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The present study investigated the influence of key design parameters on the seismic performance of prefabricated precast
assembled piers’ connection parts to better adapt to the industrialized construction of prefabricated precast assembled pier
connected using grouting sleeves. Relying on a prefabricated assembled bridge in the actual project, the ABAQUS software was
used to establish a refined solid finite element model of prefabricated assembled piers connected with grouting sleeves. Numerical
simulation analysis was conducted for the piers with low circumferential reciprocating loading. The seismic performance of the
prefabricated assembled piers was evaluated in terms of hysteresis characteristics, dissipation characteristics, and damage devel-
opment. The effects of the length of the grouting sleeve and the diameter of the longitudinal reinforcement on the seismic
performance were also investigated. The maximum error between the numerical simulation results and the test results was
5.7%, and the plastic region of the precast assembled pier obtained from the numerical simulation was consistent with the test
results, indicating that the numerical simulation method is accurate and reliable. When the length of the grouting sleeve increased
from 0.6 to 1.2m, the yield load, peak load, and dissipation of energy of prefabricated assembled piers increased by 11.6%, 10.9%,
and 11.4%, respectively; no significant change in residual displacement; ductility coefficient decreased by a small amount. When the
longitudinal reinforcement diameter increased from 20 to 50mm, prefabricated assembled piers yield load, peak load, and
dissipation increased by 99.6%, 89.3%, and 218.9%, respectively, whereas the residual displacement increased by 137.3%, and
the ductility coefficient decreased more. Increasing the length of the grouting sleeve or increasing the diameter of longitudinal
reinforcement improved the stiffness of the piers, causing the piers to displace less and damage less under the same force, but the
residual displacement would increase.

1. Introduction

With the implementation and execution of the green highway
construction concept, it is necessary to develop a prefabricated
assembled bridge structural system to adapt to the industrialized
construction technology of “factory prefabrication+ on-site
installation” to improve the production efficiency and guarantee
the quality of the construction, and reduce the environmental
effect of highway construction. The prefabricated assembled
bridge has the advantages of a short construction period, green
environmental protection, high safety, strong applicability to
complex environments, and minimal effect on the surrounding
environment, and its expanding application scope is one of the
important trends in the development of the construction

industry [1–7]. However, the application of prefabricated assem-
bled bridges in earthquake-prone areas is minimal, and many
countries only use prefabricated assembled bridges in low-
intensity areas because the seismic theory of assembled bridges
is not yet perfect.

The connection forms of precast assembled bridges
include primarily grouting sleeve connection, grouting bel-
lows connection, socket connection, and prestressing tendon
connection, with the grouting sleeve connection being one of
the most widely used connection methods. Different connec-
tion methods between the components of precast assembled
bridges lead to modifications to the mechanical model of the
bridges; there are significant differences in their response and
damage modes under the effect of earthquakes. For

Hindawi
Journal of Sensors
Volume 2024, Article ID 6938870, 13 pages
https://doi.org/10.1155/2024/6938870

https://orcid.org/0000-0003-0118-3876
https://orcid.org/0009-0008-0471-7830
mailto:ligwin@126.com
https://creativecommons.org/licenses/by/4.0/


conventional monolithic concrete bridges, when an earth-
quake occurs, concrete cracking, spalling, and reinforcement
yielding appear at the top or bottom of the pier, and the
connection parts of each component are prone to tensile
cracks. By contrast, in precast assembled bridge piers during
earthquakes, openings are formed in the joints between the
various components, the concrete crushes at the contact
parts of the components when the compressive stress at
the joints is too large, and the damage is concentrated pri-
marily on the pier parts. Therefore, our study focused on the
seismic performance of the pier part on prefabricated assem-
bled bridges [8, 9].

Scholars have focused on prefabricated assembled bridges
through proposed static tests, shaking table tests, numerical
simulation analysis, and theoretical analysis to clarify the seis-
mic performance and damage mode of prefabricated assem-
bled bridges. The first damaged part during earthquakes is the
part of the bridge pier connecting with the pier and the cover
girder, and the damagemode is the ductile damage dominated
by the bending damage. The seismic performance of prefab-
ricated assembled piers is affected by the reinforcement rate,
concrete strength, axial pressure ratio, pier aspect ratio, and
other factors [10–23]. When a prefabricated assembled bridge
uses a socket connection, the embedded depth of the socket
structure is different, and the prefabricated precast assembled
pier damage mode is not the same. When the depth of burial
is equal to double the diameter of the columns, socket pier
bearing capacity and cast-in-place piers are the same, but the
energy-consuming capacity and displacement ductility are
not as good as the cast-in-place piers. When the burial depth
is one and a half times the diameter of the columns, the socket
pier bearing capacity, energy consumption capacity, and duc-
tility are better than cast-in-place piers [24]. When prefabri-
cated assembled piers use the grouting sleeve connection,
their seismic performance is determined by the location of
the grouting sleeve, grout strength, grouting sleeve length, and
other factors. When the grouting sleeve is located at the top of
the bearing platform, the response of the precast collocated
bridge under seismic action is consistent with that of a con-
ventional monolithic bridge. When the grouting sleeve is
located at the bottom of the pier, the prefabricated assembled
bridge has greater stiffness but worse ductility, and the energy
dissipation capacity of both is close to that of the conventional
monolithic pier [25, 26]. To improve the seismic performance of
prefabricated assembled bridges and reduce the damage of pre-
fabricated assembled bridges under seismic action, researchers
have taken a series of measures: adding prestressing tendons in
the pier, adding carbon fiber cloth outside the pier, and adding
dampers and built-in rubber mats. Stacked rubber mats in pre-
cast assembled piers effectively reduce localized concrete damage
and increase the energy-consuming capacity of the bridge pier
[17, 27, 28].

Current research on precast assembled piers has focused
primarily on optimizing connection mode, comparison of
different connection modes, and damage modes. However,
less research has been conducted on the effect of connection
parameters of the grouting sleeve on its mechanical proper-
ties and seismic performance. The use of grouting sleeve

connection piers and pier with too small steel bar diameter,
insufficient anchorage length, or too short sleeve leads to low
precast assembled pier bearing capacity and no solid connec-
tion, thereby producing a large gap or even separation in piers
and pier, whereas the use of grouting sleeve connection piers
and pier with too large steel bar diameter or too long sleeve
results in high cost and material waste. Therefore, based on
the proposed static force method to impose horizontal recip-
rocating displacement on the bridge pier, through the control
variables to study the grouting sleeve length, rebar diameter
on the grouting sleeve-connected precast assembled pier seis-
mic performance and damage development of the effect of the
precast assembled pier, for the precast assembled pier design
to provide reference and theoretical basis.

2. Numerical Analysis

The present study considered an assembled bridge in the
Jining Inner Ring Elevated and Connection Project as a pro-
totype. The dimensions of the bridge are shown in Figure 1.
The grouting sleeve was located at the bottom of the pier,
with a length of 800mm, an outer diameter of 95mm, an
inner diameter of 40mm, a longitudinal reinforcement with
a diameter of 40mm, and reinforcement bars at the two ends
extending into the sleeve by 400mm. The arrangement of the
reinforcement bars and grouting sleeves is presented in
Figure 2.

2.1. Numerical Simulation Program. To study the seismic
performance of assembled piers, we analyzed the effect of
sleeve length and rebar diameter on the seismic performance
and damage development.We established a bridge pier model
based on the control variable method using finite element
software ABAQUS to analyze the seismic performance of
assembled piers. Numerical simulation program specimen
parameters were set, as revealed in Table 1. The specimen
piers, cover beams, and bearing platforms were the same
size, assembled pier by the pier, cover beams, bearing
platforms, grouting sleeve, reinforcing steel five parts of the
specimen sleeve length and reinforcing steel diameter are
listed in Table 1. Group B specimens (Specimens A, B1, B2,
and B3) were used to study the effect of sleeve length on the
seismic performance of the assembled pier, whereas Group C
specimens (Specimens A, C1, C2, and C3) were used to study
the effect of reinforcing bar diameter on the seismic
performance of the assembled pier.

2.2. Unit Types and Material Architecture.During the model-
ing process, the piers, cover beams, bearing platforms, rein-
forcement, and sleeves were modeled using 3D solid units.
The concrete components, such as piers, cover beams, and
bearing platforms, and the steel components, such as rein-
forcement and sleeves, were simulated using the eight-node
hexahedral linear shrinkage integral unit (C3D8R).

The concrete grade used for piers was C50, the concrete
grade used for cover girders and bearing platforms was C35,
the sleeve material was high-strength ductile iron, and the rein-
forcement grade was HRB400. The grouting sleeve adopted the
ideal elasticitymodel, with a density of 7,800 kg/m³, amodulus of
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elasticity of 2.1× 105MPa, and a Poisson’s ratio of 0.3. The
reinforcing steel adopted an ideal elastic–plastic model, with a
density of 7,850 kg/m³, an elastic modulus of 2.1×105MPa, a
Poisson’s ratio of 0.3, and a yield strength of 450MPa. Concrete
material selected the concrete damaged plasticity [29], with a
density of 2,450 kg/m³, an elastic modulus of 3.25×104MPa,
and a Poisson’s ratio of 0.2; the remaining parameters of the
concrete material are shown in Table 2.

2.3. Contact Definition and Meshing. When performing
ABAQUS simulation calculations, the selection of the contact
relationship between the model components and the mesh
division are crucial factors for the convergence and accuracy of
the numerical simulation. Therefore, the appropriate contact
relationship must be chosen based on the contact situation
and contact material between the components. Under
earthquake action, the bottom of the bridge pier and the
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FIGURE 1: Dimensional detail of precast assembled pier (unit: m): (a) main view; (b) side view.
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FIGURE 2: Detailed drawing of grouting sleeve arrangement form (unit: mm).

TABLE 1: Specimen parameters.

Specimen A B1 B2 B3 C1 C2 C3

Length of sleeve (h/m) 0.8 0.6 1.0 1.2 0.8 0.8 0.8
Diameter of reinforcement (D/mm) 40 40 40 40 20 30 50
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bearing platformwill slip between the selected surface-to-surface
contact relationship. In the actual project, the rebar and the
sleeve, through the combination of high-strength nonshrink
cement grout, according to the actual situation of modeling,
will lead to higher computational costs and convergence
difficulty; therefore, in the modeling process, the rebar and
sleeve through the high-strength nonshrink cement grout
connection was simplified to a steel grout connection, and
then the contact relationship was simplified to a steel grout
connection. The cement grout connection was simplified to
rebar and sleeve contact, considering a small slip between the
rebar and sleeve under seismic action, and the surface-to-surface
contact relationship was selected for simulation. The contact
relationship was used to stimulate between the pier and the
cover beam. There was no relative slip between the rebar,
sleeve, pier, and bearing platform, so the embedded region
contact relationship was used. The embedded region contact
relationship was also used, as there was no relative slip
between the reinforcement, pier, and bearing platform. In the
modeling process, structured grid technology was used to divide
each component into hexahedral cells, and the cell types of each
component were C3D8R linear shrinkage integral cells [30].

2.4. Boundary Conditions and Loading Regime. Boundary
conditions were applied to the model with full restraint at
the bottom of the pier, i.e., limiting displacement and rota-
tion in the x, y, and z directions. Considering the role of the
bridge superstructure, after applying the self-weight effect to
the pier model, a uniform load was applied at the top of the
cover girder to simulate the weight of the superstructure. The
proposed static method was used to simulate the seismic
action by applying a low weekly reciprocating load to the
precast assembled pier. The loading form was displacement

control, and each cyclic process was divided into forward and
reverse displacement loadings. The loading point was at the
center of the left side face of the cover girder, and the loading
direction was in the direction of the transverse bridge. The load-
ing point and the loading direction are displayed in Figure 3.

3. Calibration of Numerical Analysis Results

To verify the reliability of the numerical simulation method,
we referred to the established proposed static test of the
assembled bridge connected using grouting sleeves. A finite
element model of the precast assembled piers in the test was
established based on the modeling method described in this
section. After computing and analyzing the numerical simu-
lation results, the numerical simulation results were com-
pared with the test results.

3.1. Introduction to the Test Program. In order to validate the
numerical simulation method used in this paper [31], the
PCTS specimens from the literature were selected, the speci-
men PCTS was selected as the object of study, and the
dimensions of the pier model are presented in Figure 4.
The arrangement of grouting sleeves and longitudinal rein-
forcement of the pier cross-section is displayed in Figure 5.
The parameters of the steel reinforcement grouting sleeves
and the concrete aligned with the parameters of the test
material; the contact relationship, the mesh delineation
adopted the rules described in this chapter. The loading sys-
tem aligned with the loading system of the test.

3.2. Numerical Simulation Verification. The finite element
model of the precast assembled pier was established, operated,
and analyzed based on the test parameters and the modeling
method. Figure 6 shows the results of the numerical analysis

TABLE 2: Concrete material parameters.

Materials Shear angle k fb0/fc0 Offset Coefficient of viscosity

Concrete 30 0.6667 1.16 0.1 0.0001
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FIGURE 3: Schematic diagram of the loading system: (a) loading direction; (b) loading system.
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of the bridge pier model obtained under the loading regime of
the test and the comparative analysis of the skeleton curve of
the results from established trials, indicating that the numeri-
cal simulation and the skeleton curve obtained from the test
parameters have the same trend, and the values are very close.

A comparison of the strength and deformation charac-
teristic values of the load–displacement curves of the assem-
bled pier model during the loading process is presented in
Table 3, demonstrating that the strength and deformation
characteristic values of the numerical simulation and the test
values were very close. The maximum error between the
simulation results and the test results was 5.7%, indicating
that the results obtained by the numerical simulation are
accurate.

4. Analysis of Influencing Factors

4.1. Sleeve Length

4.1.1. Hysteresis Performance
(1) Hysteresis Curve. The hysteresis curve of Group B speci-
mens (Figure 7(a))—obtained after loading the finite ele-
ment model of Group B specimens—revealed that the
load-carrying capacity of Group B specimens decreased sig-
nificantly after reaching the maximum value. The order from
large to small load-carrying capacity was Specimens C3, C2,
A, and C1 when the displacements were equal, and the load-
carrying capacity of Specimen C3 was larger than that of the
other three specimens with the increase in the displacements.

(2) Skeleton Curve. The shape of the Group B pier model
skeleton curve (Figure 7(b)) was close to the first linear rise,
followed by a slower rate of rise into the plastic phase, and
then began to decline. Group B pier model strength and
deformation characteristics of the numerical values are pre-
sented in Table 4, combined with the skeleton curve of
Group B specimens. Group B pier model reached the peak
load before, i.e., the OP section, the load-carrying capacity
with the increase in displacement. In the Group B pier
model, after reaching the peak displacement, i.e., the PQ
section, the bearing capacity with the displacement increased
and then decreased. Group B pier model in the displacement
was equal to its bearing capacity. The order from large to
small bearing capacity was Specimens B3, B2, A1, and B1.
For Specimens B3, B2, A1, and B1, the yield loads were
12,840.7, 12,318.3, 12,148.7, and 11,500.6 kN, respectively;
the peak loads were 15,300.0, 14,300.0, 1,400.0, 11,500.6
kN, respectively; the yield displacements were 33.06, 32.57,
32.10, and 31.41mm, respectively. The peak displacements
were close to each other, i.e., the greater the length of the
grouting sleeve, the maximum load-carrying capacity of the
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precast assembled pier connected using grouting sleeves, and
the length of the grouting sleeve increased from 0.6 to 0.8,
1.0, and 1.2m; its yield load increased by 5.6%, 7.1%, and
11.6%, respectively; its peak load increased by 2.2%, 2.9%,
and 10.9%, respectively; its yield displacement decreased by
1.5%, 2.9%, and 5.0%, respectively. The ultimate displacement
was close, but the increase in the grouting sleeve length
decreased the ductility coefficient of the precast assembled pier.

(3) Cumulative Energy Dissipation. From the cumulative
hysteretic energy dissipation of the Group B pier model
(Figure 7(c)), the cumulative hysteretic energy dissipation
of the Group B pier model increased with the increase in
loading displacement. During the loading process, the order
from the weakest to the strongest energy dissipation capacity
of the Group B pier model was B1, A1, B2, and B3, and the
cumulative energy dissipation of B1, A1, B2, and B3 was
25,437.0, 26,513.6, 26,690.8, and 28,332.5 kNm, respectively.
Therefore, the longer the length of the grouting sleeve, the
stronger the energy dissipation capacity of grouting sleeve-
connected assembled piers. The highest cumulative energy
dissipation was 28,332.5 kNm. When the length of the grout-
ing sleeve was increased from 0.6 to 0.8, 1.0, and 1.2m, the
cumulative dissipated energy of the grouting sleeve increased
by 4.2%, 4.9%, and 11.4%, respectively. The longer the length
of the grouting sleeve, the stronger the energy dissipation
capacity of the precast assembled pier connected using grout-
ing sleeves, and the safer the bridges will be under seismic
action.

(4) Residual Displacement. From the residual displace-
ments of Group B specimens (Figure 7(d)), the residual dis-
placements of Group B pier models increased with the
increase in loading displacement. The length of the grouting
sleeve did not have a significant effect on the residual dis-
placements of the precast assembled pier connected using the
grouting sleeve.

4.1.2. Damage Mechanism. The damage mechanism of the
bridge pier mainly included stress development and plastic
region development. Group B pier model peak displacement
was around 60mm. Therefore, when analyzing the damage
mechanism of the assembled bridge pier, the stress cloud and
plastic region cloud were extracted when the forward dis-
placement of the pier model reached 60mm for the first time.

(1) Stress Development. From the stress cloud diagram of
the Group B pier model (Figure 8), the Group B pier model
in the displacement loading process at the top of the pier, the
pier lower grouting sleeve upper region, and the bottom of
the pier appeared stress concentration; grouting sleeve length
changes, only the pier lower grouting sleeve upper region of

the stress concentration area with the change, the remaining
two stress concentration area unchanged.

(2) Plastic Region Development. From the plastic region
cloud diagram of the Group B pier model (Figure 9), the
plastic region of the upper and lower part of pier model B1
was the largest and the lowest position, and the plastic region
of the middle part of the pier was the smallest, and the plastic
region of the upper and lower part of pier model B3 was the
smallest and the highest position, and the plastic region of
the middle part of the pier was the largest. The plastic region
of the lower part of the pier of the assembled bridge pier was
above the grouting sleeve and increased with the increase in
the length of the grouting sleeve, and the area of its plastic
region decreased with the increase in the length of the grout-
ing sleeve, but the area of the plastic region of the central part
of the pier increased with the increase in the length of the
grouting sleeve.

4.2. Reinforcement Diameters

4.2.1. Hysteresis Performance
(1) Hysteresis Curve. The operation analysis was based on the
numerical simulation method to establish the finite element
model. From the hysteresis curve of the Group C pier model
(Figure 10(a)), the hysteresis curves of the Group C pier
model were in the shape of steps.

(2) Skeleton Curve. From the skeleton curve of the Group
C pier model (Figure 10(b)), the skeleton curve shape was
close to the first linear rise, which then entered the plastic
phase. The rise speed became slower, which then began to
decline. In the loading process, the order of large to small
pier model bearing capacity was C3, A1, C2, and C1. From
Group C pier model strength and deformation characteris-
tics (Table 5) combined with the skeleton curve of Group C
specimens, the bearing capacity of Group C bridge pier
model before reaching the peak load increased with the
increase in displacement; after reaching the peak load, the
bearing capacity decreased with the increase in displacement.
The yield loads of bridge pier models C3, A1, C2, and C1
were 15,328.2, 12,148.7, 9,515.1, and 7,678.2 kN, respectively;
the peak loads were 17,000.0, 14,100.0, 11,400.0, and 8,980.0
kN, respectively; the yield displacements were 21.66, 25.73,
32.57, and 35.47mm, respectively. The larger the diameter of
the longitudinal reinforcement bars, the greater the yield
loads, peak loads, yield displacements, and peak displace-
ments of the precast assembled pier connected using grouted
sleeves. When the diameter of longitudinal reinforcement
was increased from 20 to 30, 40, and 50mm, the yield load
increased by 23.9%, 58.2%, and 99.6%, respectively; the peak
load increased by 26.9%, 57.0%, and 89.3%, respectively; the

TABLE 3: Numerical values of strength and deformation characteristics obtained from tests and numerical simulations.

Test results Numerical simulation results Inaccuracies (%)

Yield force (kN) 323.1 338.7 4.8
Yield displacement (mm) 40.6 38.5 5.2
Ultimate force (kN) 364.3 385.3 5.7
Limit displacement (mm) 207.2 195.9 5.4
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FIGURE 7: Hysteresis performance curves of Group B pier model: (a) hysteretic curve; (b) skeleton curve; (c) cumulative energy dissipation; (d)
residual displacement.

TABLE 4: Group B pier model strength and deformation characteristics of numerical value.

Specimen Load direction
Yield Ultimate

Ductility factor
Force (kN) Displacement (mm) Force (kN) Displacement (mm)

B1
Positive 11,696.8 33.06 13,800.0 59.95 5.93
Negative 11,500.6 28.46 13,500.0 58.41 7.52

A
Positive 11,907.0 32.57 14,100.0 59.80 5.72
Negative 12,148.7 30.15 13,900.0 58.66 7.04

B2
Positive 11,205.1 32.10 14,200.0 59.42 5.48
Negative 12,318.3 31.96 14,000.0 59.70 7.02

B3
Positive 12,231.1 31.41 15,300.0 59.48 5.39
Negative 12,840.7 31.14 14,900.0 59.45 6.98
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FIGURE 8: Stress cloud of Group B pier model displacement loaded to 60mm: (a) Specimen B1; (b) Specimen A; (c) Specimen B2;
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FIGURE 9: Plastic region cloud of Group B pier model displacement loaded to 60mm: (a) Specimen B1; (b) Specimen A; (c) Specimen B2;
(d) Specimen B3.
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FIGURE 10: Hysteresis performance curves of Group C pier model: (a) hysteretic curve; (b) skeleton curve; (c) cumulative energy dissipation;
(d) residual displacement.

TABLE 5: Group C pier model strength and deformation characteristics of numerical value.

Specimen Load direction
Yield Ultimate

Ductility factor
Force (kN) Displacement (mm) Force (kN) Displacement (mm)

C1
Positive 7,515.5 21.66 8,800.0 44.90 9.18
Negative 7,678.2 18.67 8,980.0 39.42 10.79

C2
Positive 9,097.2 25.73 11,400.0 43.99 7.03
Negative 9,515.1 21.11 11,100.0 58.78 10.09

A
Positive 11,907.0 32.57 14,100.0 59.80 5.72
Negative 12,148.7 30.15 13,900.0 58.66 7.04

C3
Positive 14,965.4 38.05 17,000.0 59.87 5.61
Negative 15,328.2 35.47 17,000.0 59.82 6.70
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yield displacement increased by 18.8%, 50.4%, and 63.7%,
respectively. The peak displacement also increased, but the
coefficient of ductility decreased.

(3) Accumulated Energy Dissipation. The cumulative hys-
teretic dissipation energy (Figure 10(c)) of Group C speci-
mens revealed that the cumulative hysteretic dissipation
energy of Group C pier models increased with the increase
in loading displacement. During the loading process, the
order of weak to strong energy dissipation capacity of Group
C pier models was C1, C2, A1, and C3, and their cumulative
energy dissipation values were 11,447.0, 18,215.8, 26,513.6,
and 36,510.7 kNm, respectively; during the loading process,
the larger the diameter of the reinforcement, the stronger the
energy dissipation capacity of the precast assembled pier
connected using the grouting sleeve, and the more the cumu-
lative dissipated energy; the diameter of the longitudinal
reinforcement increased from 20 to 30, 40, and 50mm,
and the cumulative dissipated energy increased by 59.1%,
131.6%, and 218.9%, respectively.

(4) Residual Displacement. The residual displacement
of the Group C specimen (Figure 10(d)) revealed that the
residual displacement of the Group C pier model increased
with the increase in loading displacement; pier model dis-
placement loaded between 0 and 60mm (OCRC segment),
the descending order of residual displacement of Group C
pier model was C1, C2, A1, and C3, pier model displacement
loaded between 100 and 200mm (SCTC segment), the des-
cending order of residual displacement of Group C pier
model was C3, A1, C2, and C1, loaded to 200mm (TC point),
pier model C1, C2, A1, and C3 residual displacements were
44.6, 67.7, 89.1, and 105.8mm; combined with the skeleton
curve of the bridge pier model of Group C, the relationship
between its bearing capacity and residual displacement
revealed that precast assembled piers in the overall elastic
stage and part of the elastic–plastic stage, before reaching
the ultimate bearing capacity. The smaller the diameter of
longitudinal reinforcement, the greater the residual displace-
ment. When the diameter of the reinforcement increased
from 20 to 30, 40, and 50mm, the residual displacement
decreased by 5.3%, 20.9%, and 30.1%, respectively, after the
precast assembled pier to the plastic stage, in the process of
bearing capacity decrease. The larger the diameter of longi-
tudinal reinforcement, the larger the residual displacement,
and when the diameter of reinforcement increased from 20
to 30, 40, and 50mm, its residual displacement increased by
51.8%, 99.8%, and 137.2%, respectively. The larger the diam-
eter of the longitudinal reinforcement, the larger the residual
displacement of the prefabricated assembled bridge abut-
ment connected by the grouting sleeve after entering the
plastic phase, and the more difficult it was to reset the bridge
after the earthquake, so the diameter of the longitudinal
reinforcement should not be too large when carrying out
the design work of the bridge to prevent the bridge from
being difficult to reset after the earthquake.

4.2.2. Damage Mechanism. The damage mechanism of the
bridge pier includes stress development and plastic region
development in two aspects. Group C pier model reached the

peak load displacement of about 40 and 60mm, so the anal-
ysis of the damage mechanism of the assembled bridge pier
to extract the forward displacement of the pier model for the
first time reached 60mm with the extraction of the stress
cloud map and plastic region cloud map.

(1) Stress Development. From the stress cloud diagram of
the Group C pier model (Figure 11), the Group C pier model
in the displacement loading process stress state close to the
displacement was equal when the Specimen C3 stress is the
largest, Specimens A, C2 followed by the smallest C1, i.e.,
grouting sleeve connected to the precast assembled pier in
the longitudinal reinforcement diameter was larger. In con-
trast, the displacement was the same when the pier’s maxi-
mum stress was greater.

(2) Plastic Region Development. The plastic region cloud
diagram from the Group C pier model (Figure 12) revealed that
displacement was equal; Specimen C1 pier top and bottom had
the most severe damage, the pier body damage was the lightest,
whereas the Specimen C3 pier top and bottom of the damage
was the lightest, the pier body damage was the most serious.
The larger the diameter of the longitudinal reinforcement
in the precast assembled pier connected using grouting sleeves,
the damage at the top of the pier and the lower part of the pier in
the area above the grouting sleeve was decreased, and the con-
crete damage in the body of the pier was aggravated.

5. Discussion

The prefabricated assembled bridge has a good application
prospect because its construction process and assembling
technology have gradually matured; however, only low-
intensity areas apply prefabricated assembled technology
because the prefabricated assembled bridge seismic theory
is not yet perfect. Traditional cast-in-place bridge construc-
tion is completed as a whole; there is no relative displace-
ment between piers, abutments, and cover beams under
seismic action, and its seismic performance is only affected
by a few factors, such as concrete strength, reinforcement
rate, and axial compression ratio. The response of prefabri-
cated assembled bridges connected using grouting sleeves
under seismic action is more complicated, and factors such
as the strength of grouting material, length of grouting
sleeves, and diameter of reinforcement bars also have a
greater effect on seismic performance. Scholars have studied
the seismic performance of prefabricated precast assembled
pier connected using grouting sleeves and clarified their
damage modes and mechanisms. However, the effects of
grout sleeve length, reinforcement diameter, and other fac-
tors on their seismic performance remain unclear. Therefore,
based on the control variable method to establish different
parameters of the prefabricated assembled piers model, we
explored the response of prefabricated assembled piers under
seismic action through the analysis of prefabricated assem-
bled piers in the seismic action of hysteresis performance and
damage mechanism, precise grouting sleeve length, reinfor-
cing bar diameter grouting sleeve connected prefabricated
assembled piers seismic performance of the influence of
the grouting sleeve.

10 Journal of Sensors



Grouting sleeve top

DAMAGEC
(avg: 75%)

+4.360e – 01
+3.997e – 01
+3.634e – 01
+3.270e – 01
+2.907e – 01
+2.544e – 01
+2.180e – 01
+1.817e – 01
+1.453e – 01
+1.090e – 01
+7.267e – 02
+3.634e – 02
+0.000e + 00

ðaÞ

Grouting sleeve top

DAMAGEC
(avg: 75%)

+3.530e – 01
+3.236e – 01
+2.942e – 01
+2.648e – 01
+2.353e – 01
+2.059e – 01
+1.765e – 01
+1.471e – 01
+1.177e – 01
+8.825e – 02
+5.884e – 02
+2.942e – 02
+0.000e + 00

ðbÞ

Grouting sleeve top

DAMAGEC
(avg: 75%)

+4.377e – 01
+4.012e – 01
+3.647e – 01
+3.283e – 01
+2.918e – 01
+2.553e – 01
+2.188e – 01
+1.824e – 01
+1.459e – 01
+1.094e – 01
+7.295e – 02
+3.647e – 02
+0.000e + 00

ðcÞ

Grouting sleeve top

DAMAGEC
(avg: 75%)

+3.956e – 01
+3.626e – 01
+3.297e – 01
+2.967e – 01
+2.637e – 01
+2.308e – 01
+1.978e – 01
+1.648e – 01
+1.319e – 01
+9.890e – 02
+6.593e – 02
+3.297e – 02
+0.000e + 00

ðdÞ
FIGURE 12: Plastic region cloud of Group B pier model displacement loaded to 40mm: (a) test piece C1; (b) test piece C2; (c) test piece A;
(d) test piece C3.
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FIGURE 11: Stress cloud of Group B pier model displacement loaded to 40mm: (a) test piece C1; (b) test piece C2; (c) test piece A; (d) test piece C3.
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The reliability of the numerical simulation method used
in this study was verified by comparing with the existing
tests, relying on the actual project to establish a solid model
of prefabricated assembled piers connected using refined
grouting sleeves, applying low weekly reciprocating load to
the model to simulate the seismic action, analyzing the
response of prefabricated assembled piers under seismic
action, and determining the effects of changing the diameter
of reinforcement bars or the length of grouting sleeves on
hysteresis performance and damage mechanisms of prefab-
ricated assembled piers, so as to provide a reference and
theoretical basis for the optimization of the design of bridges.
However, the results of this study were not perfect because
the proposed static method was not as accurate as the shak-
ing table tests. Because the damage mode simulation of pre-
fabricated piers by the proposed static method was not as
accurate as the shaking table test, the effects of grouting
sleeve length and reinforcement diameter on the seismic
performance of prefabricated piers obtained in this study
were not perfect, especially in terms of the damage mode
of prefabricated piers under seismic action.

6. Conclusions

Through the finite element software ABAQUS to establish a
refined solid model of the precast assembled pier, we applied
low weekly reciprocating load to simulate the seismic action
of the bridge piers, compared the reliability of the numerical
simulation method with the existing test to verify the reli-
ability of the numerical simulation method, analyzed the
seismic performance of assembled piers in terms of hystere-
sis characteristics and damage mechanism, and studied the
influence of the length of the sleeve and the diameter of the
reinforcement bar on the seismic performance of assembled
piers, and obtained the following conclusions:

(1) The maximum error between the numerical simula-
tion results and the values of strength and deforma-
tion characteristics obtained from the test results was
5.7%; the stress concentration area of the precast
assembled pier obtained from the numerical simula-
tion in this paper is completely consistent with the
test results, indicating that the numerical simulation
method in this paper is reliable and feasible.

(2) Increasing the sleeve length can improve the yield
load, yield displacement, peak load, and energy dissi-
pation capacity of the assembled pier, but the peak
displacement and ductility coefficient will be reduced,
and the vulnerable parts of the assembled pier with
the change of the location of the top of the sleeve
changes; sleeve length were increased from 0.6 to
1.2m, the peak load and cumulative dissipated energy
by 10.9% and 11.4%, respectively. The change in the
grouting sleeve length does not cause a significant
difference in the residual displacement, but the pier
ductility coefficient will decrease. Attention should be
paid to the appropriate strengthening of the concrete
strength of the top area of the sleeve to improve

structural safety to improve the seismic performance
of the bridge can be appropriate to increase the length
of the sleeve.

(3) Increasing the diameter of reinforcement can improve
the yield load, peak load, yield displacement, peak
displacement, and energy dissipation capacity of the
assembled pier. However, the residual displacement of
the pier will increase, and the coefficient of ductility
will decrease significantly. When the diameter of
reinforcement was increased from 20 to 30, 40,
and 50mm, the peak load of the assembled pier
increased by 26.9%, 57.0%, and 89.3%, respectively,
and the dissipated energy increased by 59.1%, 131.6%,
and 218.9%. However, their residual displacements
increased by 51.8%, 99.8%, and 137.2%, respectively.
When designing bridges to improve their load-carrying
capacity and energy dissipation capacity by increasing
the diameter of reinforcement, the problem of resetting
the pier because of its excessive residual displacement
should be prevented.

(4) Increasing the length of the grouting sleeve or increas-
ing the diameter of longitudinal reinforcement will
increase the pier stiffness, so that the top of the bridge
pier to reach the same displacement of the load is
larger. The damage is less severe, and the stress distri-
bution is more uniform.
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