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Abstract: The dynamic characteristics of a continuous rigid-frame bridge with fabricated super-high
piers (CRFB-FSP) connected by grouting sleeves and adjacent continuous beam bridges (AB) are
significantly different, and they are prone to pounding under earthquake excitation. At present, the
pounding response between the CRFB-FSP and AB is still unclear, and the impact of the pounding
on the seismic performance of a CRFB-FSP is still in the exploratory stage. In this study, two
1/20 scaled models of a CRFB-FSP (MB) and a cast-in-place AB were designed and manufactured.
Then, according to the research purpose and the output performance of the shaking table, three
each of non-long-period (NLP) ground motions and near-fault pulse-type (NFPT) ground motions
were selected as the inputs of the excitation shaking table test. The peak ground acceleration (PGA)
changes from 0.5 g to 1.5 g. According to the similarity ratio (1/20), the initial gap between the MB
and AB was taken as 7 mm (prototype design: 140 mm). Furthermore, the longitudinal pounding
response between the CFRB-FSP and AB, as well as its influence on the seismic performance of the
CFRB-FSP, was systematically investigated through a shaking table test and finite element analysis
(FEA). The results showed that the pounding with the CRFB-FSP easily caused a persistent pounding,
which may increase the damage risk of the pier. The peak pounding force under the NFPT ground
motion was more significant than under the NLP ground motion, whereas the pounding number
under the NFPT ground motion was smaller. The peak pounding force increased with the increase in
the initial gap, pounding stiffness, span, and pier height. With and without pounding, the CRFB-FSP
reflected higher-order mode participation (HMP) characteristics. After pounding, under the NFPT
excitation, the HMP contribution increased significantly compared with that of the without pounding
condition, while this effect under the NLP excitation was smaller. The peak displacement of the main
beam of the CRFB-FSP increased with the increase in the main beam span, pier height and initial gap.
The peak bending moment of the pier bottom increased with the increase in the main beam span and
initial gap, however, decreased with the increase in the pier height. Moreover, the peak displacement
of the main beam and the peak moment of the pier bottom of the CRFB-FSP both reduced. In contrast,
the corresponding seismic response of the AB increased under the same conditions.

Keywords: continuous rigid-frame bridge with fabricated super-high piers connected by grouting
sleeves; higher-order mode; shaking table test; OpenSees; pounding
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1. Introduction

A continuous rigid-frame bridge with super-high piers (CRFB-SP) has a superior
space spanning ability and is very competitive with other bridge types in mountainous
areas [1]. However, the environment and ecology are relatively fragile in mountainous areas.
Therefore, the environmental and ecological protection has become a prominent problem
in the current construction of cast-in-place bridges [2]. Moreover, a long cast-in-place
construction period will significantly increase the possibility of CRFB-SP being subjected
to accidental events, such as earthquakes, strong wind, and mudslides, since the whole
system of CRFB-SP is not formed during the construction process. The resistant capacity
of the CRFB-SP is relatively poor subjected to accidental events during the construction
periods, especially in the cantilever stage [3]. The continuous rigid-frame bridge with
fabricated super-high piers (CRFB-FSP) has the advantages of being cost effective, green,
low-carbon, and environmentally friendly [4]. It is a development trend to construct
CRFB-FSP replacing CRFB with cast-in-place super-high piers. However, CRFB-FSP is
generally adjacent to a simply supported beam bridge or a continuous beam bridge in
mountainous areas. Since the dynamic characteristics of the CRFB-FSP (MB) and AB are
significantly different, they are prone to pound under the action of an earthquake [5,6].

In view of the significant impact of the pounding on the local damage and seismic
performance of adjacent structures, scholars have carried out a series of studies on the
pounding response and pounding effect on adjacent structures. For numerical analy-
sis, Chen et al. [7], conducted a nonlinear time-history analysis of the pounding response
between the inclined bridge and the abutment. The results showed that the longitudinal dis-
placement and rotation angle increased with the increase in the skew angle. Zheng et al. [8],
explored the pounding response law of curved bridges under near-fault ground motions
based on an OpenSees platform. The results showed that the shear force of the bridge piers
increased after considering the pounding. Zhao et al. [9], explored the impact of spatial
ground motion on the pounding response of fabricated bridges by establishing a numerical
model of the whole bridge with low fabricated piers. The results showed that compared to
cast-in-place piers, the ground motion considering the spatial variation may cause more
serious pounding damage to fabricated piers. Additionally, they [10] compared the pound-
ing response laws of adjacent structures with different frequency ratios through numerical
simulation analysis. The results showed that the maximum displacement response was
generated when the frequency ratio was 1; the maximum pounding force was generated
when the frequency ratio was 1.414. Shen et al. [11], studied the transverse pounding
response of suspension bridges through numerical simulation. The results showed that
under large-intensity earthquakes, the pounding between the beam and tower legs would
significantly increase the seismic demands of the tower legs. Guo et al. [12], established a
finite element model of a typical hybrid truss-girder bridge and studied the impact of the
wave passage effect on pounding. The results showed that for this type of long-span girder
bridge, even if the vibration period of adjacent bridges is similar, pounding may occur due
to the influence of the wave passage effect. In addition, Wang, Jiao, and Leila et al. [13–15],
also studied the pounding response of adjacent structures through numerical simulation.
In view of the serious impact of pounding on the seismic performance of bridges, Jia and
Zhou et al. [16,17], suggested using dampers or adjusting the bearing parameters to avoid
the pounding.

Compared with the numerical analysis, the experimental study of the seismic perfor-
mance of bridges considering pounding is more complicated. The existing experimental
studies on the pounding response and influence of an entire bridge were almost entirely on
cast-in-place bridges. Saidi et al. [18], used a continuous bridge to study the influence of
the main girder-abutment interaction. The results showed that the pounding between the
main girder and the abutment resulted in a large in-plane rotation of the main girder and
significant residual displacement of the piers. Kun [19] studied the response of pounding
between a straight bridge, two skewed bridges (skew angle: 30◦/45◦), and the abutments
through shaking table tests. The results showed that for the straight bridges and 30◦ skewed
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bridges, the pounding with the abutment reduced the longitudinal relative displacement
of the main beam; for 45◦ skewed bridges, the pounding increased the longitudinal relative
displacement of the main beam. Bo et al. [20], used an artificial plastic hinge to simulate
the plastic deformation of a pier and studied the inelastic pounding response of adjacent
structures through the shaking table test. The results showed that the rotation number
of the plastic hinge may increase under a pounding condition. Li et al. [21], explored
the pounding response law of a 1/10 scale curved bridge model with longitudinal slope
through shaking table tests. The results showed that the peak pounding force increased
with the increase in the initial gap. Yang et al. [22], studied the seismic response of bridges
with rocking footings through the shaking table test. The results showed that this type of
bridge may generate a larger maximum bending moment than the fixed-base bridge under
pounding conditions. For prefabricated bridges, the seismic performance of fabricated
bridge piers was widely investigated [23–26], and the recent findings preliminarily verified
that the prefabricated piers also had good seismic performance, especially the prefabricated
piers connected by grouting sleeves [27–29].

It can be seen from the existing literature that the current research results of the adjacent
pounding response and impact are still concentrated on bridge structures with medium
and low piers, and most of them are concentrated on cast-in-place bridges. The grouting
sleeve connection can be introduced in the prefabricated super-high piers. However,
the research on the adjacent pounding response and impact of fabricated bridges with
fabricated super-high piers, especially connecting by grouting sleeves, is scarce.

In view of this, this paper designed and manufactured scaled models of a CRFB-FSP
(MB) and a cast-in-place adjacent bridge (AB) with a similarity ratio of 1/20. Firstly, the
seismic performance of CRFB-FSP was investigated through shaking table tests, particularly
the higher-order mode participation characteristics of the CRFB-FSP. Furthermore, the
OpenSees finite element software was used to establish the overall nonlinear finite element
model (FEM), considering the pounding between the MB and AB, and was verified based
on the results of the pounding tests. Then, the pounding response and pounding effect
between the MB and AB were systematically analyzed, particularly the influence law of
initial gap, pounding stiffness, span, pier height on the above pounding response and
pounding effect.

2. Experimental Design
2.1. Bridge Model Design

The prototype bridge in this test was a continuous rigid-frame bridge with cast-in-
place super-high piers and its approach bridge (cast-in-place two-span continuous-girder
bridge) located in a high-intensity area. The span of the continuous rigid-frame bridge with
cast-in-place super-high piers (MB) was 88 + 166 + 88 m; the main beam was a single-box
single-room concrete section. The main beam adopted a quadratic curve change from the
root section (beam height: 8 m) to the middle (end) section (beam height: 3.5 m). The
beam width was 12 m. C55 concrete was used. The piers were a reinforced concrete
hollow thin-walled pier with variable section (piers height: 100 m). C40 concrete was used.
The beam-end bearings of the MB were unidirectional sliding bearings. The vertical and
horizontal bearing capacities were 40 × 103 kN and 6 × 103 kN, respectively. The friction
coefficient was 0.02. The main beam of the AB was the same as the end section of the
MB. C55 concrete was used. The piers were double-column piers (piers height: 27 m and
28 m). C40 concrete was used. The beam-end bearings of the AB were similar to that of the
MB. The vertical and horizontal bearing capacities were 15 × 103 kN and 2.25 × 103 kN,
respectively. The middle of the AB was a fixed bearing. The vertical and horizontal bearing
capacities were 30 × 103 kN and 4.5 × 103 kN, respectively. The structural dimensions
of the prototype bridge are shown in Figure 1. The pier heights of the MB and AB are
significantly different, shown in Figure 1, which may easily cause pounding between the
CRFB-SP and the adjacent bridges under earthquake excitation.
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Figure 1. Structural dimensions of prototype bridge (mm). (a) Overall schematic of prototype
bridge (m). (b) Pier top section (mm). (c) Pier bottom section (mm). (d) Section of main beam end
(middle) (mm). (e) Section of main beam root (mm).

As mentioned in the introduction, grouting sleeve has the advantages of a simple
structure, good connection performance and it is economical [27–29]. Accordingly, based
on the design parameters of the prototype bridges, we designed a fabricated bridge model,
also based on the research results of the seismic performance of fabricated concrete piers
connected with grouting sleeves [25,30]. In practical application, the grouting sleeves
prestressing combined connection method for super-high piers has been proposed by the
authors, shown in Figure 2. The multi-configuration prefabricated pier wall and the cast-in-
place bearing platform are connected by grouting sleeves; the vertical multi-configuration
prefabricated pier wall segments are connected by grouting sleeves, while the horizontal
ones are connected by local cast-in-place nodes and annular prestressed tendons. This
kind of prefabricated super-high pier can effectively improve the effectiveness of segments
connection and the integrity of fabricated components, and was selected as the prototype
of the prefabricated model pier.

In this study, the geometric dimensions of the bridge model comprehensively consider
the following factors, including the main research focus, the bearing capacity of the shaking
table, the convenience of construction, as well as the economy. Accordingly, the bridge
model adopted a hybrid design that satisfied the following conditions [31], which (1) can
reflect the dynamic response law of the prototype bridge; (2) is applicable to the shaking
table; (3) is convenient for design and construction; (4) is economical.

The bearing capacity of the shaking table is 100 kN × 1.0 g. Based on the trial
calculation of the design similarity coefficients, the geometric scale of the bridge model was
determined to be 1/20. Subsequently, the other similarity coefficients of the bridge model
were all determined and shown in Table 1.

In addition, the scholars have found that the pounding response between the MB
and AB is mainly affected by the dynamic characteristic properties of the MB and AB [21].
Accordingly, to keep the test or simulation condition of pounding more coincident and
representative, the similarity of the basic dynamic characteristics of the MB and AB was
selected as the main design principle of the bridge model. In other words, the similarity
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of overall basic static stiffness of the CRFB-FSP and the AB (discussed in Section 4.3.1) is
selected as design principle of the bridge model.

Figure 2. Design schematic of prefabricated super-high piers.

Table 1. Similarity coefficients of bridge models.

Physical Quantity Dimension Similarity Coefficient

Length [L] SL = 1/20
Linear displacement [L] Sδ = SL = 1/20
Modulus of elasticity [ML−1T−2] SE = 1

Density [ρ] Sρ = 1
Equivalent mass density [ρ0] Sρ0 = 4

Force [MLT−2] SF = 1/400
Time [T] ST = 0.1

Frequency [T−1] Sf = 1/St = 10
Acceleration [LT−2] Sa = 5

Quality [M] Sm = SF/Sa = 0.0005

(1) CRFB-FSP models

According to the above experimental design principles, the prototype bridge (MB)
was simplified into a “T”-shape. The total height of the “T”-shaped structure was 5.5 m,
including 0.3 m for the main beam, 5 m for the pier, and 0.2 m for the bearing platform. The
main beam was a linearly changing single-box single-room concrete section (root height:
300 mm; end height: 175 mm). The width was 600 mm. The pier was a hollow thin-walled
section with a unified cross-section size (370 mm × 400 mm; wall thickness: 70 mm). The
materials of each part of the bridge model were the same as that of the prototype bridge [32].
Along the height of the pier body, GT14 grouting sleeves (a total of five sleeve connection
areas) were set at intervals of 1 m for the connection of pier segments. In order to artificially
counterweight the piers, high-strength screw rods were evenly arranged along the height of
the pier to fix the additional mass block. Due to the limitations of the laboratory conditions,
the bearing platform was made of steel, with a section size of 720 mm × 720 mm × 200 mm.
The reinforcement configuration information of the MB is listed in Table 2, and a schematic
is shown in Figure 3a.
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Table 2. Reinforcement information of bridge models.

Bridge Model Component Concrete

Longitudinal Reinforcement Stirrup

Reinforcement Reinforcement
Ratio (%)

Standard Stirrup
(Encrypted within 1.0 m

from the Bearing Platform)
Stirrup Ratio (%)

Main bridge (MB)
Main beam C55 6 3.1 Φ6@135 1.2

Pier body C40 14 2.1 Φ6@80
(Φ6@70)

1.9
(2.1)

Adjacent bridge (AB)
Main beam C55 6 3.1 Φ6@135 1.2

Pier body C40 14 2.9 Φ6@80
(Φ6@70)

2.3
(2.5)

Figure 3. Dimensions of bridge model (mm). (a) CRFB- FSP. (b) AB.

(2) Adjacent bridge model

The design principles and methods of the AB bridge model were similar to those of
the MB. The AB model was a cast-in-place “T”-shaped structure with a total height of 5.5 m
(0.175 m for the main beam; 4 m for the pier; and 1.325 m for the bearing platform). The
main beam was a single-box single-room concrete section (height: 175 mm; width: 600 mm).
The pier was a hollow thin-walled section (section size: 280 mm × 310 mm; wall thickness:
47 mm). The reinforcement and concrete parameters of each component of the AB were the
same as those of the MB. In order to manually counterweight the piers, the same setup as
the MB bridge model was arranged. The bearing platform was similar to that of the MB,
with a section size of 720 mm × 720 mm × 1325 mm. The reinforcement information is
listed in Table 2, and a schematic is shown in Figure 3b.

2.2. Material Properties

To verify the material properties of each component, the mechanical properties of the
materials used for the bridge model were tested on the shake table test date. The test results
are shown in Table 3, according to which, the mechanical properties of all materials met the
design requirements.

Table 3. Material characteristics.

Material Category Grade d (mm) fc, fy (MPa) ft, fu (MPa) E (MPa)

Concrete
C40 / 46.7 2.6 34,300
C55 / 55.1 3.8 34,400

Reinforcement
HRB400 6 (14) 455.1 (459.5) 589.3 (597.1) 208,000
HPB300 6 418.3 580.2 206,000

Grouting sleeve GT14 40 / 557.2 /
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2.3. Layout of Measurement Points

To obtain the dynamic response of the key positions of the bridge model, strain sensors,
laser displacement sensors, acceleration sensors, and wire-pull displacement gauges were
arranged along the pier height. A force sensor was arranged at the end of the main beam of
the MB (range: 20 t). The laser displacement measuring points of the CRFB-FSP MB were
arranged every 1 m along the pier height in the direction of the ground motion excitation.
The acceleration measuring points were arranged in the same way. The strain sensors
were arranged on the bottom, middle, and top of the longitudinal bars, the middle of the
pier bottom grouting sleeves, and the bottom and top areas of the concrete outer surfaces,
respectively. The specific layout of the measuring points is shown in Figure 4. The shaking
table test layout is shown in Figure 5. The main test sensors are shown in Figure 6.

Figure 4. Layout of measuring points of bridge model. (a) CRFB-FSP MB. (b) RC AB.

Figure 5. Shaking table test.
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Figure 6. Test sensor. (a) Acceleration sensors. (b) Force sensor. (c) Strain sensors. (d) Wire-pull
displacement gauges.

2.4. Test Cases

Based on the seismic category of the prototype bridge (Class A) and the site type
(Site B), the response spectrum was generated according to the Specifications for Seismic
Design of Highway Bridges (JTG/T 2231-01-2020). The relevant ground motions were
selected from the PEER database for the shaking table tests, including three each of the NLP
and NFPT ground motions (NFPTTP≈T1 , T1 is the first-order mode period of the longitudinal
bridge of the prototype bridge, referred to as NFPT). The selected ground motions were
compressed according to the similarity theory as test seismic waves. The selected ground
motions are shown in Table 4. The comparison between the selected ground motions and
the design response spectrum is shown in Figure 7. As Figure 7 shows, near the first-order
period (T1 = 3.38 s) point of the prototype bridge, the selected NLP ground motion response
spectrum value was basically consistent with the design response spectrum value. The
mean square error was 5.5%. In the vicinity of the second-order and third-order periodic
points, the mean square error was relatively large (27.5% and 15.1%, respectively). The
NFPT response spectrum value near the characteristic period point was much larger than
the design response spectrum value, which was related to its long period characteristic.

Table 4. Detailed parameters of ground motions.

Site Category Ground Motion Type Ground Motion Fault Distance (km) Tp (s) PGA (g)

B

NLP
RSN503 56.7 - 0.037
RSN40 129.1 - 0.041
RSN55 111.3 - 0.012

NFPT
RSN171 0.07 3.42 0.317
RSN292 6.7 3.27 0.227
RSN983 0.1 3.53 0.571

Figure 7. Comparison between the selected ground motions and the design response spectrum.
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2.5. Test Condition Design

During the test, the ground motions were input along the longitudinal direction,
according to the test conditions listed in Table 5. According to the similarity ratio, when the
PGA input to the bridge model was 1.5 g, it was equivalent to a PGA input to the prototype
bridge of 0.3 g. According to the design of the prototype bridge, the initial gap between the
CRFB-FSP and AB was taken as 140 mm; according to the similarity ratio (1/20), it was
7 mm in the test.

Table 5. Shaking table test conditions.

Ground Motion Type Ground Motion PGA (g)

White noise White noise 0.05
NLP RSN503, RSN40, RSN55

0.5, 1.0, 1.5NFPT RSN292, RSN983, RSN171
White noise White noise 0.05

3. Test Results
3.1. Pounding Force

Figure 8 shows the time-history curve of the pounding force (Pf ) between the CRFB-FSP
and AB bridge models under typical ground motions with PGA = 1.5 g.

Figure 8. Time-history curve of the main beam pounding force. (a) RSN55 NLP. (b) RSN292 NFPT.

As Figure 8 shows, under the excitation of RSN55 and RSN292, the peak Pfs of
CRFB-FSP were 5.9 kN and 13.2 kN; the pounding numbers were 4 and 3, respectively. The
pounding may increase the damage risk and degree of the main beam and pier, which is
consistent with the previous studies [14,21]. In addition, the pounding with the CRFB-FSP
easily caused a persistent pounding, which may aggravate the damage of the bridge,
especially for the seam joint at the pier bottom of the CRFB-FSP.

3.2. Displacement

Figures 9 and 10 show the displacement time-history curves of the CRFB-FSP model at
1/5 H, 4/5 H, and H (pier top, H = 5 m) from the pier bottom under typical ground motions.

Figure 9. RSN55 (NLP) displacement time-history curve. (a) Without pounding PGA = 1.5 g. (b) With
pounding PGA = 1.5 g.
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Figure 10. RSN171 (NFPT) displacement time-history curve. (a) Without pounding PGA = 1.5 g.
(b) With pounding PGA = 1.5 g.

As Figures 9 and 10 show, with and without pounding conditions, the displacements
of the 1/5 H, 4/5 H, and H were in positive and negative directions of the baseline
(displacement was 0) at the same time. This indicated that under the NLP and NFPT
excitations, the higher-order mode contributed significantly to the displacement response
of the super-high pier. The peak displacement of the pier top (main beam) under different
ground motions was satisfied: LdNLP < LdNFPT, which is consistent with the results of
Shen [33]. Previous studies indicated that the peak displacement was mainly dominated
by the first-order mode [31]. However, from the above analysis, it can be observed that
the HMP has an influence on the displacement in the off-peak displacement section. To
further explore the effects of the higher-order mode, Table 6 shows the statistics of the
characteristic time segments with HMP (time duration with HMP, which defined as the
time duration that the displacements at typical pier heights were not on the same side of
the center line of the pier), when the PGA = 1.5 g. The characteristic time segment was
defined as the cumulative time of the displacement direction at 1/5 H being reversed to the
displacement direction at 4/5 H and H.

Table 6. Statistics of the characteristic time segments of the CRFB-FSP model under various test conditions.

Ground Motion PGA/g

Characteristic Time Segments
CRFB-FSP

Without Pounding With Pounding
Cumulative Duration/s Cumulative Duration/s

NLP
(RSN55)

1.5
0.38 0.51

NFPT
(RSN171) 0.66 1.04

As Table 6 shows, with and without pounding conditions, the HMP under the NFPT
excitation (without pounding: 0.66 s; with pounding: 1.04 s) was larger than that under the
NLP excitation (without pounding: 0.38 s; with pounding: 0.51 s). When considering the
pounding, under the NFPT excitation, the HMP contribution to the displacement increased
significantly (+0.38 s, +57.6%), compared with the without pounding condition; meanwhile,
this effect under the NLP excitation (+0.13 s, +34.2%) was smaller. This is because the NFPT
ground motions often contain opposing and asymmetric velocity pulses [34]. When the
NFPT positive pulse was input from the base, due to the large height of the super-high
pier, the response of the pier top area lagged behind relative to the pier bottom area. This
resulted in a significant phase difference in the displacement response.

Figure 11 shows the typical mode shapes of the bridge model with high-order modes
significantly participating in the dynamic response, which were obtained by the Fourier
cross correlation analysis of the dynamic response at different pier heights [21,31].
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Figure 11. The mode shapes of the bridge model with high-order modes significant participation.
(a) Under the RSN55 excitation with pounding. (b) Under the RSN171 excitation with pounding.

As shown in Figure 11, the high-order mode significantly participated in the dynamic
response of the pier of the bridge model. That was, the displacements at 1/5H, 4/5H and
H were on different sides of the baseline (center line of the pier).

3.3. Bending Moment Curvature

Figure 12 shows the M-ϕ curve of the pier bottom section of the CRFB-FSP model with
and without pounding (the section of the upper edge of the grouting sleeves was selected
as the pier bottom section for the CRFB-FSP).

Figure 12. M-ϕ curve of pier bottom with and without pounding of the CRFB-FSP. (a) PGA = 1.0 g.
(b) PGA = 1.5 g.

As Figure 12 shows, when PGA ≤ 1.0 g, the bridge model was in an elastic state, and
the pier basically did not consume energy. When PGA = 1.5 g, the bridge model showed
distinct elastic–plastic characteristics, and the pier began to consume energy. Considering
the pounding, the bending moment of the pier bottom of the CRFB-FSP reduced, which
was related to the pounding limiting the dynamic response of the MB to a certain extent.
For example, under the NLP excitation, the peak bending moment of the pier bottom
of the CRFB-FSP was reduced by 9.9% (no pounding: 53.4 kNm; pounding: 48.1 kNm),
as similarly observed by Zheng [8]. Furthermore, the reduction rate under the NFPT
excitation was relatively large compared to that under the NLP excitation. For example,
under the NFPT excitation, the peak bending moment of the pier bottom of the CRFB-FSP
was reduced by 16.5% (no pounding: 110.4 kNm; pounding: 92.2 kNm). This is because
under the NFPT excitation, the pounding force between the MB and AB was relatively
large. Accordingly, the constraint effect on the CRFB-FSP was more significant compared to
that under the NLP excitation. On the other hand, the order of the peak bending moment
of the pier bottom was satisfied: MNLP < MNFPT. This is because the long-period structures
were sensitive to long-period ground motions. The NFPT ground motion was a long-period
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ground motion and carried a large amount of energy. The energy was input to the structure
in a short time, resulting in a dynamic amplification effect [33,35].

4. Finite Element Analysis (FEA)
4.1. Finite Element Model (FEM)

To clarify the HMP characteristics of the CRFB-FSP, as well as the pounding response
and pounding effect between the MB and AB, nonlinear finite element models (FEMs) of
the prototype bridges need to be established. OpenSees has the advantages of efficient
and practical algorithms, high modeling and calculation efficiency, and excellent pro-
grammability [36,37]. It is widely used in finite element analysis for seismic performance
of structures [8–10], which is recommended by the Network for Earthquake Engineer-
ing Simulation (NEES) and the Pacific Earthquake Engineering Research Center (PEER).
Accordingly, the nonlinear finite element models (FEMs) of the prototype bridges were
established by OpenSees.

Since the main beam of a bridge generally maintains an elastic state, while the super-
high piers are likely to be in an elastic–plastic state, the main beam of the CRFB-FSP was
simulated by an Elastic Beam Column element with the elastic modulus of 3.55 × 104 MPa.
The pier segments were simulated by a Force-Based Beam-Column element. The plastic
hinges of the element were simulated by the Fiber Section. A Zero Length Section element [30]
was used to simulate the segment joints. Steel02 was used to simulate the reinforcement.

As shown in Figure 13a, the Concrete01 model was used to simulate the cover and
confined concrete of the segment joints without considering the tensile strength. For this
model, the simulation concrete cannot bear any tensile load. On the contrary, the stress-
strain of the compression part is based on the Kent-Park [38] model and consists of three
parts: the parabola ascending section, the oblique straight line descending section, and
the flat straight line residual section [36]. The Concrete01 model can effectively simulate
the mechanical propertied of the segment joints. As shown in Figure 13b, the Concrete02
model assumes that the tensile elastic modulus of the concrete maintains constant before
cracking. After cracking, a part of the simulation concrete between two adjacent cracks
can still bear a certain tensile stress due to the bonding effect of the concrete. Therefore,
the tensile stress-strain curve of the Concrete02 model adopts a linear ascending section
and a linear descending section before and after the concrete cracking. Moreover, the
Concrete01 and Concrete02 models are formed in basis of the concrete model of Kent-
Park [38,39]. The compression stress-strain curve of the Concrete02 model is similar to
that of the Concrete01 model. After reaching the compression peak point, the stress-strain
curve of the Concrete02 model descends in the oblique straight line and then remains stable.
Therefore, the Concrete02 model was used to simulate the cover and confined concrete of
the pier segments considering the tensile strength. In summary, the Concrete01 model and
Concrete02 model can effectively simulate the post-peak behavior of concrete with different
mechanical properties, respectively. According to previous research [38,40], the mechanical
properties of the concrete materials used for the bridge model are shown in Table 7.

Figure 13. Stress-strain relation for the concrete model. (a) Concrete01 model. (b) Concrete02 model.
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Table 7. Concrete mechanical parameters of C40.

Concrete of C40 f pc/MPa epsc0 f pcu/MPa epscu f t/MPa Ets/MPa

Concrete01

cover
concrete −21.2 −0.0020 −4.2 −0.0035 - -

confined
concrete −26.2 −0.0025 −5.2 −0.0190 - -

Concrete02

cover
concrete −21.2 −0.0020 −4.2 −0.0035 2.4 1625

confined
concrete −26.2 −0.0025 −5.2 −0.0190 2.6 1625

In this study, the grouting sleeves connection area was set every 5 m along the pier
height. Elastic Uniaxial Material was used to simulate the grouting sleeves. The annular
prestressing tendons was simulated by Truss element and Steel02 constitutive relationship.
The main bridge pier–girder connection was simulated by a Rigid Link beam. The sliding
bearings of the MB and the end of AB were simulated by a Zero Length element and
Hysteretic nonlinear spring. The fixed bearing in the middle of the AB adopted similar
elements and materials to the sliding bearing.

The simplified Hertz-Damp model was used to simulate the pounding, and the
calculation of the relevant parameters of the model can be found in the literature [5,8]. The
model parameters used in this study were calculated as follows: Kt1 was 2.42 × 108 N/mm,
Kt2 was 5.44 × 107 N/mm, and δy was 2 mm. In addition, based on the research focus
mentioned in the abstract, it was assumed that the pounding only occurs at the geometric
center of the main beam. The FEM of the CRFB-FSP (MB) and the two-span continuous
girder bridge (AB) are shown in Figure 14.

Figure 14. Schematic diagram of the FEM of the MB and AB considering pounding.

4.2. Test Condition and Test Cases

Three different spans were selected for the FEMs: 45 + 70 + 45 m (main span 70 m,
mp-70), 72 + 120 + 72 m (main span 120 m, mp-120), and 88 + 166 + 88 m (main span 160 m,
mp-160). To concentrate the analysis of variables, the AB parameters were consistent with
the prototype AB. The initial gap between the CRFB-FSP and AB was taken as 140 mm.
The test conditions are listed in Table 8.

Two ground motions were selected for each of the NLP and NFPT (TP ≈ T1, the
corresponding ground motions were selected according to the basic period of each MB
in test conditions 1–12). The selection method was the same as that in Section 2.4. The
PGA was chosen as 0.5 g, which was denoted as an E2 earthquake of 8-degree seismic
fortification intensity.
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Table 8. Structural parameter analysis condition table.

PGA/g Parameter Type Condition Pier Height/m Mp-/m Initial Gap/mm Pounding Stiffness

0.5

Pounding parameters
1

100 166
70 0.2 k

2 140 0.5 k
3 280 1.0 k

Structural parameters

4
100

70

140 0.5 k

5 120
6 166
7

130
70

8 120
9 166

10
160

70
11 120
12 166

4.3. FEM Verification
4.3.1. Frequency

To verify the validity of the FEM and parameter selection, the CRFB-FSP (MB) and
RC AB bridge model (scale ratio was 1/20), as well as the CRFB-FSP (MB) and RC AB
prototype bridge (scale ratio was 1/1), were built using the method described in Section 4.1.
Table 9 shows the experimental and FEA results of the initial frequency of the MB and AB.

Table 9. Initial frequency comparison between the experimental and FEA results of the MB and AB.

Bridge Mode Order Test Bridge Model (1/20) (Hz) FEA (Hz)
Bridge Model (1/20) Prototype Bridge (1/1)

CRFB-FSP MB
(RC AB)

1 2.83
(4.05)

2.91
(4.25)

0.295
(0.423)

2 18.68
(30.13)

19.05
(31.55)

1.901
(3.152)

3 51.03
(57.80)

51.59
(59.93)

5.202
(5.997)

As shown in Table 9, the maximum frequency error rates between the FEA (MB + AB,
1/20; MB + AB, 1/1) and the experimental results were 4.7% (1/20) and 4.4% (1/1; this
error was calculated by the similarity ratio of 10/1), respectively. The FEA results were in
good agreement with the experimental results.

4.3.2. Displacement

In order to be similar to the shaking table test, the continuous ground motion was
synthesized to obtain the dynamic response of the cumulatively damaged FEM. Each
ground motion consisted of a combination of two identical ground motions and a 5 s
zero-peak ground motion. The front and following ground motions were the same ground
motion with different amplitudes (as shown in Figure 15). The front ground motion was
input to the initial FEM to obtain the damaged FEM. Then, the following ground motion
was input to obtain the dynamic response of the damaged FEM.

Figure 16 shows the displacement time-history curves of the CRFB-SFP main beam of
the FEA (scale ratio was 1/20) and the test bridge model, under the pounding condition
(RSN40 excitation; PGA = 1.5 g). As Figure 16 shows, they were in good agreement (test:
15.2 mm; FEA: 15.9 mm; error rate: 4.6%). For further comparison, Table 10 gives the exper-
imental and FEA results of the mean peak displacement of the main beam under various
test conditions. As shown in Table 10, the maximum error rate between the experimental
and FEA (scale ratio was 1/20) results was 5.9%; the maximum error rate between the
experimental and FEA (scale ratio was 1/1) results was 5.4% (calculated by the similarity
ratio of 1/20). The FEA results were in good agreement with the experimental results.
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Figure 15. Combined ground motion. Note: A1 was the PGA of the front testing ground motion;
A2 was the PGA of the following testing ground motion, and A2 = A1 + 0.5 g).

Figure 16. Displacement time-history curve of main beam.

Table 10. Comparison between the experimental and FEA results of the mean peak displacement of
the main beam.

Ground Motion PGA/g Test Bridge Model
(1/20)/mm

FEA/mm
Bridge Model (1/20) Prototype Bridge (1/1)

NLP
0.5 5.3 5.5 114.0
1.0 7.8 7.9 162.1
1.5 13.5 13.2 278.1

NFPT
0.5 13.4 12.7 262.1
1.0 21.8 20.5 422.2
1.5 38.8 37.6 790.4

4.3.3. Pounding Force

Figure 17 shows the typical pounding force time-history curves of the CRFB-SFP main
beam from the FEA (scale ratio was 1/20) and the test. As Figure 17 shows, the FEA
results of the pounding number (test: 4; FEA: 4) and peak pounding force (test: 5.9 kN;
FEA: 6.4 kN; error rate +8.5%) were in good agreement with the experimental results. The
FEA also showed the persistent pounding characteristic. For further comparison, Table 11
gives the experimental and FEA results of the mean peak pounding force under various
test conditions. As shown in Table 11, the maximum error rate between the experimental
and FEA (scale ratio was 1/20) results was 9.8%; the maximum error rate between the
experimental and FEA (scale ratio was 1/1) results was 9.4% (calculated by the similarity
ratio of 1/400). The results met the analysis requirements. The large error rate of the
pounding force may be related to the different pounding conditions between the experiment
and the FEA.
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Figure 17. Time-history curve of the main beam pounding force (under the RSN55 with the
PGA = 1.5 g). (a) Test result. (b) FEA result.

Table 11. Comparison between the experimental and FEA results of the mean peak pounding force
of the main beam.

Ground Motion PGA/g Test Bridge Model
(1/20)/kN

FEA/kN
Bridge Model (1/20) Prototype Bridge (1/1)

NLP
0.5 1.5 1.6 639.5
1.0 2.7 2.5 1009.4
1.5 5.7 6.0 2419.1

NFPT
0.5 2.9 2.7 1050.3
1.0 4.8 5.1 2060.8
1.5 11.2 12.3 4901.5

In summary, the FEA results were in good agreement with the experimental results.
The FEMs can be used to study the pounding response and pounding effect between the
CRFB-FSP and AB. To more intuitively reflect the dynamic response characteristics of the
prototype bridge, the FEM of the prototype CRFB-FSP and prototype AB were used to
conduct the FEA in the subsequent sections.

4.4. FEA Results
4.4.1. Initial Gap and Pounding Stiffness

(1) Pounding force

Figure 18 shows the variation in the mean peak pounding force of the CRFB-FSP main
beam with the initial gap and pounding stiffness.

Figure 18. Mean peak pounding force of the CRFB-FSP main beam. (a) under NLP excitation.
(b) under NFPT excitation.
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As Figure 18 shows, the peak pounding force of the main beam increased with the
increase in the initial gap and pounding stiffness. For example, under the NFPT excitation
with a pounding stiffness of 0.2 k, the peak pounding force with an initial gap of 140 mm
and 280 mm increased by 4.1% and 8.2%, respectively, compared to that with an initial
gap of 70 mm, as similarly observed by Li et al. [21]; under the NFPT excitation with an
initial gap of 70 mm, the peak pounding force with a pounding stiffness of 0.5 k and 1 k
increased by 36.7% and 63.3%, respectively, compared to that with a pounding stiffness of
0.2 k. However, the pounding may not occur when the initial gap was significant.

(2) Displacement

Figure 19 shows the variation in the mean peak displacement of the CRFB-FSP main
beam with the initial gap and pounding stiffness (the displacement response law of pier
top was close to the main beam).

Figure 19. Mean peak displacement of the CRFB-FSP main beam. (a) under NLP excitation. (b) under
NFPT excitation.

As Figure 19 shows, the peak displacement of the main beam increased slightly with
the increase in the initial gap. For example, under the NFPT excitation with a pounding
stiffness of 0.5 k, the peak displacement with an initial gap of 140 mm and 280 mm increased
by 2.5% and 5.9%, respectively, compared to that with an initial gap of 70 mm. However,
the peak displacement was not sensitive to the pounding stiffness, which is consistent with
the previous research [10]. For example, under the NFPT excitation with an initial gap of
140 mm, the peak displacement with a pounding stiffness of 0.5 k and 1 k increased by 0.9%
and 0.7%, respectively, compared to that with a pounding stiffness of 0.2 k.

(3) Bending moment

Figure 20 shows the variation in the mean peak bending moment of the pier bottom of
the CRFB-FSP with the initial gap and pounding stiffness.

As Figure 20 shows, the peak bending moment of the pier bottom increased slightly
with an increase in the initial gap. This is because the rotation of the pier increased as the
gap increased, but the change in gap size from 70 mm to 280 mm was quite small compared
to the bridge sizes, so the bending moment does not change significantly with the change
in gap size. For example, under the NFPT excitation with a pounding stiffness of 0.2 k,
the peak bending moment of the pier bottom with an initial gap of 140 mm and 280 mm
increased by 2.0% and 3.0%, respectively, compared to that with an initial gap of 70 mm.
However, the peak bending moment of the pier bottom was not sensitive to the pounding
stiffness change, which is consistent with the previous research [10]. For example, under
the NFPT excitation with an initial gap of 140 mm, the peak bending moment of the pier
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bottom with a pounding stiffness of 0.5 k and 1 k increased by 0% and 0.9%, respectively,
compared to that with a pounding stiffness of 0.2 k.

It should be pointed out that the above results do not mean that a small gap of
expansion joints or even no expansion joints can be set between practical adjacent bridges.
A small gap size of expansion joints or even no expansion joints may obviously increase
the secondary stresses of temperature change.

Figure 20. Mean peak bending moment of the pier bottom of the CRFB-FSP. (a) under NLP excitation.
(b) under NFPT excitation.

4.4.2. Span and Pier Height

(1) Pounding force

Figure 21 shows the variation in the mean peak pounding force of the CRFB-FSP main
beam with the changes in the span and pier height.

Figure 21. Mean peak pounding force of the CRFB-FSP main beam. (a) under NLP excitation.
(b) under NFPT excitation.

As Figure 21 shows, the peak pounding force of the main beam increased with the
increase in the span and pier height. For example, under the NLP excitation with a pier
height of 100 m, the peak pounding force with a span of 120 m and 166 m increased by 19.4%
and 33.3%, respectively, compared to that with a span of 70 m; under the NLP excitation
with a span of 120 m, the peak pounding force with a pier height of 130 m and 160 m
increased by 23.3% and 48.8%, respectively, compared to that with a pier height of 100 m.
This is because the initial stiffness of the CRFB-FSP decreased as the span and pier height
increased [33]. The difference in the displacement response between the CRFB-FSP and AB



Sustainability 2022, 14, 11334 19 of 26

increased. Further, the “intrusion displacement” between the CRFB-FSP and AB increased,
and the pounding force increased.

(2) Displacement

Figure 22 shows the variation in the mean peak displacement of the CRFB-FSP main
beam with the changes in the span and pier height.

As Figure 22 shows, the peak displacement of the main beam increased with the
increase in the span and pier height. For example, under the NFPT excitation with a pier
height of 130 m, the peak displacement with a span of 120 m and 166 m increased by
16.2% and 33.9%, respectively, compared to that with a span of 70 m; under the NFPT
excitation with a span of 120 m, the peak displacement with a pier height of 130 m and
160 m increased by 19.5% and 36.9%, respectively, compared to that with a pier height of
100 m. This is because the initial stiffness of the CRFB-FSP decreased with the increased
span; meanwhile, the mass of the main beam increased. Accordingly, the displacement of
the main beam increased. Moreover, the initial stiffness of the bridge decreased with the
increased pier height, and the high-flexibility characteristic was more significant.

Figure 22. Mean peak displacement of the CRFB-FSP main beam. (a) under NLP excitation. (b) under
NFPT excitation.

Figure 23 shows the typical displacement time history curve of the main beam of the
CRFB-FSP. Figure 24 shows the typical variation in the mean peak displacement of the
main beam of the CRFB-FSP with different pier heights and spans.

As shown in Figure 23, under the RSN55 excitation with a span of 120 m, the peak
displacement with a pier height of 160 m increased by 31.0%, compared to that with a
pier height of 100 m; under the RSN55 excitation with a pier height of 100 m, the peak
displacement with a span of 166 m increased by 27.5%, compared to that with a span of
70 m. As Figure 24 shows, compared with the no pounding condition, the mean peak
displacement of the main beam was reduced after considering the pounding. The reduction
rate increased with the increase in the span and pier height. For example, under ground
motion excitations with a pier height of 130 m, the reduction rate with a span of 166 m
increased by 16.6% compared to that with a span of 70 m; under ground motion excitations
with a span of 120 m, the reduction rate with a pier height of 160 m increased by 13.7%
compared to that with a pier height of 100 m. Further, the reduction rate under the NFPT
excitation was larger than that under the NLP excitation. This is because the pounding
force increased with the increase in the span and pier height. In addition, the pounding
force under the NFPT excitation was larger than that under the NLP excitation. The greater
the pounding force, the more significant the constraint on the main beam of the CRFB-FSP.
It should be noted that, after considering the pounding, the peak displacement of the main
beam of the AB increased, because the pounding force had a restraining effect on the MB
and a driving effect on the AB. As the span of the MB increased, the driving effect was
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more obvious. The growth rate of the displacement of the AB increased with the increase in
the span and pier height of the MB. The growth rate under the NFPT excitation was larger
than that under the NLP excitation.

Figure 23. The displacement time history of the CRFB-FSP main beam under the NLP (RSN55)
excitation. (a) Main span of 120 m with pier height of 100 m. (b) Main span of 120 m with pier height
of 160 m. (c) Pier height of 100 m with main span of 70 m. (d) Pier height of 100 m with main span
of 166 m.

Figure 24. Peak displacement mean response of the main beam. (a) Pier height of 130 m. (b) Span
of 120 m.

(3) Bending moment

Figure 25 shows the variation in the mean peak bending moment of the pier bottom of
the CRFB-FSP with the changes in the span and pier height.

As Figure 25 shows, the peak bending moment of the pier bottom increased with the
increase in the span. For example, under the NFPT excitation with a pier height of 130 m,
the peak bending moment of the pier bottom with a span of 120 m and 166 m increased by
16.6% and 34.9%, respectively, compared to that with a span of 70 m. It should be noted that
the recent findings on medium and low piers indicated that the peak bending moment of
the pier bottom increased with the increase in the pier height [22]. However, from Figure 25,
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it can be observed that the peak bending moment of the pier bottom decreased with the
increase in the pier height. For example, under the NFPT excitation with a span of 120 m,
the peak bending moment of pier bottom with a pier height of 130 m and 160 m decreased
by 8.6% and 16.8%, respectively, compared to that with a pier height of 100 m. This is
because for bridges with middle and low piers, the bending moment of the pier bottom
and the pier top displacement are closely related. They were mainly controlled by the
first-order mode [31]. While, for bridges with for super-high piers, the bending moment
of the pier bottom was jointly affected by the multi-order modes. With the increase in
the pier height, the high-flexibility characteristics of the bridge and the HMP were more
significant (especially when the structure entered the elastic–plastic stage). The bending
moment direction of the pier bottom section (and the pier body section) caused by each
mode was not the same, which led to a more complex variation law of the peak bending
moment of the pier bottom section.

Figure 25. Mean peak bending moment of the pier bottom of the CRFB-FSP. (a) under NLP excitation.
(b) under NFPT excitation.

Figure 26 shows the typical bending moment time history curve of the pier bottom
of the CRFB-FSP. Figures 27 and 28 show the typical M-ϕ curves with and without the
pounding with a main beam span of 166 m.

Figure 26. The bending moment time history of the pier bottom of the CRFB-FSP under NFPT
excitations. (a) Main span of 166 m with pier height of 100 m. (b) Main span of 166 m with pier height
of 160 m. (c) Pier height of 100 m with main span of 70 m. (d) Pier height of 100 m with main span
of 166 m.
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Figure 27. M-ϕ curve with a pier height of 100 m. (a) Pier bottom. (b) Pier middle. (c) Pier top.
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Figure 28. M-ϕ curve with a pier height of 160 m. (a) Pier bottom. (b) Pier middle. (c) Pier top.
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As shown in Figure 26, under the NFPT excitation with a span of 166 m, the peak
bending moment of pier bottom with a pier height of 160 m decreased by 18.2%, compared
to that with a pier height of 100 m; under the NFPT excitation with a pier height of 100 m,
the peak bending moment of the pier bottom with a span of 166 m increased by 41.3%,
compared to that with a span of 70 m. As Figures 27 and 28 show, compared with the no
pounding condition, the bending moment of the MB decreased after the pounding. The
reduction rate increased with the increase in the span and pier height, and the reduction rate
under the NFPT excitation was greater than that under the NLP excitation. For example,
when the pier height was 100 m and 160 m, the bending moment of the pier bottom
decreased by 12.9% and 17.5%, respectively. The reasons were similar to those described
in Section 4.4.2. In addition, compared with the no pounding condition, the pier bottom
bending moment of the AB increased after the pounding. The growth rate increased with
the increase in the span and pier height of the MB (maximum growth rate: +18.2%), and
the growth rate under the NFPT excitation was greater than that under the NLP excitation.

In summary, in the seismic design of super-high piers, attention should be paid to the
bending moment demands of super-high piers which may increase with the decrease in
the pier height. In addition, the pounding will reduce the peak displacement of the main
beam and the peak bending moment of the pier bottom of the CRFB-FSP (MB). However,
the corresponding seismic response of the AB increased under the same conditions, which
should not be ignored in engineering practice. Moreover, the influence of spatial variation in
ground motions on the pounding response and effect of CRFB-FSP, the seismic performance
of CRFB-FSP with other types of fabricated connections (e.g., socket connection, hybrid
connection), as well as the establishment of seismic design methods for CRFB-FSP need to
be addressed in future studies.

5. Conclusions

In this study, the longitudinal pounding response between the CRFB-FSP and AB, its
influence on the seismic performance of the CRFB-FSP and AB, as well as the higher-order
mode participation (HMP) characteristics of the CRFB-FSP were systematically investigated
through the shaking table test and finite element analysis (FEA). The following conclusions
were drawn.

1. The peak pounding force under different ground motions was satisfied: Pf NLP < Pf NFPT.
However, the pounding number under the NFPT excitation was relatively small. The
peak pounding force increased with the increase in the initial gap, pounding stiffness,
span, and pier height. In addition, the CRFB-FSP was prone to persistent pounding,
which may increase the damage risk of the prefabricated super-high pier.

2. With and without poundings, the CRFB-FSP reflected higher-order mode participation
(HMP) characteristics, and the HMP under the NFPT excitation was larger than
that under the NLP excitation. When considering the pounding, under the NFPT
excitation, the HMP contribution increased significantly compared with that of the
without pounding condition, while this effect under the NLP excitation was smaller.
When the high-order mode significantly participates the dynamic response of the pier,
the displacements at different pier heights will be on different sides of the center line
of the pier.

3. The peak displacement of the pier top and peak bending moment of the pier bottom
of the CRFB-FSP slightly increased with the increase in the initial gap. However, the
pounding stiffness had no obvious effect on them. The peak displacement of the main
beam (pier top) of the CRFB-FSP increased with the increase in the main beam span
and pier height. The peak bending moment of the pier bottom increased with the
increase in the main beam span but decreased with the increase in the pier height.
After pounding, the peak displacement of the pier top and the peak bending moment
of the pier bottom of the CRFB-FSP were reduced, especially when the span and pier
height increased and under the NFPT ground motions. In contrast, the corresponding
seismic response of the AB increased under the same conditions.
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Nomenclature

CRFB-SP continuous rigid-frame bridge with super-high piers
CRFB-FSP continuous rigid-frame bridge with fabricated super-high piers
AB adjacent continuous beam bridge (approach bridge)
MB main bridge
NLP non-long-period
NFPT near-fault pulse-type
FEA finite element analysis
FEM finite element model
PGA peak ground acceleration
HMP higher-order mode participation
GT grouting sleeve
PEER Pacific Earthquake Engineering Research Center
Pf pounding force
Ld longitudinal displacement
Mp main span
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