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Abstract: Continuous girder bridges have been extensively constructed in China over the past
30 years, and these bridges tend to experience severe damage under ground motions with velocity
pulses. In the current research, an innovative linear friction damper (LFD) is proposed to mitigate
the seismic damages of continuous girder bridges subjected to near-fault ground motions. The
OpenSees platform is adopted to establish the numerical model of a continuous girder bridge in the
near-fault region. Sixteen ground motions with velocity pulses are selected from the PEER ground
motion database. The wavelet method is used to extract the maximum velocity pulse from the
two orthogonal components of a ground motion. The effects of the initial gap, the coefficient of
friction, and the spring stiffness of LFD on the seismic responses of the bridge are investigated by
the response surface method (RSM). The seismic responses of the bridge for the original system
(Non-isolated), LFD system (Isolated-LFD), and lead rubber bearing (LRB) system (Isolated-LRB),
such as force–displacement relationship, bearing displacement, and pier curvature, are obtained
after conducting a series of nonlinear time history analyses. The numerical results reveal that this
innovative device (LFD) can effectively control the relative displacements between the superstructure
and substructure of the bridge. Meanwhile, the seismic responses of the piers can be significantly
decreased compared with the non-isolated system.

Keywords: near-fault isolation; velocity pulses; continuous girder bridges; linear friction damper;
lead rubber bearing

1. Introduction

Continuous girder bridges have been widely constructed in China over the past
30 years. These bridges are characterized by expansion joints between adjacent segments
to conform to displacement induced by temperature and fixed bearings at one of the
piers to resist braking force. Unseating of the superstructure and pier collapse of girder
bridges have been frequently observed in the past with strong earthquakes [1]. In the 2008
Wenchuan earthquake, the Huilan bridge was severely damaged, and it was found that the
bearing on the top of the shortest pier was damaged first, and then, the pier with the largest
flexural stiffness failed [2,3]. The girder may experience unseating at the expansion joint
for a continuous girder bridge. Thus, it is essential to maintain the integrity of a continuous
girder bridge. The inertial force of the superstructure should not be transmitted mainly
through the pier with a fixed bearing.

Near-fault ground motions possessing strong velocity pulses impose high seismic
demands for structures. The directivity effects occur when the fault ruptures toward the
direction of the site at a speed approximately equal to the shear wave velocity [4]. Velocity
pulses are characterized by a long period and short duration, leading to significantly larger
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seismic responses than far-field ground motions [5]. For example, girder bridges will
experience excessive relative displacement at expansion joints and severe damage at piers
with fixed bearings. Passive control devices have been used to isolate the bridge deck
from the substructure and to provide additional damping to dissipate input energy. These
isolation systems, including bearings [6–11] and dampers [12–14], are widely adopted to
control the seismic responses of bridges. However, these isolation devices might perform
poorly under near-fault ground motions because large displacement caused by long-period
velocity pulses can be difficult to accommodate by these systems [5]. Providakis [15,16]
investigated the effect of supplemental damping on LRB seismic isolators under near-fault
ground motions. The results revealed that the supplemental damping must be carefully
controlled to avoid some adverse effects. Panchal and Jangid [17] studied the application of
a variable friction pendulum system on structures under near-fault ground motions. It was
found that this device can effectively control the seismic response of buildings subjected to
near-fault ground motions. Dicleli et al. [18] conducted a parametric analysis to select the
optimal isolator properties for bridges under near-fault ground motions. It was observed
that energy dissipation devices are required to decrease the isolator displacements. Li
et al. [19] found that shape memory alloy wire-based lead rubber bearings effectively control
the deck displacement and reduce the internal forces of the pylon of cable-stayed bridges.
Based on the research above, the isolation systems used to reduce the seismic responses of
structures under near-fault ground motions should be characterized by large displacement
capacity. Meanwhile, they should be able to control the relative displacement between the
superstructure and substructure; thus, pounding and unseating can be avoided.

This paper aims to propose a linear friction damper (LFD) and validate the effective-
ness of this device installed at continuous girder bridges in the near-fault region. First, this
device’s working mechanism, numerical validation, and design process are introduced
in detail. Second, the numerical model of a continuous girder bridge is established using
the OpenSees program. Third, 16 seismic records with strong velocity pulses are selected
from the PEER website as input ground motions. Then, a parametric analysis of LFD is
conducted to determine the appropriate parametric values for this device. Finally, the
seismic responses of the bridge with the original system (Non-isolated), lead rubber bearing
system (Isolated-LRB), and LFD system (Isolated-LFD), such as bearing displacement and
pier curvature, are obtained after performing a series of nonlinear time history analyses.
Comparisons are made between the original system and the isolation systems to evaluate
the effectiveness of LFD in mitigating the overall seismic responses of bridges subjected to
ground motions with velocity pulses.

2. Linear Friction Damper (LFD)
2.1. Working Mechanism of LFD

Figure 1 depicts a self-centering linear friction damper (LFD) composed of a guiding
system and sliding block. The sliding block is rigidly connected with the superstructure
and can move along the axial direction of the guiding rod. The guiding system comprises a
slot, guiding rods, hinge plates, baffles, friction blocks, and springs. The bottom of the slot
is fixed on the substructure, and both ends of the guiding rod are rigidly connected to the
slot. The springs providing restoring force are rigidly connected with the slot and baffles.
The hinge rods hinge plates, and the friction blocks are hinged. Thus, relative displacement
will take place when they are subjected to force action. The working mechanism of LFD
can be summarized as below: After the initial gap between the sliding block and slot is
filled, the sliding block starts to push the hinge plate, and the friction blocks are forced
to move outside. This movement is strongly restricted by the side plate of the slot. Thus,
normal pressure between the friction block and slot takes place. Moreover, this force
linearly increases with the movement of the sliding block. Meanwhile, the corresponding
spring is also compressed to resist the force transmitted from the sliding block. In the
unloading process, the direction of normal pressure will change to the opposite direction.
The force–displacement relationship of LFD is illustrated in Figure 2. In the current study,
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the angle between the hingle plate and the hingle rod is assumed to be 135 degrees. In the
loading process (Figure 2a), the external force is resisted by the spring force and the friction
force in the direction of displacement. In the preliminary research of the device, for brevity,
it is assumed that the friction coefficient complies with the Coulomb friction law. Thus, the
force–displacement relationship of LFD in the loading process can be obtained as below:
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F = kd + 2 f (1)

f =
kd + F

2
µ (2)

F =
1 + µ

1 − µ
kd (3)

where µ is the friction coefficient, k is the spring stiffness, and d is the displacement. It
can be found that the stiffness of LFD in the loading process is k(1 + µ)/(1 − µ), which is
larger than that of spring due to the contribution of the friction effect. In the unloading
process (Figure 2b), the direction of the friction force f is reversed, and the spring force kd
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is balanced by the external force F and friction force f . As a result, the force–displacement
relationship of LFD in the unloading process can be derived as below:

F =
1 − µ

1 + µ
kd (4)
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Based on the aforementioned analysis, the force–displacement relationship of LFD
comprises two parts: spring and linear friction (Figure 2c). It is found that an initial gap
can be set in LFD, and the device does not play its role until the initial gap is exhausted.
The spring system can provide strong restoring force. Therefore, LFD can accommodate
large displacements caused by velocity pulses and can effectively control the correspond-
ing displacements.

2.2. Numerical Validation of LFD

A numerical experiment was conducted to validate the theoretical force–displacement
relationship of LFD. Important features of the FE model are shown in Figure 3a. Only
half of the model is considered for the numerical experiment. The slot, hinge rods, and
friction blocks are modeled using linear eight-node solid elements. For brevity, the hinge
parts are not precisely modeled, and constraint is adopted to simulate the hinge behavior.
In addition, the spring in LFD is simulated by a linear elastic material with a stiffness of
2500 N/mm. The contact and friction behaviors between the slot and friction block are
elaborately simulated. The Coulomb law is adopted to simulate the contact property of
the surfaces in the tangential direction, and the friction coefficient is set to 0.2. Based on
the previous research [20], the friction coefficient depends on contact pressure, sliding
velocity, and air temperature. In the preliminary research of this new device, for brevity,
the Coulomb friction law is used. The displacements of 50, 100, and 150 mm are applied to
the loading point to obtain the force–displacement relationship of the device. Figure 3b
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illustrates the Mises stress of the device in the loading process. Figure 4 compares the
theoretical constitutive model and that of the numerical experiment. It is found that the
theoretical model is consistent with that of the numerical experiment. Moreover, this
theoretical institutive model will be adopted in the following sections.
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2.3. Design Process of LFD

LFDs can be installed either in the longitudinal or transverse direction of bridges,
such as girder and cable-stayed bridges. The design flow chart of LFD is demonstrated
in Figure 5. According to the force–displacement relationship, it is found that the critical
parameters of LFD are the initial gap d0, friction coefficient µ, and spring stiffness k. The
effects of spring stiffness on the seismic responses will be discussed in the following section
in detail. For a specific case, first, the initial parametric values of LFD are assumed (for
example, the friction coefficient can be determined by the material property of the contact
surface, the initial gap can be set based on the displacement induced by temperature, and
the initial stiffness can be set to 10,000 kN/m). LFDs and bidirectional sliding bearings
replace the original bearing arrangement of the bridge. Second, a nonlinear time history
analysis is performed to obtain the seismic responses of the critical components, such as
superstructure displacement and pier curvature. Then, whether the seismic responses
exceed their corresponding limits is examined. If the seismic responses are over their
limit values, the parametric values of LFD should be reassumed. Otherwise, the current
parametric values will be selected. Finally, the dimensional details of LFD are determined
based on the parametric values and seismic responses of LFD.
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3. Continuous Girder Bridge
3.1. Geometry Description

In order to evaluate the isolation effect of continuous girder bridges equipped with
LFDs when subjected to near-fault ground motions, the current study adopts a three-
span continuous box-girder bridge with typical configurations of girder bridges in China.
Figure 6a illustrates the bridge’s elevation with a main and side span length of 100 and
60 m, respectively. The concrete strength of the bridge is 29.2 MPa, and the yield strength
of the reinforcement is 345 MPa. The height of the bridge girder varies from 3 to 6.5 m,
and expansion joints are installed to accommodate displacement induced by temperature.
The original bearing arrangement (Non-isolated) is presented in Figure 6b, including fixed
bearing, unidirectional and bidirectional sliding bearings. As a result, the superstructure
can freely deform in the longitudinal and transverse directions. Lead rubber bearings
(LRBs), due to their high damping properties, are used worldwide [21]. Therefore, in the
current study, the comparisons are made between the LRBs system (Isolated-LRB) and
the LFDs system (Isolated-LFD) to evaluate the effectiveness of LFDs in mitigating the
seismic responses of the bridge under near-fault ground motions. Figure 6c demonstrates
the cross-sections of the box-girder and piers.



Buildings 2022, 12, 1019 7 of 17Buildings 2022, 12, x FOR PEER REVIEW 7 of 17 
 

 
Figure 6. Description of the girder bridge: (a) elevation and (b) plan of the prototype bridge and (c) 
section properties. 

3.2. Numerical Modeling 
The OpenSees (the Open System for Earthquake Engineering Simulation) [22] plat-

form is adopted to establish the numerical model of the bridge, as can be seen in Figure 7. 
In the current study, the superstructure is modeled as a spine, and the elastic beam–col-
umn element is used to simulate it because the deck is expected to maintain elasticity dur-
ing seismic excitation. In order to account for pier nonlinearity, fiber sections composed 
of confined concrete, unconfined concrete, and longitudinal reinforcement are employed 
to establish piers. The model of Mander et al. [23] is adopted to simulate the confined 
concrete. Lumped linear springs, including three translational and rotational springs, 
model the pile foundations. In addition, the pile caps mass is lumped at their centers. Pot 
rubber bearings are used for the original bearing system (Non-isolated), and the bearing 
arrangement can be seen in Figure 6b. For the lead rubber bearing system (Isolated-LRB), 
the bearings in piers 3 and 4 are replaced with LRBs, as shown in Figure 7. Based on the 
vertical load capacity of LRB, the elastic stiffness (K1), post-yield stiffness (K2), and char-
acteristic strength (Qd) of LRBs are set to 30,000 kN/m, 4500 kN/m, and 771 kN, respec-
tively. For the linear friction damper system (Isolated-LFD), the bearings in pier 3 and 4 
are replaced with bidirectional movable bearings and LFDs, as seen in Figure 7. In the 
current research, the ground motions excite the bridge only in the longitudinal direction, 
and the other two directions are not considered. 

Figure 6. Description of the girder bridge: (a) elevation and (b) plan of the prototype bridge and
(c) section properties.

3.2. Numerical Modeling

The OpenSees (the Open System for Earthquake Engineering Simulation) [22] platform
is adopted to establish the numerical model of the bridge, as can be seen in Figure 7. In
the current study, the superstructure is modeled as a spine, and the elastic beam–column
element is used to simulate it because the deck is expected to maintain elasticity during
seismic excitation. In order to account for pier nonlinearity, fiber sections composed of
confined concrete, unconfined concrete, and longitudinal reinforcement are employed
to establish piers. The model of Mander et al. [23] is adopted to simulate the confined
concrete. Lumped linear springs, including three translational and rotational springs,
model the pile foundations. In addition, the pile caps mass is lumped at their centers. Pot
rubber bearings are used for the original bearing system (Non-isolated), and the bearing
arrangement can be seen in Figure 6b. For the lead rubber bearing system (Isolated-LRB),
the bearings in piers 3 and 4 are replaced with LRBs, as shown in Figure 7. Based on
the vertical load capacity of LRB, the elastic stiffness (K1), post-yield stiffness (K2), and
characteristic strength (Qd) of LRBs are set to 30,000 kN/m, 4500 kN/m, and 771 kN,
respectively. For the linear friction damper system (Isolated-LFD), the bearings in pier 3
and 4 are replaced with bidirectional movable bearings and LFDs, as seen in Figure 7. In the
current research, the ground motions excite the bridge only in the longitudinal direction,
and the other two directions are not considered.



Buildings 2022, 12, 1019 8 of 17
Buildings 2022, 12, x FOR PEER REVIEW 8 of 17 
 

 
Figure 7. Numerical model of the prototype bridge. 

4. Near-Fault Ground Motions 
To evaluate the directivity effects on the seismic responses of the prototype bridge, 

sixteen ground motions with velocity pulses were selected from the Pacific Earthquake 
Engineering Research Center database in the current study, as seen in Table 1. The mag-
nitudes and pulse periods in Table 1 are varied from 5.8 to 7.62 and from 0.57 to 9.33 s, 
respectively. The original ground motion refers to a linear combination of two orthogonal 
components of a ground motion in the strongest velocity pulse direction. In the present 
study, the procedure developed by Baker [24,25] was adopted to extract the largest veloc-
ity pulse from an original ground motion. This procedure mainly contains two steps: First, 
Daubechies wavelet of order four is adopted to calculate the wavelet transform coeffi-
cients of the two orthogonal components of a ground motion, and the sum of the squares 
of these two coefficients sequences is compared to determine the largest velocity pulse 
direction. A linear combination of the two orthogonal components in the largest velocity 
pulse direction yields the original ground motion. Second, wavelet analysis is performed 
for the original ground motion to extract the largest velocity pulse, and the details are 
referred to in [24]. The peak ground accelerations (PGA), peak ground velocities (PGV), 
and pulse periods (Tp) in Table 1 correspond to their original ground motions, as dis-
cussed previously. Figure 8 presents the largest velocity pulses extracted from the ground 
motions in Table 1, and these pulses are characterized by different shapes, peak ground 
velocities, and pulse periods. Thus, Daubechies wavelet of order four can effectively ex-
tract velocity pulses from ground motions. Figure 9 illustrates the velocity spectra of the 
original ground motion, extracted pulse, and residual ground motion for ground motions 
in Table 1. It can be found that velocity pulses possess long periods. In addition, the pulse 
periods are not always consistent with the maximum spectral periods of the original 
ground motions. For instance, the pulse period of the 13th ground motion in Table 1 is 
larger than its corresponding maximum spectral period of original ground motion. There-
fore, it is more reasonable to determine pulse period from the aspect of time–frequency 
than from the view of frequency. In the current research, the original ground motions in 
Table 1 are applied to the longitudinal direction of the prototype in the following sections. 

Figure 7. Numerical model of the prototype bridge.

4. Near-Fault Ground Motions

To evaluate the directivity effects on the seismic responses of the prototype bridge,
sixteen ground motions with velocity pulses were selected from the Pacific Earthquake
Engineering Research Center database in the current study, as seen in Table 1. The mag-
nitudes and pulse periods in Table 1 are varied from 5.8 to 7.62 and from 0.57 to 9.33 s,
respectively. The original ground motion refers to a linear combination of two orthogonal
components of a ground motion in the strongest velocity pulse direction. In the present
study, the procedure developed by Baker [24,25] was adopted to extract the largest velocity
pulse from an original ground motion. This procedure mainly contains two steps: First,
Daubechies wavelet of order four is adopted to calculate the wavelet transform coefficients
of the two orthogonal components of a ground motion, and the sum of the squares of these
two coefficients sequences is compared to determine the largest velocity pulse direction. A
linear combination of the two orthogonal components in the largest velocity pulse direction
yields the original ground motion. Second, wavelet analysis is performed for the original
ground motion to extract the largest velocity pulse, and the details are referred to in [24].
The peak ground accelerations (PGA), peak ground velocities (PGV), and pulse periods (Tp)
in Table 1 correspond to their original ground motions, as discussed previously. Figure 8
presents the largest velocity pulses extracted from the ground motions in Table 1, and these
pulses are characterized by different shapes, peak ground velocities, and pulse periods.
Thus, Daubechies wavelet of order four can effectively extract velocity pulses from ground
motions. Figure 9 illustrates the velocity spectra of the original ground motion, extracted
pulse, and residual ground motion for ground motions in Table 1. It can be found that ve-
locity pulses possess long periods. In addition, the pulse periods are not always consistent
with the maximum spectral periods of the original ground motions. For instance, the pulse
period of the 13th ground motion in Table 1 is larger than its corresponding maximum
spectral period of original ground motion. Therefore, it is more reasonable to determine
pulse period from the aspect of time–frequency than from the view of frequency. In the
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current research, the original ground motions in Table 1 are applied to the longitudinal
direction of the prototype in the following sections.

Table 1. Ground motions with forward-directivity effects.

No. Record
Number Earthquake Name Year Magnitude Rrup (km) PGA (g) PGV

(cm/s) Tp (s)

1 4126 Parkfield-02_CA 2004 6 3.79 0.85 43.2 0.57
2 1052 Northridge-01 1994 6.69 7.26 0.53 56.1 0.73
3 568 San Salvador 1986 5.8 6.3 0.70 68.3 0.81
4 1004 Northridge-01 1994 6.69 8.44 0.75 77.8 0.92
5 1106 Kobe_Japan 1995 6.9 0.96 0.86 105.1 1.09
6 77 San Fernando 1971 6.61 1.81 1.38 121.7 1.64
7 723 Superstition Hills-02 1987 6.54 0.95 0.46 143.8 2.39
8 828 Cape Mendocino 1992 7.01 8.18 0.71 96.6 3.00
9 982 Northridge-01 1994 6.69 5.43 0.38 101.5 3.14

10 1085 Northridge-01 1994 6.69 5.19 0.84 113.9 3.61
11 1176 Kocaeli_Turkey 1999 7.51 4.83 0.28 90.6 4.95
12 1244 Chi-Chi_Taiwan 1999 7.62 9.94 0.39 108.8 5.34
13 1501 Chi-Chi_Taiwan 1999 7.62 9.78 0.18 78.9 6.55
14 879 Landers 1992 7.28 2.19 0.72 132.1 5.12
15 1502 Chi-Chi_Taiwan 1999 7.62 16.59 0.13 52.3 8.46
16 1482 Chi-Chi_Taiwan 1999 7.62 19.89 0.20 57.9 9.33
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5. Numerical Results and Discussion
5.1. Parametric Analysis of LFD

In this section, the Response Surface Method (RSM) [26] is used to obtain the optimal
parametric values of LFD. The fundamental idea of RSM is to adopt a polynomial with
multiple variables to simulate the real response surface [27]. More detailed information on
RSM can be referred to in the work of Towashiraporn [28].

In the current study, the initial gap (x1), the coefficient of friction (x2), and the spring
stiffness (x3) of LFD are regarded as design parameters. For each ground motion, 15 ex-
perimental design points are generated based on RSM, and nonlinear time histories are
conducted to obtain the maximum pier curvatures and bearing displacements of the bridge
at the design points. Figure 10 illustrates the contour maps of the maximum pier curvatures
and bearing displacements with respect to the initial gap (x1), the coefficient of friction (x2),
and the spring stiffness (x3) of LFD ground motions 1 and 7 in Table 1. It is found that
the maximum pier curvatures increase with the increase in spring stiffness. Moreover, the
initial gap (x1) significantly influences the bearing displacement. It also indicates that the
coefficient of friction (x2) has little effect on the seismic responses of the bridge compared
to the other two parameters. The large displacement accommodation should be considered
for ground motions with velocity pulses.
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and (b) wave 7 in Table 1.

Furthermore, the maximum displacement between the superstructure and the sub-
structure of the bridge should be limited to avoid pounding and unseating of the girders.
However, this benefit is at the expense of increasing the pier damage. Therefore, proper
device parameters should control the maximum relative displacement between the super-
structure and the substructure to a reasonable range and should not significantly increase
the seismic demand of the pier. Based on the above discussions, the spring stiffness of LFD
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is set to 30,000 kN/m. In addition, the friction coefficient and initial gap of LFD are set to
0.2 and 0, respectively.

5.2. Force–Displacement Relationship of Components in the Longitudinal Direction

Figure 11 illustrates the force–displacement relationships of the bearing and pier
of the prototype bridge with the original system (Non-isolated), LFD system (Isolated-
LFD), and LRB system (Isolated-LRB) for waves 4, 9, and 14 in Table 1. For the original
system (Non-isolated), the elastic perfectly plastic material is adopted to simulate the
force–displacement relationship of the sliding bearing. The bearing starts to move when
its friction force reaches a critical value. Meanwhile, for the LFD system (Isolated-LFD),
the bearing system’s constitutive model comprises two parts: sliding bearing and LFD. In
addition, for the LRB system (Isolated-LRB), the bearing yields when the shear force reaches
the characteristic strength (Qd) of the bearing. It can be found that the LRB system (Isolated-
LRB) usually experiences a larger bearing displacement than the other two systems. This
phenomenon can explain that for the LRB system (Isolated-LRB), the second stiffness (K2)
of the LRB bearing is much smaller than its initial stiffness. When a ground motion with a
strong velocity pulse excites the bridge in the longitudinal direction, the small post-yielding
stiffness of the LRB bearing cannot control the relative displacement induced by a large
velocity pulse. Meanwhile, the LFD system (Isolated-LFD) can provide large constant
stiffness in the loading process. Thus, the relative displacement between the superstructure
and the substructure of the bridge can be effectively controlled.
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Figure 11. Force–displacement relationship of the continuous girder bridge for the original system
(Non-isolated), LFD system (Isolated-LFD), and LRB system (Isolated-LRB) with (a) wave 4, (b) wave 9,
and (c) wave 14 in Table 1.

It also can be seen from Figure 11 that the pier force–displacement relationships
of the original system (Non-isolated) and isolation system (Isolated-LFD, Isolated-LRB)
are significantly different. The pier with the fixed bearing experiences a huge hysteretic
loop, which severely damages the pier. The piers maintain elasticity for the isolation
systems (Isolated-LFD, Isolated-LRB). The seismic responses of the piers for the isolation
systems are much smaller than that for the non-isolated system. Therefore, the substructure
of the isolation systems (Isolated-LFD, Isolated-LRB) can effectively be protected from
damage. This benefit can be explained below: For the original system (Non-isolated), the
superstructure and the substructure are rigidly connected by the fixed bearing, and the



Buildings 2022, 12, 1019 13 of 17

inertial force of the superstructure is mainly transmitted by the fixed bearing. However, for
the isolation system (Isolated-LFD, Isolated-LRB), the inertial force of the superstructure is
mainly transmitted both from piers 3 and 4. Conversely, the effects of velocity pulses are
mitigated by the large relative displacement between the superstructure and substructure
provided by the isolation system.

5.3. Bearing Displacement in the Longitudinal Direction

Figure 12 presents the bearing displacement time histories at pier 4 for the original
system (Non-isolated), LFD system (Isolated-LFD), and LRB system (Isolated-LRB). It can
be observed that large displacement pulses occur for all systems. This is because the large
displacement caused by ground motions with velocity pulses must be undertaken either
by the superstructure or the substructure. For the original system (Non-isolated), this
displacement is taken by the pier with a fixed bearing. In contrast, for the isolation system
(Isolated-LFD, Isolated-LRB), this displacement is accommodated by LFD and LRB. The
relative displacement between the superstructure and the substructure of the LRB system
(Isolated-LRB) is usually larger than that of the LFD system (Isolated-LFD). Moreover, the
explanation of this phenomenon can be found in Section 5.2. Figure 13 shows the maximum
bearing displacement at pier 4 for the original system (Non-isolated), LFD system (Isolated-
LFD), and LRB system (Isolated-LRB) with 16 ground motions in Table 1. For the LRB
system (Isolated-LRB), the large relative displacement between the superstructure and
the substructure frequently occurs, and this large displacement far exceeds the allowable
displacement of LRB (0.3 m). As a result, pounding and unseating of the superstructure of
the bridge will happen under ground motion with strong velocity pulses. Meanwhile, LRBs
are expected to experience severe damage. However, the maximum bearing displacements
for the LFD system (Isolated-LFD) can be effectively controlled.
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Figure 12. Relative displacement within the bearing time histories at pier 4 for the original system
(Non-isolated), LFD system (Isolated-LFD), and LRB system (Isolated-LRB) with (a) wave 2, (b) wave 6,
(c) wave 9, and (d) wave 12 in Table 1.
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Figure 13. Maximum bearing displacement at pier 4 for the original system (Non-isolated), LFD
system (Isolated-LFD), and LRB system (Isolated-LRB) with ground motions in Table 1.

5.4. Pier Curvature in the Longitudinal Direction

Piers are expected to enter strong nonlinearity for ground motions with velocity
pulses. Thus, curvature is adopted to evaluate the seismic responses of piers. The ratios
of maximum pier curvature to its yielding curvature for ground motions in Table 1 are
presented in Table 2. It shows that the maximum curvatures of pier 3 for the isolation
systems are much smaller than those for the original system. Moreover, most of the
maximum curvature in pier 3 for the isolation systems decreases by 90%. The first yield
curvature of the section at the bottom of pier 3 is 0.00082 1/m, and the maximum pier
curvatures for the isolation systems are smaller than the first yield curvature of the pier
section. The maximum curvature in pier 4 for the original system (Non-isolated) is relatively
small because the sliding bearing is applied at the top of pier 4. Thus, pier 4 is isolated from
the superstructure, and only friction force can be transmitted. Based on the aforementioned
discussion, it can be concluded that the proposed device (LFD) can effectively reduce
the seismic responses of the substructure due to its capability of accommodating large
relative displacement induced by velocity pulses. For structures subjected to ground
motions with velocity pulses, accommodating large displacement is more important than
dissipating energy.

Table 2. The ratios of maximum pier curvature to yielding curvature for the three systems.

Earthquake
Number

Pier 3 Pier 4

Non-Isolated Isolated-LRB Isolated-LFD Non-Isolated Isolated-LRB Isolated-LFD

1 0.09 0.03 0.10 0.07 0.03 0.09
2 5.67 0.02 0.57 0.07 0.02 0.55
3 6.99 0.03 0.11 0.07 0.03 0.11
4 12.62 0.03 0.14 0.07 0.03 0.15
5 11.11 0.03 0.93 0.07 0.03 0.76
6 11.36 0.07 0.42 0.07 0.07 0.43
7 4.10 0.05 0.28 0.07 0.06 0.28
8 7.72 0.05 0.68 0.07 0.06 0.69
9 2.64 0.05 0.14 0.07 0.05 0.16

10 3.95 0.06 0.16 0.07 0.06 0.18
11 1.24 0.06 0.10 0.07 0.06 0.08
12 2.91 0.07 0.10 0.07 0.08 0.10
13 1.29 0.05 0.10 0.07 0.06 0.08
14 2.82 0.10 0.14 0.07 0.10 0.16
15 0.22 0.03 0.10 0.07 0.03 0.08
16 0.88 0.03 0.10 0.07 0.03 0.08
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6. Conclusions

The current research investigates the effects of the proposed linear friction damper
(LFD) on the seismic responses of a continuous girder bridge subjected to ground motions
with velocity pulses. First, the working mechanism and the force–displacement relationship
of LFD are described in detail. Then, a numerical experiment is designed to validate the
proposed institutive model of LFD. In addition, the design process of LFD for a specific
case is also illustrated. Second, three-span continuous girder bridges for the original system
(Non-isolated), LFD system (Isolated-LFD), and LRB system (Isolated-LRB) are established
by OpenSees. Third, 16 ground motions with velocity pulses are selected from the PEER
ground motion database. Daubechies wavelet of order 4 is adopted to extract the maximum
velocity pulse from the two orthogonal components of a ground motion. Then, the effects
of the initial gap, the coefficient of friction, and the spring stiffness of LFD on the seismic
responses of the bridge are analyzed. Finally, the seismic responses in the longitudinal
direction of the bridge, including the force–displacement relationship, relative displacement
within the bearing, and curvature at the bottom of the pier, are calculated and intensively
discussed. Based on the numerical results, the main conclusions are summarized below:

The bearings of the LRB system usually experience large relative displacement due
to its small post-yielding stiffness for ground motions with strong velocity pulses. Piers
with fixed bearings are severely damaged, and this disadvantage is eliminated for the
isolation systems (Isolated-LFD, Isolated-LRB). This phenomenon can be explained because
for the original system (Non-isolated), the superstructure and substructure are rigidly
connected by the fixed bearing. The inertial force is mainly transmitted through the pier
with a fixed bearing. However, for the isolation systems (Isolated-LFD, Isolated-LRB),
the velocity pulses are accommodated. Thus, piers are isolated from the inertial force of
the superstructure.

According to the bearing displacement analysis, the relative displacement within the
bearing can be effectively controlled for the LFD system (Isolated-LFD). Thus, pounding
and unseating of the superstructure can be mitigated. The LFD system (Isolated-LFD)
can balance between controlling the maximum bearing displacement and mitigating the
damages of the pier compared with the other two systems (Non-isolated, Isolated-LRB).

The current research focuses on the basic concept of LFD, and the Coulomb friction law
is adopted in the numerical experiment. In future research, a friction coefficient depending
on the sliding velocity and contact pressure will be used in the constitutive model of LFD. In
addition, more accurate hysteresis models available in the literature [29,30] will be adopted
to improve the accuracy of the results.
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