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Abstract. In the past decades, more and more precast piers have been used in actual engineering,
which brings convenience in construction and standardization of production. However, precast
piers still have some shortcomings, such as shear slip between segments and poor energy
dissipation. Thus, a self-centering mortise-tenon segmental bridge pier was proposed in this paper.
To research the seismic performance of the self-centering mortise-tenon segment piers, three
scaled model piers with their scale ratio as 1:3 were designed and prefabricated, namely as a
cast-in-place model pier (CP) and 2 self-centering mortise-tenon segment model piers (designated
as MTSP1 and MTSP2) with the initial pretension of 1302 MPa and 1488 MPa, respectively. The
cyclic pseudo-static tests of the three piers were carried out. The comparison analysis was made
respecting to the test results including the damage form, hysteretic characteristics, skeleton curve,
energy dissipation capacity, residual displacement and equivalent stiffness of the three specimens.
It was shown that MTSP specimens had higher horizontal bearing capacity. While the yield load,
ultimate load, displacement ductility coefficient and initial stiffness of MTSP1 and MTSP2 were
higher than those of CP. The MTSP had better performance considering the above aspects. The
mean value of the residual displacement of MTSP2 was lower than that of CP 21.14 % and 29.
72 % respectively, as the drift ratio reaching 5 %. The MTSP specimens had better self-centering
capacity due to the increased pretension stress which reducing the residual displacement greatly.
The energy dissipation reinforcements improved the energy dissipation capacity of the segmental
assembled piers. Based on the ABAQUS model, the numerical simulation was carried out and
compared with the experimental data. MTSP had great energy dissipation capacity and
self-centering capacity. It was suggested that MTSP should be used to make up for the deficiency
of segmental assembled pier and improve the seismic performance of segmental assembled pier.

Keywords: seismic performance, assembled segment pier, self-centering, mortise-tenon shear
connectors, pseudo-static test.

1. Introduction

The prefabricated bridge components such as beams and piers were applied to the actual bridge
engineering, attribute to the advantages such as the standardized construction and maintenance,
the low carbon emission and environmental pollution, and the much fewer site occupation as well
[1-3]. Mainly in the form of precast box girder, precast pier, precast caisson foundation, etc. [4].
However, due to the insufficient research on the seismic design method, the precast segment piers
are rarely used in high and medium seismic design intensity areas [5].

The first segmental bridge — JFK Causeway in Corpus Christi, Texas was constructed in 1971.
After that, the precast concrete members were widely used in low seismic intensity areas in the
United States [6, 7]. Many scholars analyzed the seismic performance of segmental piers through
the pseudo-static tests or shaking table tests combined with the results from the finite element
analysis. The segmental piers were assembled by the precast segments and prestressed steel bars.
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And the assembling quality could be guaranteed. While there were some shortcomings such as the
insufficient energy dissipation capacity and the large residual displacement under strong
earthquake [8, 9].

To reduce the residual displacement, some scholars have carried out a series of studies. Hewes
et al. [10] used the steel sleeve concrete in the plastic hinge area to reduce the residual
displacement at the bottom of the pier and to increase the ductility of piers. Billington et al. [11]
used the fiber reinforced concrete composite in the plastic hinge area of segmental piers to reduce
the residual displacement and improve the bearing capacity. Bu Zhanyu [12] compared the
difference of failure mode between the prestressed segment pier and the integral cast-in-place pier,
and discussed the influence of energy dissipation reinforcement on the hysteretic characteristics
of the precast segment piers. It was shown that the prestressed segment piers reduced the residual
displacement effectively, while the energy dissipation capacity was still insufficient. Xia
Zhanghua et al. [13] designed segmentally assembling piers with double columns. They analyzed
the seismic performance of the piers with three connection modes as well. It was found that the
seismic capacity of fabricated double column pier with the increased prestress bars could be close
to that of cast-in-place pier.

To enhance energy dissipation capacity, some scholars have carried out a series of studies.
Chou, C. et al. [14] allocated the energy dissipation device of steel bar brace at the bottom segment
to enhance the energy dissipation capacity. Ou et al. [15, 16] selected the method of built-in energy
dissipation reinforcements to increase the energy dissipation capacity of prestressed segment
piers. Through the test, it was known that the more the amount of energy dissipation
reinforcements, the lower the yield strength, the stronger the energy dissipation capacity of piers,
while the residual deformation also increased accordingly. Zhang Yuye et al. [17] found that the
semi cast-in-place and semi precast segmental pier had strong self-centering capacity. By using
numerical model analysis, it was found that the reasonable determination of axial compression
ratio and longitudinal reinforcement ratio improved the energy dissipation capacity of pier. Mo
Jinsheng et al. [18] designed two identical 1:2.5 large-scale models to carry out the pseudo-static
test of UHPC connected segmental piers. The test results showed that the ductility and energy
dissipation capacity of the structure were improved greatly.

The balance between self-centering capacity and energy dissipation capacity is a highlighted
issue. Zheng Wang et al. [19] pointed out that the increase of the axial compression ratio and the
initial pretension stress was an effective way to reduce the residual displacement. Cai Zhong Kui
et al. [20] proposed a method of using FRP bars as longitudinal bars to reduce the residual
displacement after the earthquake. CFRP bars achieved smaller residual displacement and higher
energy dissipation capacity. Weiding Zhu [21] proposed that the seismic performance could be
improved by using high-strength steel bar to replace the ordinary reinforcing bars in the same area.

These tests and simulations promoted the development and application of the assembled
segment piers, while there were some difficulties between the energy dissipation capacity and
self-centering capacity. Increasing energy dissipation capacity reduced self-centering capacity,
while reducing residual displacement reduced energy dissipation capacity [22] as well.

The innovations and main contributions of this paper are described as follows.

The experiment and finite element simulation of mortise-tenon segment piers were carried out
to analyze their seismic performance.

In this paper, the mortise-tenon shear connectors and initial prestressing force were added to
improve the shear performance and reduce the residual displacement.

By comparing and analyzing the damage mechanism, the seismic performance such as the
bearing capacity, the energy dissipation capacity and the self-centering capacity of the assembled
mortise-tenon segment piers, could reach a much balanced result in this paper.
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2. Experimental program
2.1. Specimen design

To study the seismic performance of self-centering segment piers with mortise-tenon shear
connectors, three equal size model piers were designed and manufactured. There were one cast-in-
place pier (CP) and two assembled mortise-tenon segment piers (MTSP). The cast-in-place pier
was mainly for the comparative analysis. The pretension stress levels of two assembled
mortise-tenon segment piers were different. And the pretension of MTSP1 was 70 % ultimate
strength standard values of steel strand. The pretension of MTSP2 was 80 % ultimate
strength standard values of steel strand. The primary descriptions of specimens are shown in
Table 1.

Table 1. Serial numbers and characters of all specimens

Specimen name Specimen description
CP Cast-in-place Pier
MTSP1 Mortise-Tenon Segmental Pier with 70 % pretension
MTSP2 Mortise-Tenon Segmental Pier with 80 % pretension

The tests were designed with 1:3 large-scale models. As shown in Fig. 1, the pier specimens
were a circular section with a diameter of 500 mm, the height of the pier specimens was 2400 mm,
the effective loading height of the piers was 2700 mm. And the shear span ratio of specimens was
5.4. To simplify the treatment, the loading pier cap was precasted together with the top segment 1.
This segment had two mortise holes at the bottom and no tenon. There were two cylindrical tenons
with 100 mm diameter and 90 mm height, two mortise holes with 100 mm diameter and 90 mm
depth in segment 2 and segment 3. Segment 4 was the bottom segment without mortise holes. And
the top of it had the same tenons as segment 2 and segment 4. The layout of the tenons were
consistent with the loading direction. The design strength of concrete was C40.

@ MTsP
700 700
—1 f—= Column section

600

Loading direction § T CP 10020
<:> § T T T Prestressed Tendons Mid steel

|

N D6@50/30
Segment] ————————n= :’/

0

Stirrup
o

Segment2 ——————sm|

2700
2400

+
|
|
|
g NN I
< I g .
Segmentd —— | | ke Column section
|
aln MTSP
|
Segmentd e |
500 500
500 500 500 I 500
11 | 1
|
2 |
@ |
1500 1500

Fig. 1. Geometry and section details for the tested specimens (units: mm)

During the making of the MTSP model specimens, the PVC pipes with 50 mm diameter were
embedded in pier caps, pier segments and foundations. Four @ 15.2 steel strands were set in the
PVC pipes. The effective area of the single prestressed bar was 140 mm?. Each segment was fixed
with 6 metal pipes before the concrete placement to reserve 6 @60 mm connected pipes for the
reinforcing bars. The single mental pipe was equipped with one HRB400 hot rolled ribbed
longitudinal energy dissipation steel bar with a 20mm diameter. And the energy dissipation steel
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bars between two sections were grouted in the mental pipes. The reinforcement ratio of energy
dissipation reinforcements was 0.96 %. The stirrups adopted the hot rolled plain bars with 6 mm
diameter, with the spacing of 80 mm. The volume stirrup ratio was 0.31 %. And the protection
layer thickness was 3 cm. The segment piers were finally assembled successfully after the
prestressing and the pipes grouting. The specific parameters of the specimens are shown in
Table 2. Ten hot rolled plain bars with 6mm diameter were added as the longitudinal bars and
4 mm diameter hot rolled plain round bars with 50mm spacing were added as stirrups to the
improved shear capacity of shear connectors.

Table 2. Specimen design parameters

. Concrete itudinal
Specimen| Column Longitudinal p Stirrup compression L-Ongltu ma
P height | . p; (%) |Tendons| /P | spacing | pg (%) reinforcement
name reinforcement (%) strength
Cp 2700 10D20 1.6% | NA |NA|D6@50/80{0.49/0.31| 43.87 [436.67/624.92
MTSPI | 2700 6D20 0.96 %[ 4D15.2 |0.29] D6@80 0.31 43.87  1436.67/624.92
MTSP2 | 2700 6D20 0.96 %[ 4D15.2 0.29] D6@80 0.31 43.87  1436.67/624.92

b) Prepaation of mold for the segments

__d) Specimen assembling 2

| _ i
e) Preparation of prestressed tendons f) Prestressing tension operation
Fig. 2. Specimen construction
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2.2. Construction process

For the CP and MTSP specimens, the segments were all prefabricated in advance and
assembled in the factory. The processes are illustrated in Fig. 2 for them. Fig. 2(a-b) shows the
preparation of the reinforcement cage, formwork and casting. Fig. 2(c-d) shows the assembling of
MTSP. The segments were assembled by the gantry crane and the rings on each segment. Fig. 2(e)
shows the preparation of prestressed tendons. Four prestressed tendons were installed into the
ducts and then specific tensioning anchors were used. The prestressing tension operation shown
in Fig. 2(f) was unidirectional tensions. The pre-tensile stress values of two specimens were
1302 MPa and 1488 MPa, respectively.

2.3. Test set-up and loading protocol

A schematic picture of the loading device was shown in Fig. 3. The 100 t vertical hydraulic
jack was used for vertical loading. The axial compression ratio was 10 %. The horizontal force
was loaded by the 50 t MTS servo actuator. Before the test, strain gauges were set at the bottom
of the pier for the longitudinal reinforcements of the three specimens to measure the yielding
values of the longitudinal reinforcements. However, most of the strain gauges were damaged
during the test. So, the strain data of the longitudinal reinforcements could not be extracted. The
displacement transducers located between the segments and in the plastic hinge areas at the bottom
were used to measure the opening degree of the segments and calculate the curvature of the plastic
hinge areas.

MTS actuator

Shear connector——s

Tendons
Strong wall

|
|
Iﬂ.ﬁ?ﬂi

L

I
I
Segment i Displacement transducer
[l
1l

Anchor bolt
Foundation

Fig. 3. Pseudo-static test setup and loading
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As shown in Fig. 4, the horizontal pseudo-static scheme of this test adopted the loading mode
of displacement control, and it was specified that the westward direction was the positive value.
The initial displacement amplitudes were £3.375 mm, +75 mm and £5 mm, that is, the drift ratios
were 0.125 %, 0.25 % and 0.5 %. The loading rate was 0.5 mm/s. Each stage was loaded twice.
The drift ratio levels were increased from 1 % to 7 % with a tolerance of 0.5 %. The loading rate
was increased to Imm/s. And each stage was loaded three times. The phenomenon
observation, recording and crack marking were carried out when the horizontal pseudo-static
loading was loaded into the end of +£3.375 mm, +6.75 mm, £13.5 mm, £27 mm, +40.5 mm,
+54 mm, +£67.5 mm, £81 mm, +94.5 mm, +£108 mm, +121.5 mm, +135 mm, +148.5 mm,
+162 mm, +175.5 mm, £189 mm. Considering that the horizontal bearing capacity of assembled
segment pier did not varied significantly even as the drift was relatively large, and the maximum
drift ratio of pier top was between 3 % and 5 % under the rare-occurred earthquake. The
destructive large drift ratio could cause damage to superstructure [10, 14]. Thus, the 5 % drift ratio
was designated as the allowable drift ratio, namely that, the maximum horizontal displacement of
pier top was 135 mm. In conclusion, the test would be ended provided as the drift ratio reached
5 % or the bearing capacity dropped to 85 % of the maximum horizontal bearing capacity.

150

100 |

-50 |

Lateral displacement(mm)

Two cycles Three cycles

-100 |-

-150 1 1 1 1 1 1
10 20 30 40 50 60 70

Loading cycle
Fig. 4. Loading protocol

3. Discussion of simulations and tests
3.1. The damage description of specimens

CP specimen failure was mainly in the bottom plastic hinge area. At the beginning stage of the
test, multiple horizontal microcracks appeared in the plastic hinge area. With the increase of
displacement, the cracks gradually increased and widened. When the displacement reached a
certain degree, the cracks no longer increased any more. But the crack width gradually increased.
As shown in Fig. 5(a), the maximum crack width reached 1.42 mm. In the intermediate stage of
the test, the cracks gradually spread and extended. The annular cracks appeared in the plastic hinge
area. The vertical cracks appeared and connected with the transverse cracks. The concrete at the
bottom appeared spalling phenomenon, and the width of the transverse cracks reached 3 mm. As
shown in Fig. 5(b), the maximum crack width reached 3.54 mm when loading to 94.5 mm. As
shown in Fig. 6, the stirrups and longitudinal reinforcements were exposed. The horizontal bearing
capacity of the pier specimen was reduced to 85 % of the maximum bearing capacity. The CP
specimen was damaged.

The test processes of two assembled MTSP specimens were essentially same as the CP
specimen. The failure process and the phenomenon of two MTSP specimens were similar, but
different from that of the CP specimen.

For MTSP1, there was no obvious crack at the initial stage of the test. The mortar dropped at
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the joint. When the displacement of the pier top reached 27 mm (drift ratio was 1 %), the opening
appeared at the joint between the cushion cap and the bottom segment. The opening width was
1.33 mm. Before the displacement of the pier, the top reached 54 mm (drift ratio was 2 %), the
joint between the cushion cap and the bottom segment opened and closed. A slight opening
occurred at the joint of segments 2, 3 and the joint of segments 3, 4. As shown in Fig. 7(a) and
Fig. 7(b), when the loading displacement amplitude was 40.5 mm, the maximum crack width was
0.6 mm. When the loading displacement amplitude was 54 mm, the joint opening width of
segments 3,4 was 0.74 mm. In the middle stage of the test, the width and number of cracks
increased gradually with the increase of the drift ratio. But there was no penetrating crack. The
bottom concrete appeared spalling phenomenon. The specimen was finally judged as a failure
when the bottom concrete was crushed, the height of the crush was about 20 cm. As shown in
Fig. 7(c), the maximum crack width was 4.75 mm when the displacement amplitude reached
94.5 mm. The bottom stirrups were exposed. Compared with the CP specimen, the concrete
spalling degree of MTSP1 specimen was lower. The number and width of cracks were far less
than them of the CP specimen. As shown in Fig. 8. For MTSP2, the test phenomenon was similar
to that of MTSP1. The final failure phenomenon was shown in Fig. 9.

~

a) Maximum crack width b) Maximum crack width
at 54 mm loading amplitude at 94.5 mm loading amplitude
Fig. 5. The crack width of CP

Fig. 6. The failure mode of CP

In general, the failure of the CP specimen occurred in the plastic hinge area. The damage was
accumulated within the concrete. The specimen was significantly damaged when the drift ratio
reached 5 %. The damage of the plastic hinge area was greatly reduced by the continuous opening
and closing of the joints. With the drift ratio increased, the opening of the joints between the
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segments was increasing. In addition, there was a minor slippage between the segments of MTSP
specimens. The main reason was that there was a dry connection between the two segments.
However, the integrity of MTSP specimens was strengthened by unbonded prestressed tendons.
Special mortise-tenon shear connectors were set for the connections of segments played an
important role in shear resistance and greatly reduced the slippage between the segments.

Ay
. R e iR
a) Maximum crack width at

-z

b) Width ‘of ] oint opening of 3 and ¢) Maximum crack width at 94.5

40.5mm loading amplitude 4 segments under 54 mm loading mm loading amplitude
amplitude
Fig. 7. The crack width of MTSP1

b) West
Fig. 8. The failure mode of MTSP1

a) East
Fig. 9. The failure mode of MTSP2

In conclusion, the failure processes and phenomenons of MTSP specimens were different from

them of the CP specimen. When the drift ratio of the CP specimen was large, the number of cracks
was increased, the length and the width of cracks were expanded, even though the annular cracks
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occurred. When the CP specimen was damaged, the plastic hinge area appeared serious concrete
crushing and serious damage. The main damages of MTSP specimens were the opening and
closing between joints of segments, between joint of segment and cushion cap. Due to the
existence of mortise-tenon shear connectors, the slip between segments was minor. When the
failure occurred, the concrete at the bottom segments appeared spalling. The damage degree was
far less than that of the CP specimen. When the bearing capacity was reduced to 85 %, it could be
repaired and reinforced. This method did not affect the normal operation.

3.2. Finite element software analog computation

ABAQUS software was used to establish the finite element model and simulated the results of
pseudo-static cyclic loading. Among them, the basic tension compression curve formula [25] was
selected for concrete constitutive material. The calculation formula of stress-strain curve of
concrete under uniaxial compression:

o= (1-d,)E:¢, M
1-p[12-02x5], x<1,
“I - a(x —plt)l-7 T *7 L ”
3
x= % €)
tm
pe= e o)

where: a, is the parameter value of the descending section of the stress-strain curve of concrete
under uniaxial tension, which is provided according to table C in the specification. Here, the value
is 2.0027. According to the calculation formula of concrete elastic modulus, the elastic modulus
is obtained. E, = 10%/(2.2+34.7/f,) = 3.34x10% f;, is the measured value of uniaxial tensile
strength of concrete fi, = 0.395 f.,,,*(1-1.6456,)*%a ., = 2.53 MPa, which is taken as the
measured value of C40 concrete, where ., is the brittleness reduction factor of high strength
concrete, and the value is 1.0. &, is the coefficient of variation, which can be calculated according
to the formula f.,, = f.x/(1-1.6456.) of compressive strength test value and standard value
6. = 0.237. &, is the peak tensile strain of concrete corresponding to the measured value f,, of
uniaxial tensile strength, which is taken as 1.08x10** according to the interpolation method in table
C of the code. d; is the damage evolution parameter of concrete under uniaxial tension.

The calculation formula of stress-strain curve of concrete under uniaxial compression was as
follows:

o=(1- dC)ECS,n (5)
- ¥
=, Pe >1 ©
a.(x—1)2+x’ Xz
cm
- , 7
Pe=p e (7
Cng
-_—com (®)
Egscm - fcm
X = 9
e )

where: a, is the parameter value of the descending section of the stress-strain curve of concrete
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under uniaxial compression. Fang Zihu et al. [26] of Shenzhen University put forward the
calculation formula of the parameter value, and calculated a, = 0.157f.%785 — 0.905 = 2.15
according to the formula. f,, is the measured value of uniaxial compressive strength of concrete,
which is taken as the measured value f,,,= 43.87 MPa of C40 concrete. €., is the peak
compressive strain of concrete corresponding to the measured value f,,, of uniaxial compressive
strength, which is taken as 1.84x10 according to the interpolation method in table C of the code.
d. is the damage evolution parameter of concrete under uniaxial compression.

There are three types of concrete models that can be used directly in ABAQUS. The concrete
damage plastic (CDP) model in ABAQUS can show the damage of concrete from tension to
compression. Thus, CDP model was used in the concrete model. The double broken line model
was adopted in the steel constitutive model.

The pre-stress of prestressed reinforcement was realized by cooling method, and the cooling
value was calculated according to the formula:

P
At = ———, 10
aXAXE (10)

where «a is the expansion coefficient of prestressed reinforcement, and the value is 1.0x107,

The embedded region method was used to embed the energy consuming steel bars and stirrups
into the concrete. The friction between the joints of two segments and between the segments and
the pier bottom adopted the surface to surface contact method, and the “penalty” friction formula
was used in the tangential direction.

3.3. Hysteresis behavior

The hysteretic curves of horizontal reaction-displacement of pier top are shown in Fig. 10.

In Fig. 10, the T represents the test results and the M represents the finite element simulation
results. It can be see from the hysteretic curve that the key points and energy dissipation capacity
of ABAQUS simulation are similar to the tests, so the simulation model can be used as the basis
for the follow-up pseudo-static simulation of mortise-tenon segmental piers.

With the increase of pier top displacement, the horizontal bearing capacity and energy
dissipation of the specimens increased gradually. The results showed that the maximum horizontal
bearing capacity of the pier top was decreased due to concrete cracking and joints opening. The
hysteretic curves of the three have obvious strength degradation.

The pinching effects of MTSP1 and MTSP2 were mainly due to two reasons. The joints and
cracks could be restored to the closed state with less force when the specimens were loaded
reversely. And the sliding phenomenon appeared between the energy dissipation reinforcements
and concrete, between the corrugated pipes and concrete. Thus, the force required when the
displacement was restored to zero was smaller.

When the two specimens were loaded in the east-west direction, the vertical loading was
eccentric due to the error of assembling components. The error caused the inconsistent horizontal
bearing capacity of MTSP1 and MTSP2 in the hysteresis curves. In the numerical simulation of
the finite element model, the eccentric force was considered. The axial pressure was loaded to the
east side eccentric. The numerical simulation results were similar to the experimental results.
There were no other differences in parameter setting except for different pre-stretching stress in
MTSP1 and MTSP2. Thus, the hysteresis curves of MTSP1 and MTSP2 were similar.

The energy dissipation capacity of segmental piers was weak. To enhance the energy
dissipation capacity, the energy dissipation reinforcements were connected by a grouting sleeve
between segments. The horizontal bearing capacity and self-centering capacity of mortise-tenon
segmental piers were increased due to the arrangement of prestressed steel bars and mortise-tenon
shear connectors between segments. In the case of the same displacement, the residual
displacement was low.
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Fig. 10. Lateral force-drift curve

3.4. Envelope curve of load-displacement hysteretic loops

The skeleton curve was obtained by connecting the vertices of each hysteresis loop on the
hysteretic curve. The peak bearing capacity and ultimate bearing capacity of the component could
be obtained by the skeleton curve. The yield load, yield displacement, equivalent stiffness and
ductility coefficient of the component could be obtained by calculation. So as to paved the way
for the further research of mortise-tenon segmental piers. The displacement ductility coefficient
was usually used as a quantitative index to evaluate the ductility of structures:

um

Hp =7 11
. (11)

where u,, is the ultimate displacement and u,, is the yield displacement.

The yield displacement was obtained by R. Park method [27], and the correlation coefficient
was defined as @ = 0.85. The calculation method was as follows: the peak bearing capacity F,,
is multiplied by the park method correlation coefficient  to obtain af,,,,, and then the point A
with the vertical coordinate aFy,,, is found in the rising section of the curve. The horizontal line

extending OA to the point C passing through point B. The vertical line passing through point B
intersects with the curve at point D. And point D is the yield point.
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As shown in Fig. 12 and Table 3, it can be seen that the shapes of the skeleton curves of the
three were similar. The horizontal bearing capacity of MTSP was greater than that of the CP. The
horizontal bearing capacity of MTSP2 was slightly larger than that of MTSP1, which was mainly
due to the higher pretension stress that enhanced the horizontal bearing capacity of MTSP.

4 B ¢
Fox [TT777
o

Fyr———= 72/ D
b ™= 44 |
/] |
/ |
! I
/ |
/ I
4 |
¥ i
0 Ay A

Fig. 11. The method of determining the yield point

Table 3. The key points of envelope curve
Speci Yield load Equivalent yield Peak load Ductility Initial stiffness
pecimen (kN) displacement (mm) (kN) coefficient (kN/mm)
CP 107.22 40.72 119.55 3.32 4.45
MTSP1 152.44 26.85 163.07 5.03 9.01
MTSP2 157.41 28.25 172.45 4.78 9.99
Drift(%)
-6 -4 -2 0 2 4 6
200 r T . T T
——(CP-T
—o—CP-M
100 | —®—MTSPL-T
—0—MTSP1-M
—A— MTSP2-T

—&—MTSP2-M

Lateral force(kN)

-100

-162 -108 -54 0 54 108 162

Displacement(mm)
Fig. 12. Envelope curve of load-displacement hysteretic loops

3.5. Effective stiffness

The effective stiffness is the slope of the line between any point on the skeleton curve and the
origin point, that is, the ratio of the horizontal and horizontal coordinates of the point, which is
expressed as:

(12)

where F; is the positive and negative peak load of the corresponding load level when the i-th load
level is loaded; and A; is the positive and negative peak displacement of the corresponding load
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level when the i-th load level is loaded.

The comparison of the effective stiffness of the three specimens is shown in Fig. 13. It can be
seen that the effective stiffness of MTSP was significantly greater than that of the CP. The initial
stiffness of MTSP2 and MTSP1 was 9.99 kN/mm and 9.01 kN/mm respectively, which were far
greater than that of CP by 4.45 kN/mm. The increased pretension stress enhanced the initial
stiffness and effective stiffness of MTSP.
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-6 -4 -2 0 2 4 6 0 1 2 3 4 5 6

CP-T ?

—.—
15 —o0—CP-M 100 —#=CP-T
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10 A ST2-M —a&— MTSP2-T
—A— MTSP2-M

Effective stiffness(kN/mm)

Accumulated energy dissipation (KN'm)

0
-162 162 0 27 54 81 108 135 162
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Fig. 13. Effective stiffness Fig. 14. Accumulated energy dissipation
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Fig. 15. Equivalent viscous damping
3.6. Energy dissipation capacity

In the elastic-plastic deformation of the structure, the energy dissipation capacity is an
important part to evaluate the seismic performance of the structure. The accumulated area of
hysteresis loops in the hysteretic curves is the accumulated energy dissipation. The accumulated
energy dissipation is stronger and the seismic performance of the structure is better when the
surrounding area is larger.

The accumulated energy dissipation of the three specimens is shown in Fig. 14. The
accumulated energy dissipation curves of CP and MTSP specimens were similar. The energy
dissipation capacity of the segment-assembled pier was generally smaller than that of the CP.
However, the test showed that the energy dissipation capacity of MTSP was slightly higher than
that of the CP because of the energy dissipation reinforcements. The accumulated energy
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dissipation capacity of MTSP1 specimen with 80 % ultimate strength tensile prestressed
reinforcements was less than 70 % of MTSP1 specimen with 80 % ultimate strength tensile
prestressed reinforcements. The main reason was that the prestressed reinforcements enhanced the
self-centering capacity and integrity, reduced the energy dissipation capacity of the MTSP2
specimen. The energy dissipation of the structure is weaker when the pretension stress is greater
than before.

The equivalent viscous damping ratio can reflect the energy dissipation performance of joints:

_ 2E;
B mh(x; — x)?

Ceq (13)

where E}, is the area enclosed by the hysteretic curve, k is the equivalent stiffness, x; and x, are
the positive and negative maximum displacement of the hysteresis loop in the hysteresis curve.

The equivalent viscous damping ratios of the three specimens are shown in Fig. 15. With the
increase of drift ratios, the equivalent viscous damping ratios were increasing. It indicated that
with the cracking and crushing of concrete, the energy dissipation of energy dissipation
reinforcements was increasing. The equivalent viscous damping ratios of MTSP specimens were
less than that of the CP when the pseudo-static displacements were the same. The equivalent
viscous damping ratio of MTSP1 was larger than that of MTSP2, which indicated that the increase
of prestressing stress was not conducive to energy dissipation.

3.7. Residual displacement

The residual displacement is the displacement value when the specimen is loaded from zero to
the maximum displacement and then unloaded to zero of the cycle in this direction. The
deformation after the residual displacement is irreversible plastic deformation. The pier is mainly
manifested in the pier top, between segments, between the segment and the pier bottom. The lower
residual displacement is, the stronger the self-centering capacity is. Low residual displacement is
beneficial to post-earthquake repair of structures.

Drift(%)
-6 4 2 0
150 r T T T T

[¥]
N
=N

—0—CP-T
100 - —C—MTSPL-T
—&—MTSP2-T

50 F

Residual displacement(mm)

-100

-150 I 1 1 I 1
-162 -108 -54 0 54 108 162

Displacement(mm)

Fig. 16. Residual displacements of specimens

As shown in Fig. 16. When the drift ratio was less than 1 %, the residual displacements of the
three specimens were similar. With the increase of displacements, the residual displacement of the
CP increased obviously, and the curves of MTSP specimens gradually flattened. The construction
error of the energy dissipation reinforcements in the preset grouting sleeves and the error of
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assembling segments leads to the eccentric stress of the specimens. Therefore, the variation law
of the residual displacements in the pseudo-static tests was asymmetric. As shown in Fig. 16.
When the drift ratio was greater than 1 %, the residual displacements of the two specimens were
far less than that of the CP specimen. There are several main reasons. The existence of prestressed
tendons made the self-centering capacity of the mortise-tenon segmental assembled piers stronger.
The existence of mortise-tenon shear connectors made the shear resistance between segments
stronger and the relative slip between segments smaller. The pretension stress of MTSP2 was
greater than that of MTSP1, so the residual displacement was lower. The increased pretension
stress enhanced its self-centering capacity.

3.8. Curvature

In the test, the displacement of both sides of piers in the loading direction could be measured
by the displacement meter, and then the curvature change in the measured height could be obtained
by calculation. The curvature was calculated as follows:

hy —h,

LH ’ 19

(p:

where, ¢ is the curvature, L is the distance between displacement meters, H is the height of
curvature calculation position. As shown in Fig. 17.

The curvature distributions of the specimens are shown in Fig. 18. When the displacement of
the CP specimen was low, the curvature was approximately linear distribution. And when the
displacement was large, the curvature distribution was mainly concentrated at the pier bottom.
The curvature distributions of MTSP specimens were mainly in the joints between segments and
between segments and cushion cap. The curvatures of pier shafts were small. The curvature
distributions of MTSP1 and MTSP2 specimens were similar.

3.9. Joint-opening

As shown in Fig. 19. With the increase of displacement, the opening amount between segment
4 and cushion cap increased gradually. When the drift ratio reached 5 %, the opening amount
between segment 4 and cushion cap reached more than 10 mm. The joint openings of the two
specimens were similar. The main reason was that the two specimens were the same except for
the initial pretension stress of prestressed reinforcements. The existence of energy dissipation
reinforcements, prestressed reinforcements and shear connectors reduced the opening degree
between the joints of segments.

h2

| |
| L I

Fig. 17. Diagram of curvature calculation
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4. Conclusions

In this paper, the self-centering mortise-tenon segmental bridge piers were designed. Three
specimens were tested under pseudo-static cyclic loading, and the finite element software
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ABAQUS was used to established the model to compare and analyze the test results.

The damage level, hysteretic characteristics and energy dissipation capacity were studied
through the parameter analysis of specimens, some conclusions were drawn:

1) According to the pseudo-static cyclic loading test results, the plastic hinge zone of MTSP
specimens had less damage and no annular cracks. The cracking degrees of MTSP specimens were
obviously less than that of CP specimen. The MTSP specimens were reinforced with energy
dissipation bars to enhanced the energy dissipation capacity. The residual displacements were
reduced because of the mortise-tenon shear connectors and the vertical prestressed steel strands.
The residual displacement, the cumulative energy dissipation and the equivalent viscous damping
ratio of MTSP2 were smaller than those of MTSP1. The equivalent stiffness and horizontal
bearing capacity of MTSP2 were larger than that of MTSP1. The test results shown that the
self-centering capacity of MTSP was better than CP. And the energy dissipation capacity was
similar to CP, which had the great seismic performance. The self-centering capacity, the stiffness
and horizontal bearing capacity of the structure would be improved effectively provided the
pretension stress was increased properly. While the energy dissipation capacity would be reduced
slightly. Further research was needed to find the optimal solution between the two aspects.

2) In addition, the calculated results obtained by ABAQUS modeling were similar to the
experimental results. A high coincidence was obtained resulted from the test. The structure type
of MTSP improved the seismic performance of segmental assembled piers. But the reinforcement
ratio of energy consuming reinforcements, the reinforcement ratio of prestressed tendons, the
height of tenons and the number of tenons were the factors affecting its seismic performance.
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