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Abstract: Residual displacements between the girder and piers were observed in previous strong
earthquakes. These are caused by the limited re-centering capacity of sliding isolation bearings.
With this concern, a spring re-centering device is proposed to improve the re-centering capacity
of sliding isolation systems. The working mechanism is illustrated, and the force—deformation
relationship of this device was investigated in theoretical, experimental, and finite element methods.
An extra-dosed multi-pylon cable-stayed bridge was introduced to demonstrate the re-centering
effect. The results show that this spring re-centering device could slightly mitigate the seismic forces
and significantly mitigate the residual displacement between the girder and piers. After that, the
parametric analysis was conducted to investigate the effect of critical parameters of re-centering
bearings on seismic performances.

Keywords: spring re-centering device; lateral stiffness of spring; sliding isolation system; relative
and residual displacements; optimal design

1. Introduction

The isolation design method is regarded as one of the best choices during modern
bridge seismic design [1-5]. As a result, seismic isolation bearings have been broadly used
in practical engineering [6-10]. The isolation systems can be classified into three categories:
(a) spring like isolation bearings, i.e., laminated and leader rubber bearings; (b) sliding
isolation bearings, such as pendulum and pot isolation bearings; and (c) a combination
of the previous two bearing types [1]. They could limit the inertia force transferring
to the structure, and dissipate seismic energy due to their specific energy dissipation
mechanism. Among these isolation systems, sliding isolation bearings are widely used
because of financial and construction concerns [11-13]. However, sliding isolation has low
re-centering capability, which then leads to excessive relative and residual displacements
after strong earthquakes [14—-16]. The large displacement will affect the functionality and
resilience of the bridges [17] and cause a high probability of severe pounding damage and
unseating failure when the clearance and supporting width are not enough.

Due to this shortcoming, previous studies have proposed many methods to improve
the re-centering capacity of a sliding system. Some researchers [18-20] have introduced
variable frequency pendulum isolators associated with variable curvatures (SIVC), friction
coefficients, and sliding surfaces. Other researchers proposed embodying additional re-
centering elements [21-25] to improve the re-centering capacity. For example, Mostaghel
and Khodaverdian [21] and Zayas et al. [22] combined the sliding isolation bearing with a
friction-based restoring pendulum system. Haque et al. [23] and Cao et al. [24,25] applied
super-elastic memory alloys to improve systematic re-centering capacity. Ozbulut [26]
combined re-centering SMA with a variable friction damper to mitigate the residual story
drift. Generally, these methods can improve the re-centering capacity to some extent, but
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they usually bring financial or technical challenges. With this concern, a re-centering device
that is simple to construct and economically friendly will be more broadly welcomed.

Theoretically, the re-centering is realized by a restoring force when the relative dis-
placement between adjacent components deviates from its original equilibrium position.
This will be improved if the restoring force proportionally relates to the relative deviating.
In this regard, springs with very elastic properties can be used as typical materials to
improve the re-centering capacity. Due to this reason, some researchers have recently
introduced springs to improve re-centering capacities. Kitayama and Constantinu [27,28]
and Constantinou et al. [29,30] proposed a sliding isolation system consisting of Teflon
disc bearings and helical steel springs to improve re-centering capacity; Chakraborty [1]
combined conical springs with flat sliding bearings to limit the peak and residual displace-
ments; Xu et al. [31] introduced pre-pressed disc springs to the system of friction energy
dissipation devices. Khoo et al. [32] developed a self-centering device generated by combin-
ing ring springs and asymmetrical friction connections. These springs provide re-centering
force by compression and tension deformation in their axial direction. Unfortunately, the
space at top of the pier is usually limited and it is hard to get an ideal resistant stiffness
for an effective re-centering capacity [33-35]. Additionally, since these springs are directly
connected to superstructures and substructures, these springs will deform with the varying
of temperature. Such deformation not only introduces fatigue damage to the spring but
also causes additional force to the bridge pier. However, it has been found that the spring
can also provide restoring stiffness in the lateral direction and such stiffness could also be
used to improve the re-centering capacity.

The current study aims to propose a new spring re-centering device that employs
the lateral stiffness of springs and effectively restrains the relative and residual displace-
ment between the girder and piers. The components and working mechanism of this
device are carefully illustrated and the force-displacement relationship for numerical anal-
ysis is derived. Then, time-history analyses are conducted to evaluate their effect on
seismic responses based on an extra-dosed cable-stayed bridge. Finally, an optimal anal-
ysis is conducted to investigate the influence of these re-centering device parameters on
seismic responses.

2. Re-Centering Spring Device
2.1. Working Mechanism

As shown in Figure 1, the spring re-centering device is composed of three parts:
spring, rubber, and the base system. In this re-centering device, the spring has a rectangular
cross-section. The re-centering stiffness is changed by composing multilevel springs with
different nominal diameters, which are nested on a flange with several layers. All of these
springs are considered to be reliably connected to the base system (the upper and bottom
plates), i.e., welded to the flange. Then, the spring system is covered by rubber which
protects the spring system from erosion and ensures the spring’s stability. Additionally,
the reinforced rubber also provides resisting stiffness when the spring re-centering device
deforms laterally.

The spring re-centering device is designed to mitigate the residual displacement
between the girder and piers during excessive earthquake excitations. To decrease the
influence on the bridge’s daily working state, the new spring re-centering device was
constructed with a free distance, which is used to adjust general temperature deformations.
This free distance was realized by setting an elliptical anchorage hole on the upper plate,
which was determined by the bridge’s creep effect and the acceptable relative displacement
between the girder and piers. Thus, the bolt which is fixed to the deck could move in the
hole, but will be restrained from excessive relative displacement.



Sustainability 2022, 14, 10720

30f13

anchorage hole

in Ellipes shape Upper plate

Anchorage hole

in cylindrical shape

/

Nominal diameter

Spring with

rectangular

e Coverage rubber

\ i il

cross section

Bottom plate

Figure 1. The sketch of proposed spring re-centering device.

2.2. Force—Displacement Relationship

The force-displacement relationship of the new spring re-centering device can be di-
vided into multiple stages. For example, when the relative displacement is small, the spring
re-centering device does not work. With a further increase in the relative displacement
between the girder and piers, the spring and rubber will start to deform and provide a
resistant force. The stiffness provided by the rubber during this process is well demon-
strated with Equation (1), where G, is shear modular, A is cross-section, and ¢ is total
rubber thickness. oA

r
== M)

Now, the main work is to illustrate the lateral stiffness of the helical spring. The

theoretical method is validated by the experimental and finite element methods.

ks

2.2.1. Theoretical Method

The lateral stiffness of the helical spring is different from that in the axial direction.
Specifically, axial stiffness comes from the compression or tension deformation of coils,
while the lateral stiffness results from the shear deformation. The lateral stiffness of springs
can be calculated by unit load method in Equation (2) [33].

Ed*
kluteml = 2 (2)
8nD3 {1 +4(5) @+ v)]
Gd*s
"= 8DF ®)
E
C= 2(1+0) @)

where E is the modulus of elasticity; d is the nominal diameter of wire; n is the number
of active coils; D is the mean diameter of coil; L is the spring length under compression;
v is Poisson’s ratio; G is the modulus of rigidity; s is the spring deflection; and F is the
spring force.
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2.2.2. Validation with Experimental and Numerical Data

To validate the helical spring’s lateral stiffness, an experimental test was carried
out on a TDC-C automatic compress-extension machine. The working frequency of this
experimental machine ranges from 0.01 mm/min to 300 mm/min with 600 mm peak
displacement, and the maximum force applied to the experimental objects was 50 kN with
a working accuracy controlled within 1%. As shown in Figure 2, an internal forcing plate
was set in the middle for applying force and connected to the upper kinematic device.
As for the testing specimen, 55CrSiA was used to produce the experimental sample with
a nominal diameter of 57.92 mm and a cross-section of 2.92 mm X 7.24 mm. Moreover,
24 coil cycles contributed to the whole length, with a relative distance between adjacent
coils of 14.02 mm. The detailed information is listed in Table 1.

(S
SRR

Figure 2. Experimental testing and finite element model spring.

Table 1. Detailed diameter information of the spring.

Dimension Diameter Distance between . .
(mm) (mm) Adjacent Coils (mm) Number of Coils Material
2.92 x 7.24 57.92 14.02 24 55CrSiA

This process was also analyzed on ANSYS platform. Specifically, element type
SOLID95 was used to model the characteristics of the spring. The connection between
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springs and the forcing plate was modelled by Targel170 and Contal74 where the characters
were determined by penalty function. The ends of the spring were fixed to steel plates
at the sides. Then, the whole calculation domain was meshed into 69,120 elements with
377,850 nodes. After that, the force—displacement relationships from experimental, ana-
lytical, and theoretical approaches are plotted in Figure 3. It indicates that there are some
discrepancies between them when the displacement is large. This phenomenon is attributed
to the coupling effects of geometry variation and material deformation. Additionally, the
practical spring provides a higher restraint stiffness than the theoretical value, which will
cause a conservative re-centering effect. On the other hand, the rubber coverage provides
protects to springs and avoids unstable geometry deformation. Thus, the reliability of
the working states could help mitigate the discrepancies. And, the following theoretical
equation can be applied to estimate the lateral spring stiffness.

1500
—— Experimental
1000 = Theoretical
—— Numerical
~ 500
-z
4
0
ot
o
=500
-1000 [
-1500 4 1 L 1

-10 =3 0 > 10

displacement (mm)
Figure 3. Force-deformation relationship of the spring in lateral direction.

3. Numerical Illustration
Finite Element Model

To evaluate the re-centering effect, a six-pylon extra-dosed cable-stayed bridge [36]
was selected as an example for analysis. The symmetrical pylons of the bridge are fixed to
the girder, where the girder is supported by bearings. The hybrid concrete box girder has a
total length of 908 m and a width of 36.8 m. The reinforced concrete pylon was designed
in a herringbone pattern in the longitudinal direction with a height of 45 m, and has nine
sets of double-cable planes on each side to aid in reinforcing the girder. The average height
of the reinforced concrete piers is 23 m. To avoid damages caused by extreme relative
displacement between the girder and piers, 4 cable-sliding friction aseismic bearings [37]
were introduced to P15 and P20, as shown in Figure 4.
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Figure 4. Schematic illustrations of bridge and the relative details (a) the schematic of bridge
and detailed information of critical cross sections (b) bearing arrangement (c) force-displacement

relationship of bearings.

The numerical model was constructed on the SAP2000 platform. Since such a huge
bridge is a critical lifeline facility, the bridge was designed to remain elastic even through
strong earthquakes [38-40]. Elastic frame elements were used to model the dynamic
behavior of the girders, piers, and pylons. Truss elements with a modified elasticity
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modulus were used to account for the sag effect of cables [41]. The local cable was assumed
to be straight without further distributed mass [42]. The foundation was idealized as
a six-spring model and a lumped mass is modeled at the geometric center of the pile
cap [43-45]. The stiffness of the foundation spring was calculated with ‘m’ method and
the lumped mass is the total mass of the pile cap [46-49]. To effectively demonstrate the
re-centering effect of the new spring re-centering device, a multi-elastic element, which can
define different stiffnesses within various working periods, was introduced to model the
response of this re-centering device. Simultaneously, the force-deformation relationship
of cable-sliding friction aseismic bearing was modeled by using plastic wen elements and
multi-elastic elements parallelly. The free distance of cable-sliding friction aseismic bearing
was 20 cm. The initial stiffness of the pendulum bearing was calculated with the classical
method in Equation (5), and the restraint cable stiffness was 1.0 x 10° kN/m. The proposed
re-centering device was set on all six piers. The free distance of the new spring re-centering
device at each of the bridge piers was taken as 15 cm and the composed re-centering
stiffness as 2.0 x 10* kN/m. It should be noted that this stiffness was a total effect of
re-centering. In practical cases, this re-centering stiffness can be provided by combining
several devices.
fs = uEn

g (5)

where y is the friction coefficient and it usually takes 0.02, Fy is the vertical force of the
bearing, s is the initial distance for the friction sliding and is 0.002 m. After that, three
near-fault earthquakes (as shown in Table 2) were selected from the PEER Ground Motion
Database for analysis, with magnitudes ranging from 6 to 8 and the source-to-site distance
are within 10 km. These three ground motion records were applied to conduct longitudinal
seismic excitation, and vertical components [50], calculated with half of the horizontal
parts, were also implemented. In the present analysis, the effect of wave travelling is not
of concern and only the uniform excitation is performed, where the damping ratios are
determined by two critical periods (i.e., the periods of first order of modal and the one
corresponding to 95% mass participant ratios) and system damping of concrete bridges.

Table 2. The selected ground motion records used for time history analysis.

No. Seismic Wave Recording Station Time Magnitude PGA(g)
1 Cape Mendocino Petrolia 1992 7.0 0.662
2 Chi-chi, Taiwan TCU053 1999 7.6 0.223
3 Northridge-01 Newhall-W pico canyon rd 1994 6.7 0.325

4. Analysis Results and Discussion

The critical seismic responses in terms of shear force, moment, and displacement
are recorded, where P15 (cable restraint) and P17 (general piers) present the piers with
and without restraint devices. The comparison between cases with and without spring
re-centering device is used to evaluate its effectiveness.

4.1. Displacement and Deformation

The maximum girder displacement in Table 3 indicates that girder displacements are
similar between cases with and without the spring re-centering device. The restraints from
substructures are limited when the re-centering device is installed. Figure 5 compares
the relative displacement between pier P15 and decks with the excitation of earthquake
waves in Table 2. We can find that the time history is almost same at the beginning, but
severe discrepancies are observed at the end. The residual displacements decrease with
the present spring re-centering device. This means that the restoring force works to restrict
further movement when the relative displacement exceeds the initial free distance.
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Table 3. Girder displacement with and without spring re-centering device.

No. Without With
1 0.302 0.266
2 0.276 0.259
3 0.242 0.26
—— Without re-centering device —— With re-centering device
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Figure 5. Relative displacement between girder and pier (a) Cape (b) Chi-Chi (c) Northridge.

4.2. Shear Force and Moment

Force and deformation are always concerned in engineering demand parameters
during seismic analysis. Figure 6 presents the maximum shear force and moment at the
bottom of the pier. We found that force on the bottom of the bridge piers decreases after a
spring re-centering device is applied. The decrease of force on the piers results from the
combining effect of an inertial force transformation and the variation of vibration state for
substructures. As shown in Figure 5, the relative displacement between girder and pier is
mitigated; this means less inertial force is transformed to the P15 and additional force is
transformed to P17. On the other hand, the vibration of substructures is also impacted. For
example, the hysteresis curve of cable sliding bearing is impacted by the application of such
spring re-centering devices, i.e., the maximum force is decreased. Also, the installation of
spring re-centering device could increase the capacity of energy dissipation. As a result,
forces on pier P15 get decreased, but the mitigation effect on P17 is limited. Moreover,
the bending moment at the restrained pier decreases because of mitigated shear force.
However, the moment on the general pier P17 is slightly increased; this phenomenon is
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explained by the fact that a larger shear force is transformed from the superstructures to
the pier top.

I P15 NO re-centering Cr1s re-centering device [ P17 NO re-centering [ ] P17 re-centering device

(o)
(=]

~
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Figure 6. Shear force and bending moment at the pier bottom.

5. Parametric Analysis

To analyze the influence of the critical parameters of the spring re-centering device
(initial slack and stiffness) on seismic response, an additional set of earthquakes were
selected from the PEER database and a total of 10 corresponding pseudo-acceleration
spectrums are depicted in Figure 7. An optimal design was carried out to investigate the
impact of the critical factors. Specifically, a total 200 nonlinear time-history analysis was
conducted with initial free distances 0 cm, 5 cm, 10 cm, and 15 c¢m, and the stiffnesses
5MN/m, 10 MN/m, 20 MN/m, 40 MN/m and 80 MN/m.

— Imperial Valley - 06

2.0 B
— Erzican, Turkey
—— Cape Mendocino
— Landers

— Chi-Chi TCU042

— Chi-Chi TCUO053

— Chi-Chi TCU060

— El Centro #06

—— Superstition Hills - 02
—— Northridge - 01

Mean values

acceleration (g)
(e

0 2 4 6 8 10
Period T (s)
Figure 7. Pseudo-acceleration spectrum of the select ground motion.

Figure 8 indicates that the relative and residual displacement between the girder and
piers increases with the rise of the initial slack values and decreases when it is constructed
with a larger re-centering stiffness. We found that the bearing deformation was significant,
with low restraint stiffness for all the tested initial free distances in Figure 8a. The effect
of restraint stiffness has limited influence when there is a large initial slack. This means
that the re-centering device does not work sufficiently and has limited impact on seismic
responses. However, for the residual displacement, it increases sharply and has little impact
with the restraint stiffness. It was observed that the mean residual displacement is positive
around the initial slacks.
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Figure 8. (a) Bearing deformation and (b) residual displacement with different design factors.

The shear force also varies with changes in initial slack and re-centering stiffness. As
shown in Figure 9, there is a peak value of shear force with a 0 cm free distance and high
restraint stiffness. This decreases quickly with the increase of initial free distances. For
example, the shear force does not change much when the initial free distance is ranging from
10 cm to 15 cm. There is a minimum value with restraint stiffness of 40 MN /m. Additionally,
the slight restraint stiffness has a limited effect on the variation of shear forces.

shear force at pier bottom (MN)

Figure 9. Peak shear force for different design factors.

6. Conclusions

The current study proposes a new spring re-centering device to increase the re-
centering capacity of a sliding isolation bridge system. The working mechanism of this
spring re-centering device is illustrated, while the force-deformation relationship was
investigated in theoretical, experimental, and numerical methods. To assess its effect on
seismic response, a three-dimensional finite element model of an extra-dosed cable-stayed
bridge on SAP2000 was used to conduct analysis. Time-history analyses were carried
out for bridges with and without spring re-centering devices. The shear force at the pier
bottom, girder displacement, bearing deformation, and the residual displacement between
girder and piers were recorded and compared.
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This study indicates that sliding isolated bridge systems have an apparent residual
displacement between their girder and piers after strong ground-motion excitations. The
present spring re-centering device could mitigate the seismic responses and decrease
residual displacement between girder and piers. The optimal design of this re-centering
device demonstrates that cases with a free distance ranging from 10 cm to 15 cm correspond
to the most mitigated seismic responses in terms of residual displacement and force. With
such initial free distance values, the restraint stiffness has a significant influence on the
residual displacement, while having relatively less impact on the shear force, bearing
deformation, and girder displacement.
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