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At present, research on prefabricated piers is limited to the axial compression state. However, many piers are under small eccentric
compression in practical engineering. In this article, the seismic performance of ultrahigh performance concrete (UHPC)-grouted
corrugated pipe-connected piers under small eccentric compression was studied. A pseudostatic test was carried out by using
a prefabricated pier column model connected with UHPC-grouted corrugated pipes. Te failure mechanism of the plastic hinge
area of the column base was studied, and the failure mode, energy dissipation capacity, displacement ductility, and ultimate
bearing capacity were compared with those of an ordinary axially compressed pier column structure. Te result shows that
compared to the conventional cast-in-place(CIP) pier, the overall energy dissipation capacity and the ductility factor of assembled
pier with UHPC-grouted corrugated pipe-connection were decreased approximately by 5.0% and by 10%, respectively. Te
pinching phenomenon of the hysteresis curve of the precast pier was more obvious. When the assembled piers were under small
eccentric compression, the overall energy dissipation capacity was close to that of conventional CIP piers and the ductility factor
was improved by 20%. Comparison of two precast piers using the same UHPC grout connections shows that the stifness
degradation process of precast pier under small eccentric compression was similar to that under axial compression. But the
ductility coefcient of precast pier under small eccentric compression increased by about 20%. Te small eccentric compression
caused diferent damage degrees in the plastic hinge zone at the bottom of the precast column. Te ultimate load in the same
direction as the additional bending moment was 55% lower than that of the opposite direction.

1. Introduction

Prefabricated assembly technology was frst applied to the
superstructure of bridges, and now it is mature in terms of
design and construction. Te prefabricated assembly
methodology of bridge substructures is slowly developing
and has been gradually applied in practical engineering in
recent years [1, 2]. At present, the connection methods of
precast and assembled piers mainly include posttensioned
prestressed reinforcement connections, wet joint connec-
tions, socket connections, grouting sleeve connections,
corrugated pipe connections, and shape memory alloy
(SMA) washer spring-basedself-centering rocking (SCR)
systems [3–8]. As for the prefabricated bridge piers, the

columns and the rest of the structures are precast in-
dependently and then assembled into a whole by using
diferent connections. Te connection position is weak
because the reinforced bars of each element are discon-
nected. In seismic regions, the seismic performance of
connecting joint is the primary concern because the columns
must dissipate the earthquake energy while maintaining the
structural integrity. Te connections with corrugated pipes
shown in Figure 1 that represent a widely used prefabricated
assembly technology for connecting cover beams with pier
columns and connecting pier columns with pier caps be-
cause they require less on-site construction work and ofer
fast assembly, low processing accuracy, and reliable con-
nectivity [9–11]. In 2018, Jia et al. [12] performed a seismic
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test on prefabricated piers and columns connected with
corrugated pipes in areas with a high seismic activity,
showing that corrugated pipe connections are reliable, ex-
hibit favorable performance, and can be applied as con-
nections between piers and pier caps in areas with strong
seismic activity.

Ultrahigh performance concrete (UHPC) is a cement-
based composite material with ultrahigh strength, ductility,
and durability. Te application of UHPC in many bridge
projects has proven that using this material is a feasible way
to solve many technical problems in current bridge struc-
tures. Due to the high bonding strength between UHPC and
steel bars [13], their coordinated deformation and work-
ability are much better than those of ordinary steel-concrete
structures [14, 15]. Terefore, applying UHPC to the con-
nections of prefabricated bridges can signifcantly improve
their seismic performance. In 2015, Chen et al. [16] per-
formed a pull-out test examining the bond and anchorage
performance between steel bars and the high-strength
grouting material in pre-embedded corrugated pipes, and
Qiu et al. [17] studied the seismic performance of piers
prefabricated with prestressed corrugated pipes, showing
that the connection performance of corrugated pipes is
reliable and that their construction is simple. Tazarv and
Saiidi [18] performed quasistatic experimental research on
two prefabricated pier models, showing that the seismic
performance of UHPC-grouted corrugated pipe connections
is better than that of traditional cast-in-place connections.

At present, experimental research on the connection
structures and seismic performance of prefabricated piers is
limited to the axial compression state [19–22], and there is
rarely relevant research or analysis on the seismic perfor-
mance of prefabricated piers under eccentric loads available
in the literature. Actually, most of the prefabricated bridge
piers are under small eccentric compression, which is very
limited in existing studies. In order to simulate the stress
situation closer to the actual assembled bridge pier, small
eccentricity loading and prefabricated connection were
considered in this study. In this article, three model spec-
imens were designed according to the actual viaduct engi-
neering in Guangzhou city, and the scale ratio was 1 : 2.35. A
series of pseudostatic tests considering eccentric compres-
sion were carried out to study the seismic performance of the
prefabricated bridge piers connected by the UHPC-grouted
corrugated pipe. Te objective of this research is verify the
validity and reliability of prefabricated bridge piers con-
nected by UHPC grout under eccentric compression. It is of
great scientifc signifcance to provide data basis for the
application of UHPC grout connection technology in the
practical projects.

2. Materials and Methods

2.1. Design of Model and Specimens. A viaduct under con-
struction is used as an example, as shown in Figure 2. Te
viaduct is a twin-deck bridge with a total deck width of 25m.
Te superstructure of the bridge is a prefabricated small box
girder, and the substructure is a double-column rectangular

cap beam-pier system. Due to the unequal adjacent spans,
some piers are under eccentric compression. When the 35m
span is fully loaded and the 25m span is unloaded, this part
of the bridge pier column is under the worst load distri-
bution; at this time, the unbalanced bending moment is
553.5 kN·m, the braking force is 320 kN, and the axial
pressure is 2353 kN. According to calculation and analysis,
the reinforcement ratio under this pier column section is
1.51%, and the eccentricity of the actual cover beam is
0.235m.

Tis test is based on the principle of similarity of the
actual reinforcement ratio calculated as the basis for sub-
sequent research, and some similarity constants of the model
are obtained from the similarity criterion after the basic
parameters, such as the reinforcement ratio, are determined.
According to the limitations of laboratory loading condi-
tions and space, the scaling ratio in this test was designed to
be 1 : 2.35, so the converted eccentricity is 0.1m.

2.2. Determination of a Multifactor Test Model. Tis study
mainly focuses on the seismic performance of fabricated
bridge piers under eccentric loads, involving two in-
dependent variables, namely, the component connection
type and the loading position, and each of the independent
variables contains two levels. According to the multifactor
experimental design method, this test requires 2× 2� 4 sets
of specimens to determine the impact of each variable on the
seismic performance of the bridge piers. Since the combi-
nation of the cast-in-place structure level and the in-
dependent variable (the loading position) level has no
obvious efect on the seismic performance of the bridge pier,
the combination of the cast-in-place structure level and the
independent variable level of the loading position is ignored;
the fnal experimental models are shown in Figure 3 and
Table 1.

2.3. Material Properties

2.3.1. Concrete. Te concrete is self-compacting commercial
concrete with a strength grade of C40. A concrete test block
is reserved when grouting the specimens. Te measured
elastic modulus of the concrete is 34000MPa, and the
compressive strength is 51.19MPa.

2.3.2. Reinforcing Bars. Te steel bars used in the specimen
is HRB400 hot-rolled ribbed steel, the diameters of the
longitudinal bar of the specimen and the main bar in the cap
are 25mm, and the diameter of the tie bar is 16mm. Te
measured performance of the main reinforcement is shown
in Table 2.

2.3.3. UHPC Grouting Material. Te grouting material in
the corrugated pipes is UHPC.Te compressive strength test
of the UHPC is determined with a 100mm× 100mm cube
specimen, and the 28-day compressive strength of the
measured UHPC is 116.03MPa.
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2.4. Test Equipment and theMeasurement System. Te test is
performed with a large-scale mechanical testing and sim-
ulation (MTS, a company from the United States) electro-
hydraulic servo loading system, and a schematic diagram of
the loading device and the actual loading situation are shown
in Figure 4.

Te axial compression ratio of the test is taken as ηk � 0.1.
In this test, loading is applied by the mixed control of force
and displacement. In the loading test, the incremental load
of each level is set to 40 kN, and each level of load is cycled
once until the specimen yields. After the specimen reaches
the yield displacement, it is loaded according to an integer
multiple of the yield displacement, and each load level is
cycled 3 times until the specimen is obviously damaged or

the horizontal bearing capacity of the specimen is reduced to
85% of the ultimate horizontal load.

3. Results

3.1.Distribution of Cracks inPiers. Te distribution of cracks
on the loading surface of the pier column of each specimen
was shown in Figure 5(a). Compared with the CIP specimen
A1, the crack distribution of prefabricated specimens (B1
and B2) connected by UHPC-grouted corrugated pipes
indicated similar pattern.Te crack spreading height of B1 is
the highest among three specimens. Te space between
cracks near the bottom of the pier column of B1 is denser,
while larger at the upper location than that of specimens A1
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Figure 2: Overview of the prototype and fnite element model. (a) Te cross-section view (unit: cm). (b) Te fnite element model.
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Figure 1: Prefabricated piers and columns connected with corrugated pipes [2]. (a) Prefabricated piers. (b) Corrugated pipes.
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Figure 3: Schematic diagram of specimen reinforcement. (a) Specimen A and (b) specimen B1/B2.

Table 2: Measured material properties of steel.

Diameter (mm) Yield load
(kN)

Ultimate load
(kN)

Yield strength
(MPa)

Ultimate strength
(MPa)

Elastic modulus
(GPa)

25 218.51 301.93 445.12 615.05 205.46

Counterforce girder

Co
un

te
rfo

rc
e w

al
lJack

MTS actuator

Specimen

Press beam

(a) (b)

Figure 4: Loading device. (a) Schematic diagram of the loading device. (b) Photograph of the loading device.
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and B2. Mainly because the longitudinal reinforcement bars
at the foot of the pier column were strongly bonded by
UHPC grout. Te crack distribution of B1 and B2 specimens
is similar from Figure 5(a). Te diference was that the
concrete at the bottom of the B1 pier column was more
seriously damaged. In general, a small bias load has a little
efect on the crack distribution on the loading surface.

Te comparison of the crack distribution on the side
surface is shown in Figure 5(b). It can be seen that the cracks
pattern of A1 and B1 under axial compression is similar,
which are basically symmetrical, developing down in an
oblique direction. Specimen B1 has higher side crack, which
indicated that the force can be transferred efectively by
using the UHPC-grouted corrugated pipe connection. Te
infuence of eccentricity on side cracks is obvious for
specimen B2 from Figure 5(b). Te cracks extended to
diferent lengths towards two sides. Tere were more and
longer cracks on the tensile side than that on the eccentric
compression side. In addition, concrete at the column foot
on the eccentric side was crushed more seriously.

3.2. Plastic Hinge Area. Te distribution of cracks in the
plastic hinge area for each specimen is shown in Figure 6
indicating similar pattern generally. Compared with the CIP
specimen A1, the cracks in the plastic hinge area of specimen
B1 connected with the UHPC-grouted corrugated pipe were
denser, but the concrete crush depth was slightly shallower
than that of specimen A1. As for specimen B2, which was
under a small eccentric load, the cracks extended longer
from the eccentric side to the opposite side, and the concrete
at the column foot on the eccentric side was more seriously
crushed. Te reason was that the eccentric pressure caused
an additional bending moment which increased the

compressive stress at the eccentric side. Terefore, the efect
of small eccentric load was to cause diferent failure degrees
on two sides at the bottom of the column foot.

4. Discussion

4.1.HysteresisCurve. As shown in Figure 7, in the early stage
of loading, each specimen is basically in the elastic stage, and
the hysteresis loops are more overlapped and concentrated.
Te hysteresis loop of the specimen gradually opens with the
increasing load-displacement level and number of cycles.
Te yield displacement of specimen B1 is slightly diferent
from that of the specimens in Group A. Te hysteresis loops
are basically coincident, and the UHPC-grouted corrugated
pipe arrangement in specimen B1 can achieve the same efect
as the cast-in-place specimen and shows a stronger energy
dissipation capacity.

In specimen B2, under eccentric compression, the center
symmetry characteristic of the hysteresis curve is weakened.
Eccentric axial compression is equivalent to axial com-
pression plus an additional bending moment on the pier.
During positive loading, the additional bending moment
and the horizontal load act synergistically; during negative
loading, the additional bending moment and the horizontal
load counteract each other. Tus, in the positive displace-
ment of the hysteresis curve in the force control stage, the
positive displacement generated at the same force load level
is greater than the negative displacement; in the displace-
ment control stage, the positive bearing capacity generated at
the same displacement load level is smaller than the negative
bearing capacity. Te fnal efect on the hysteresis curve is
equivalent to shifting the hysteresis curve downward as
a whole, but the specimen still exhibits a full hysteresis curve
and a strong energy dissipation capacity. Terefore, when

(a) (b)

Figure 5: Distribution of cracks in pier columns. (a) Loading surface. (b) Side surface.
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the bridge is a continuous beam bridge, it is suggested to
design the pier so that it has only a small eccentric com-
pression under the action of a dead load, and the simply
supported beam pier should meet the axial compression
requirement by adjusting the position of the bearing as much
as possible. At the same time, it can consider increasing the
width of the bent cap to prevent the possible increased risk of
falling the beam when the prefabricated pier is subjected to
eccentric compression. In addition, for bridges under the
same boundary conditions, the pier column section and
reinforcement at the node connection should be increased
for the prefabricated pier under an eccentric load compared
with the prefabricated pier under axial compression, and
asymmetric reinforcement can be considered for
reinforcement.

4.2. Skeleton Curve. Te skeleton curve in Figure 8 shows
that the initial stifness of specimens A1 and B1 was close
and that the failure processes of the specimens were similar.
In the elastic-plastic stage, with the increasing load-
displacement level and cycle number, the slope of the
curve decreases and the horizontal load gradually reaches

Figure 6: Plastic hinge failure of each specimen.
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Figure 7: Hysteresis curve of each specimen. (a) Specimens A1 and B1. (b) Specimens B1 and B2.
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the peak load of the specimen. After the peak load is reached,
the horizontal loads on the specimens in groups A and B
begin to decrease gradually, and the specimens begin to enter
the failure stage. Finally, a large area of concrete at the
bottom of the pier is crushed and peeled of, and the hor-
izontal load decreases to less than 85% of the peak load,
reaching the specimen failure standard.

Te skeleton curve of specimen B2 shows that the ec-
centric load can decrease the positive stifness and increase
the negative stifness, which correlates to the loading po-
sition of the eccentric load. Under the eccentric load, the
positive horizontal load drops for specimen B2, that is, the
strength degradation, is more gradual.

4.3. Stifness Degradation. In this article, the equivalent
stifness Ki (secant stifness) [23] is used to analyze the
stifness degradation of the specimens. As shown in Figure 9,
the equivalent stifness results and variations of the cast-in-
place specimen A1 and specimen B1 are very close and
basically coincide, indicating that connection with UHPC-
grouted corrugated pipes can achieve the same efect as the
cast-in-place structure. A comparison between the equiva-
lent stifness curves of specimens B2 and B1 shows that the
equivalent stifness curve of the specimen under eccentric
compression basically coincides with that under axial
compression and that the eccentric load has a little efect on
the stifness and stifness degradation of the specimen.

4.4.DisplacementDuctility. In this article, the yield points of
the structure are determined by the geometric drawing
method in reference [24], and the ductility factor of each
specimen is shown in Table 3.

Te table shows that the ductility factor of specimen B1
connected with UHPC-grouted corrugated pipes under axial

compression is slightly smaller than that of CIP specimen
A1, approximately 11% smaller in the positive direction and
approximately 25% smaller in the negative direction. For the
connection of specimen B2 with the UHPC-grouted cor-
rugated pipe under small eccentric compression, the positive
ductility factor is 20% higher than that of the CIP specimen
A1, and the negative ductility factor is 18.6% higher than
that of the cast-in-place specimen A1. Te ultimate load of
A1 specimen is about 10% less than that of B1 specimen,
while the positive ultimate load of B2 specimen decreases
signifcantly, about 22% less than that of A1 specimen, and
the negative ultimate load increases signifcantly, about 29%
more than that of A1 specimen.

4.5. Cumulative Energy Dissipation Analysis. Te energy
dissipation capacity of the structure is usually evaluated with
the cumulative energy dissipation index [25]. Figure 10
shows that when the ultimate displacement grade of test
piece B1 is 55mm, the hysteretic energy consumption of A1
is 3 kN·m less than that of B1, and the cumulative energy
consumption of A1 is 33 kN·m greater than that of B1. Te
diference of the energy consumption capacity between B1
and A1 is not more than 10%, indicating that the connection
with the UHPC-grouted corrugated pipes can achieve the
same energy dissipation capacity as the CIP structure, that is,
they have equivalent seismic performance.

For specimen B2, the eccentric load can enhance the
energy dissipation of the specimen, and the energy dissi-
pation capacity of the specimen under eccentric compres-
sion is greater than that under axial compression at the same
displacement load level. High eccentric load energy dissi-
pation capacity, in consideration of a combined strength-
ening efect on the pier column from the eccentric load and
UHPC, improves the bonding efect of the stressed steel bar
and concrete, enlarges the bearing capacity at the same
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displacement level, and increases the energy dissipation
capacity of the pier column. For specimen B2, connected
with UHPC-grouted corrugated pipes under small eccentric
compression, the hysteretic energy is 20 kN·m greater than
that of specimen B1, and the cumulative energy con-
sumption is 48 kN·m greater than the A1 test piece, and the
energy consumption capacity is about 10% greater when the
displacement load level is 63mm, also considering the
diferent yield displacements applied in the test. Te con-
nection structure of an eccentrically prefabricated pier can
be adjusted by comprehensively considering the seismic
fortifcation intensity of the area where the bridge is located.
In the low-intensity area, the eccentric compression pier can
be considered to be designed in the same way as the axial
compression pier to pursue economy. In the high-intensity
area, the section and reinforcement of the joint connection
should be increased to meet the ultimate bearing capacity
and greatly enhance its energy dissipation capacity.

5. Conclusions

In this article, three scaled pier specimens with diferent
connections were tested to study the damage mechanism and
their seismic performance. Prefabricated piers using UHPC-
grouted corrugated pipe connecting technology under ec-
centric compression were considered and compared with the
CIP specimens. Te energy dissipation capacity, ductility
performance, and equivalent stifness were analyzed and
compared, and the main conclusions are as follows:

(1) Te cracks distribution of specimen B1 which was
connected by the UHPC-grouted corrugated pipe
was similar to that of specimen A1 using the CIP
connection. Specimen B1 had a higher side crack,
which indicated that the force can be transferred

efectively by using the UHPC-grouted corrugated
pipe connection. Te infuence of small eccentric
compression was to cause longer cracks and more
serious concrete crushing damage on the eccentric
side signifcantly.

(2) Compared to the conventional CIP pier, the overall
energy dissipation capacity and the ductility factor of
the assembled pier with the UHPC-grouted corru-
gated pipe connection were decreased approximately
by 5.0% and by 10%, respectively. Te pinching
phenomenon of the hysteresis curve of the precast
pier was more obvious.

(3) When the assembled piers were under small eccentric
compression, the overall energy dissipation capacity
was close to that of conventional CIP piers and the
ductility factor was improved by 20%. Comparison of
two precast piers using the same UHPC grout con-
nections shows that the stifness degradation process
of precast pier under small eccentric compression was
similar to that under axial compression. But the
ductility coefcient of precast pier under small ec-
centric compression increased by about 20%.

(4) Te small eccentric compression caused diferent
damage degrees in the plastic hinge zone at the
bottom of the precast column. It is suggested that the
diameter and spacing of stirrups at the joints of
precast assembled piers can be properly strength-
ened, especially under small eccentric compression.

Data Availability

Te datasets generated or analyzed during this study are
available from the corresponding author on reasonable
request.
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Figure 10: Energy dissipation capacity of each specimen. (a) Energy dissipation of each displacement level. (b) Cumulative hysteretic energy
dissipation.
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