1/8
Area load S¢=Sk 1
Length* Si 1/8
Geometric Displacement Sa=S; 1/8
Area Sp =S 1/64
Acceleration* S, 3
Dynamic Mass Sm =3, 813 1/192
Period Sr=8(S,8:)" V124

behavior of prototype pier in the actual situation. In addi-
tion, screw bolts were used to ensure no relative displace-
ment occurred between the weights and steel container
during the shaking table test. The final assembled specimen
for shaking table tests is as shown in Figure 2.

2.3. Instrumentation. Acquisition devices (e.g., accelerom-
eters and liner variable displacement transducers) were
installed at the top of specimen to collect the time histories
responses of acceleration and displacement in both the x
(longitudinal) and y (transverse) directions during the
shaking table tests, as shown in Figure 3.

2.4. Test Scenarios. The high-speed railway bridges built in
China were usually excited by the earthquakes with char-
acteristic periods ranged from 0.1s to 0.4s. Therefore, for
better simulating representative earthquakes, and to easily

compare to other relevant studies, the El-Centro wave
(characteristic periods ranged from 0.1s to 0.4s) was se-
lected from the Pacific Earthquake Engineering Research
(PEER) centre ground motion database. Because the ac-
celeration limit of the shake table is no more than 1.00 g, the
maximum intensity of experimental earthquake was selected
as 0.96¢g for this test. After the similarity transformation
(S,=3, Table 2), the PGA scale of experimental earthquake
intensity was adjusted to 0.45g, 0.60 g, and 0.96 g, respec-
tively. They correspond to simulate the actual earthquake
excitation of 0.15g, 0.20 g, and 0.32g PGA, which are fre-
quent happening earthquake intensities in China. An ex-
ample of the recorded time history and spectrum for the of
0.45g PGA earthquake (in the x and y directions) is illus-
trated in Figures 4 and 5, respectively. Moreover, the
specimen was also subjected to low-amplitude white noise
excitation (PGA scale of 0.05g) to monitor the change in
dynamic characteristics before and after being subjected to
seismic excitations. Table 4 gives the details of the test
scenarios.

3. Test Results and Discussion

3.1. Natural Frequency. To understand the seismic damage
state of this specimen after being subjected to each exper-
imental earthquake scenario, one method is to compare the
change in its first natural frequency. This is because the
change of specimen stiffness can be reflected by the decrease
of frequency (specifically, w = VK/M). Therefore, to obtain
the change of natural frequency of specimen between each
test, a white noise excitation of 0.05g PGA was applied to
excite the specimen both before and after the earthquake
excitation. The sampling frequency (f;) and duration of white
noise (T) were 500 Hz and 120 seconds, respectively. After
applying the Fast Fourier Transform (FFT) to the recorded
acceleration time histories, the natural frequency of the pier
specimens was obtained. Figure 6 illustrates the first natural
frequency of the specimen before and after being subjected
to different earthquake intensities in both x and y directions.
It shows clearly that the change of natural frequency is
insignificant. To be more specific, the first natural frequency
cumulatively changed from about 4.4 Hz (before any seismic
excitation) to 4.1 Hz (after the 0.96 g earthquake excitation)
in the x direction and from around 9.6 Hz to 8.8 Hz in the y
direction. Therefore, it is reasonable to conclude from the
experimental results that the specimens remain elastic re-
gion (or slight damaged) after being subjected to all the
experimental excitations (i.e., 0.45g, 0.60 g, and 0.96 g) and
can withstand more severe earthquake excitations, namely,
beyond 0.96 g for the scaled pier specimen or 0.32 g for the
prototype pier (linked to the similarity relationship, Table 2).
Moreover, as the decrease of first natural frequency in y
direction (8.3%) is larger than that in x direction (6.8%), the
specimens would be more easily damaged (or influenced) in
y direction by an earthquake.

3.2. Acceleration. As noted earlier, the acceleration time
histories under different earthquake excitations (i.e., 0.45 g,
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FIGURE 1: Drawings for specimen (unit: cm).
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FIGURE 2: Assembled experimental pier specimen.

0.60 g, and 0.96 g) were recorded during the tests. For ex-
ample, Figure 7 shows the acceleration time histories (in
both x and y direction) which was obtained from the
specimen subjected to the 0.45g earthquake excitation. As
can be seen from this figure, the maximum absolute ac-
celeration value in y direction (1.10 g) was about twice as that
in x direction (0.57 g). This can be ascribed to the fact that
the bending stiffness of specimen in y directions is (EIL,)
larger than that in x direction (EIL,) and therefore, the
specimens are more effected by y direction earthquake.
Furthermore, since the seismic force (F=MA) to the
specimen increases with increase of earthquake intensity, an

increasing trend of acceleration response can also be seen at
the top of this specimen (in both x and y directions).
Specifically, the maximum absolute acceleration value in-
creases from about 0.78 g (x direction) and 1.25 g (y direc-
tion) under 0.60 g PGA excitation to 1.11 g (x direction) and
1.65 g (y direction) under 0.96 g PGA excitation. From these
results, it can be seen that similar ratios between the ac-
celeration in y and x direction (the maximum absolute
acceleration in y direction is about twice as that in x di-
rection) are also observed for the specimen when subjected
to the higher earthquake intensities (from 0.60 g to 0.96 g).
This result is expected since, as discussed in Section 3.1, the
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FIGURE 3: Instrumentation of data acquisition devices for experimental pier specimen (unit: mm).
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FIGUre 5: Earthquake wave spectrum for (a) in (x) direction and (b) in (y) direction.

specimens were found to remain in the elastic region (slight
damaged) for all experimental earthquakes, and linear in-
crease in acceleration response can be seen in the specimens
with the increase of earthquake intensity.

3.3. Displacement. The measured displacements at the top of
the specimen (in both x and y directions) when subjected to
different earthquake intensities (0.45g, 0.60 g, and, 0.96 g)
are discussed in this section. As an example, Figure 8 shows



TaBLE 4: Sequence of the shaking table test scenarios.

Test intensity (g)

x direction

Test scenario  Prototype intensity

y direction

1 White noise 0.05 0.05
2 0.45 N.A.
3 015¢ N.A. 0.45
4 White noise 0.05 0.05
5 0.60 N.A.
6 0208 N.A. 0.60
7 White noise 0.05 0.05
8 0.96 N.A.
9 0-32¢ NA. 0.96
10 White noise 0.05 0.05

16

12 +

9.6 9.4 9.1

Natural frequency (Hz)
o2}
T

4.4 4.3 4.2 4.1
41 = s g
1 1 1 1

Before 045¢g 0.60 g 0.96g

Earthquake intensity

—m— x direction

—e— y direction

FIGURE 6: First natural frequency of pier specimen before and after
under different experimental earthquake excitations.

the displacement time histories for the x and y directions
when subjected to the PGA scale of 0.45g experimental
earthquake excitation. Similar to the acceleration response,
the maximum absolute displacement value in y direction
(about 5.89 mm) is larger than that in x direction (about
2.51 mm).

A similar trend in displacement responses was also
observed for the specimen under severe intensity of
earthquake excitations (from 0.60 g to 0.96 g). Specifically,
the maximum absolute displacement values increased
with increasing earthquake intensity, from about 3.01 mm
(x direction) and 6.80mm (y direction) at 0.60g PGA
to around 3.54 mm (x direction) and 7.90 mm (y direction)
at 0.96 g PGA. Interestingly, the increase of displacement
between different experimental earthquake intensities
(e.g., from 0.45g to 0.60g and from 0.60g to 0.96g) is
almost the same (specifically, about 0.50 mm and 1.00 mm
for x and y directions, respectively). Therefore, the
increase of displacement appears linear, supporting the
earlier finding that the specimens remain elastic (slight
damaged) and that no unrecoverable displacement oc-
curred at the top of specimen during all earthquake
excitations.
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4. FE Modelling

For more detailed study about the hysteresis behavior and
damage level of the specimens, FE model was developed
using OpenSEES [22] and validated by the results of shaking
table test. In this section, the modelling process, analysis
procedure, and validation are documented.

4.1. Modelling Process. For FE model, the mass of each node
(located at every 300 mm along the specimen) was taken as
half of total mass of its associated elements. The mass of
additional weights was included on the top of node (black
solid dot in Figure 9(a))). Moreover, a lumped mass matrix
was formulated in this FE model for a more efficient cal-
culation. For better simulation of the dynamic character-
istics of specimen under earthquake excitation, fibre section
was selected to model the sectional restoring force (hys-
teretic model) of specimen. To be specific, each section was
divided into a number of fibres including unconfined
concrete, confined concrete, and reinforcement fibre.
Therefore, the restoring force-deformation relationship of
each section can be modelled from the stress-strain relations
of each fibre. For each fibre section, Concrete 02, which
considered the tensile mechanical property and deteriora-
tion of stiffness in unloading [23, 24], was used as the
constitutive relationship for both unconfined and confined
concrete [25]. Moreover, Steel 02 (Giuffre-Menegotto-Pinto
model with isotropic strain-hardening) and Kent-Scott-Park
concrete material (Concrete 02) [26] were applied for the
constitutive relationship of rebar and concrete. Confined
concrete (Table 5), unconfined concrete (Table 6), and rebar
(Table 7) used in the FE modelling were all obtained from
material tests.

For the element, the specimen was modelled by non-
linear beam-column elements and this type of element al-
lows the various element stiffness along the vertical direction
(z direction; see Figure 3). Specifically, the resistance force
and tangent stiffness matrix of each element can be inte-
grated from resistance force and stiffness matrix of fibre
section along the vertical direction according to the Gauss-
Lobatto integration method. The element flexibility matrix
can be expressed as in (1). Finally, they were 10 elements for
this specimen and each element had 2 integration points.
The distribution of nodes and detailed fibre section of the FE
model are shown in Figure 9.

[f)° = j NG P IN (ld. (1)

4.2. Analysis Procedure. For the solution of the nonlinear
equations of motion, the energy increment test in OpenSees
was applied to determine the convergence at each iteration.
The convergence criterion was set as 1.0x10-8 kNm and the
maximum number of iterations was 10. For nonlinear dy-
namic analysis, different algorithms (e.g., Newton-Raphson,
modified Newton-Raphson, Broyden and Newton with line
searching algorithm) were applied if unsatisfactory con-
vergence was found. Moreover, Newmark-beta integration
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TaBLE 5: Parameter values of confined concrete used in FE modelling.

Compressive strength Strain at maximum strength Crushing strength
30.50 €° 350 e’ 24.40 €°
Crushing strain Tensile strength Tension softening stiffness
18.18 e7° 1.57 ¢° 2.00 ¢*
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TABLE 6: Parameter values of unconfined concrete used in FE modelling.

Compressive strength

Strain at maximum strength

Crushing strength

30.50e° 3.50e° 5.08¢°
Crushing strain Tensile strength Tension softening stiffness
18.18¢”° 1.57¢° 2.00¢*

TaBLE 7: Parameter values of rebar used in FE modelling.

Yield strength Initial elastic tangent Strain-hardening ratio
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FIGURE 10: Acceleration time histories comparison under 0.45 g excitation: (a) in x direction; (b) in y direction. Fourier spectrum cor-
responding to (a). (d) Fourier spectrum corresponding to (b).
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TaBLE 8: Comparison of maximum absolute acceleration and displacement between the FE model and test under different earthquake

excitations.
Results Intensity (g) Direction FE model Test Error (%)
X 0.54 0.57 5.56
0.45 y 1.06 1.10 3.77
. x 0.71 0.78 9.86
Acceleration (g) 0.60 y 124 125 0.8l
X 1.08 1.11 2.78
0.96 y 1.59 1.65 3.77
X 2.33 2.51 7.72
045 y 5.33 5.89 10.51
. X 2.66 3.01 13.16
Displacement (mm) 0.60 y 6.14 6.80 10.75
x 3.38 3.54 4.73
0.96 y 7.32 7.90 7.92
Note. Error = (test result-FE model result)/FE model result x 100%.
700 700 700
E 350 | E 350 | E 350 |
Z Z Z
<) ) <)
g 0 % g 0 g 0
L (5} ()
: : :
= -350 + = -350 + = -350 + )
_700 1 1 1 _700 1 1 1 _700 1 1 1
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—— x direction

- - - ydirection
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- - - ydirection

Curvature (mm)

—— x direction
- - - ydirection

(c)

FIGURE 11: Sectional hysteresis behavior at the bottom of specimen under (a) 0.45 (g), (b) 0.60g, and (c) 0.96 g PGA earthquakes.

(average acceleration parameters: y=1/2, f=1/4) method
was adopted. The damping matrix in the equations of
motion was formed using a proportional (Rayleigh)
damping assumption, with constants defined using the Ist
and 3rd mode frequencies. In addition, the damping ratio
was obtained by free vibration test of this specimen. To be
specific, the damping ratio can be calculated by the following
equation:

{=oIn @

2n  a,

where a; and a, refer to the acceleration amplitude of
specimen observed at free vibration test between two ad-
jacent peak points.

4.3. Modelling Validation. To validate the FE model, the
results of shaking table test and FE modelling are compared
in this section. For example, the comparisons of acceleration
time histories and Fourier spectrum (in both x and y di-
rections) when subjected to the 0.45g PGA earthquake
excitation are illustrated in Figure 10. It can be seen that the
comparison results show reasonable agreement. For more
detailed validation, the maximum absolute values
(acceleration and displacement) between the shaking table

test and FE modelling calculation for all earthquake exci-
tations (from the 0.45 g to 0.96 g PGA) are given in Table 8.
The comparison results show that the maximum differences
in accelerations and displacements are acceptable (about
9.9% and 13.2%, respectively). Therefore, the FE model is
validated and can be applied for more detailed study re-
ported in the following sections.

5. Numerical Results and Discussion

Through the validated FE model, more detailed seismic
performance (i.e., hysteresis behavior) and damage level of
specimens when subjected to the earthquakes (PGA scale of
0.45g, 0.60g, and 0.96 g) were investigated.

5.1. Hysteresis Behavior. The hysteresis behavior (bending
moment-curvature relations) at the bottom section of
specimen when subjected to these earthquakes is illustrated
in Figure 11. It can be seen that the hysteresis loops in x and y
directions become larger and plumper with the increase of
earthquake intensity (from 0.45 g to 0.96 g). This result can
be reasonably explained by the fact that the seismic force
(F=MA) to the specimen is increases correspondingly with
the earthquake intensity. However, the hysteresis loops in x
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TaBLE 9: Salient points in the moment-curvature relationships for the piers.

Direction Yield curvature @, (x107%/m) Yield moment M, (KNm) Limit curvature @, (x107>/m)

x 8.81 172.27 198.22

y 3.48 366.82 77.38

TaBLE 10: Energy consumption of the pier in x and y directions.

PGA (g) 0.45 0.60 0.96
| dE, 545.7 773.7 1361.6
[dE, 7680.1 9151.5 16042.8
1.0
0.8 -

0.6

0.2 |-

Damage index (DI)
o
NS
T

DI=0.1
0.0 - ﬂ
-0.2 1 1 1
045g 0.60 g 0.96 g

Earthquake intensity

—a— x direction
—e— y direction

FIGURE 12: Variation of specimen damage indices with earthquake
intensity.

direction are almost straight line (Figure 11), which illus-
trates that the specimens remain in the elastic region (slight
damaged) in x direction when subjected to all analysed
earthquakes. In contrast, a small plump hysteretic loop can
be seen in the y direction at 0.45g PAG excitation and this
loop widens as the earthquake intensity increases to 0.96 g
PGA. Therefore, the results show that the specimen in y
direction is easier damaged.

5.2. Earthquake Damage Level. The damage index proposed
by Stone and Taylor [27] was applied for better describing
the earthquake damage level of this specimen when sub-
jected to the earthquake excitations (PGA from 0.45g to
0.96 g). This index is calculated as

®,-®, [dE

DI = +B, ,
®, -0, "M,

(3)

where DI is the damage index; ®,, is the maximum cur-
vature of pier under earthquake excitation; @, is the
yielding curvature of pier under monotonic loading; ®,, is
the limit curvature of pier under monotonic loading; M,, is
the yield moment of pier under monotonic loading; S, is
the energy factor of structure, and IdE is the cumulative
hysteretic energy consumption of the pier after subjected to
earthquake excitation. For calculating the damage index,
the values of ®,, ®,, and M, are given in Table 9 and the

value of IdE is shown in Table 10. Based on [16], there are
four damage states corresponding to different damage
indices. Specifically, there are (1) no (slight) damage
(DI<0.10); (2) repairable damage (0.10<puncsp></
puncsp><<puncsp> </puncsp>DI < 0.40); (3) unrepairable
damage (0.40<puncsp> </puncsp><<puncsp> </
puncsp>DI<0.77); and  (4)  collapse  damage
(0.77<puncsp> </puncsp><<puncsp> </puncsp>DI).
Figure 12 shows clearly that the damage index in y di-
rection (DI,) is larger than that in x direction (DIL). More-
over, compared to DI, DI, experiences an obvious increasing
trend with the increase of earthquake intensity, especially
from 0.60 g to 0.96 g PGA. These results can be ascribed to the
effect of resonance, which happened in the y direction during
the earthquake excitation, and the specimen is more ven-
erable in y direction than that in x direction. However,
numerical results show that almost no damage (DI<0.1)
happens in both x and y directions when subjected to the
PGA below 0.96 g of earthquakes. Therefore, it illustrates that
the seismic performance of specimens can withstand more
severe earthquakes (e.g., PGA >0.96 g for this specimen or
PGA >0.32g for prototype linked to the similarity rela-
tionships) (Table 2). Moreover, this numerical result also
proves the experimental result detailed in Section 3.1.

6. Parameters Analysis

Due to the acceleration limits of shake tables, the maximum
earthquake intensities used by shaking table tests were no
more than 0.96 g PGA. Therefore, the seismic responses and
damage level of specimen under more severe earthquakes
(e.g, PGA >0.96g) were still unclear. To address this
challenge, parameters analyses with different earthquake
intensities (i.e., from 1.05 g to 1.95 g) were conducted using
this validated FE model. The numerical results can be
beneficial to safer seismic design of the corresponding
prototype pier linked to the similarity relationships
(Table 2).

6.1. Acceleration. Figure 13 gives the comparison of the
maximum absolute acceleration (in x and y directions) when
the specimen is subjected to different earthquake intensities
(from 1.05g to 1.95g). Numerical results show that the
accelerations at the top of specimen increase with the in-
crease of earthquake intensity. Specifically, the maximum
absolute acceleration increases from 1.4g to 2.3g (x di-
rection) and 2.3 g to 3.2 g (y direction). Moreover, due to the
difference in bending stiffness between the specimen in x
and y directions (i.e., EI,<EI,)), the maximum absolute
acceleration at the top of specimen in y direction (A,) is
larger than that in x direction (A,). This result means that the
vibration of specimen is more easily affected in the y di-
rection when subjected to an earthquake.
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Maximum acceleration (g)
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—@— y direction

FiGure 13: Comparison of maximum acceleration under different
earthquake excitations.
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Ficure 14: Comparison of acceleration increase ratio under dif-
ferent earthquake excitations.

In addition, to study the effect of earthquake intensity on
the acceleration response, the ratio of maximum absolute
acceleration recorded at the top of the specimen in the x or y
directions (i.e., A or A)) to the PGA (Ag) is used and
denoted as R, (Ax/Ag) (or Ry, (Ay/Ag)). The calculation
result (Figure 14) shows that both R4, and Ry, experience a
decreasing trend with the increase of earthquake intensity
(from 1.05g to 1.95 g). This can be reasonably explained by
the fact that the earthquake damage of this specimen de-
veloped with the increase of earthquake intensity. Therefore,
the bending stiffness of specimen in both x (EI,) and y (EIL)
directions is reduced, resulting in a decreasing trend in Ry,
and R,,. However, due to the effect of resonance (discussed
in Section 3.3), the earthquake damage of specimen in y
direction is larger than that in x direction. Therefore,
compared to a tiny decrease in R4, (from 1.3 to 1.2), a
relatively obvious decreasing trend can be found in R4,
(from 2.2 to 1.6).

11
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—@— y direction

FIGURE 15: Comparison of maximum absolute displacement (in x
and y directions) at the top of specimen.
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FIGURE 16: Variation of specimen damage indices with earthquake
intensity.

6.2. Displacement. The comparison of maximum absolute
displacement at the top of when subjected to the earthquakes
(from 1.05g to 1.95g PGA) is studied (Figure 15) in this
section. It can be seen that the maximum absolute dis-
placement in y direction (D,) is larger than that in x di-
rection (D,). To be specific, the maximum absolute
displacement increases from 4.9 mm to 7.2mm in x direc-
tion and from 9.2 mm to 14.2 mm in y direction. Numerical
results show that the displacement in y direction is about
twice that in x direction and therefore, seismic protection
(e.g., prevention of girder falling off) of this specimen should
pay more attention to the displacement response in y di-
rection (transverse).

6.3. Earthquake Damage Level. Figure 16 illustrates the
damage level of specimen subjected to these earthquakes
(PGA from 1.05g to 1.95 g). It shows clearly that both DI,
and DI, experience an increasing trend with the increase
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of earthquake intensity. However, the damage level of this
specimen is different in x and y directions. To be specific,
the specimen in x direction shows no or slight damage
(DI<0.1) when the earthquake intensity increases from
1.05g to 1.65g, while repairable damage (0.1< DI<0.4)
can be found in y direction within this intensity range.
Finally, repairable and unrepairable damage can be seen in
x and y directions, respectively, as the earthquake in-
tensity increases to 1.95g PGA. Numerical results dem-
onstrate the different damage level of specimen under
these earthquake excitations and therefore, researchers
can take good use of these findings for better earthquake
design or protection of this type of HSRB pier in the
future.

7. Conclusions

9 scaled high-speed railway bridge pier specimens with
rounded rectangular cross section were conducted and
tested under the experimental earthquake excitations
(0.45g, 0.60g, and 0.96g, according to the similarity
relationship illustrated in this work). The acceleration,
displacement, and change of natural frequency of speci-
mens were observed from the tests. Moreover, FE model
of specimens was established and validated by the ex-
periments. The hysteretic behavior and damage level of
specimens under these earthquakes were also studied
using FE model. In addition, parameter analyses were
conducted using this validated FE model to study the
seismic performance and damage level of this specimen
under more severe earthquake intensities (from 1.05g to
1.95¢g). To be specific, the following conclusions can be
drawn from this study:

(1) The experimental results show that the change of first
natural frequency of specimen before and after all
earthquake scenarios was not obvious (about 6.8%
and 8.3% for x and y directions, respectively).
Therefore, this specimen remains slightly damaged
for all experimental earthquake scenarios (from
0.45g to 0.96 g).

(2) Finite element (FE) model of specimens was estab-
lished and validated. Parameter analyses with more
severe earthquake intensities (from 1.05g to 1.95g)
were also conducted using validated FE model.
Results show that the maximum absolute accelera-
tion at the top of specimen increases from 1.4¢g to
2.3 g (transverse direction) and 2.3g to 3.2g (lon-
gitudinal direction). Moreover, the maximum ab-
solute displacement increases from 4.9mm to
7.2mm (transverse direction) and from 9.2 mm to
14.2mm (longitudinal direction). All these numer-
ical results show that the effect of earthquake in-
tensity to the earthquake response of specimen in
longitudinal direction is more obvious than that in
transverse direction. Therefore, the vibration of
specimen is more easily affected in the longitudinal
direction and seismic design should pay attention to
this.

Advances in Civil Engineering

(3) Numerical results demonstrate the different damage
level of specimen under severe earthquake excita-
tions (from 1.05g to 1.95g). Specifically, the speci-
men in transverse direction shows no or slight
damage (DI<0.1), while repairable damage (0.1<
DI <0.4) can be seen in longitudinal direction as the
earthquake peak ground acceleration increases from
1.05 g to 1.65g. Finally, repairable and unrepairable
damage can be seen in transverse and longitudinal
directions, respectively, as the earthquake intensity
increases to 1.95g.
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