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To improve the seismic performance of bridges, this study develops a novel superelastic conical friction pendulum isolator
(SCFPI) by incorporating an improved conical friction pendulum isolator (CFPI) with shape memory alloy (SMA). The flat sliding
function designed for the improved conical friction pendulum isolator is to enhance the adaptability under service loadings. The
analytical model of the novel SCFPI is derived and the numerical model is developed within the OpenSees platform to investigate
the hysteretic behavior under cyclic loadings. A cost-effective design method is proposed to design the SCFPI system for example
bridges. The response mitigation efficacy of the novel SCFPI system is investigated using the optimum design parameters under
near-fault ground motions. Several case studies are conducted to demonstrate the effectiveness of the novel SCFPI system and
cost-effective design method. Results indicate that the cost-effective design method is particularly effective for parameter op-
timization of the novel SCFPI, which achieves effective mitigation for the displacement responses of the isolator and super-
structure and also effectively controls the seismic force increment in piers. Case studies indicate the reliable re-centering capacity
and mitigation efficacy of the SCFPI system for bridges under near-fault ground motions. The findings of this study contribute to

upgrading structural resilience and promoting seismic applications as a reliable technical guidance.

1. Introduction

Seismic isolation has been identified as one of the most effective
and practical seismic protection strategies for civil engineering
structures [1-6]. Several studies have investigated the seismic
performance of different types of isolation bearings, e.g., lead
rubber bearing (LRB) [7, 8], pure-friction sliding isolator
[9-11], and friction pendulum [12-18], which can effectively
shift the fundamental period of the structures away from the
predominant period of the seismic excitations, hence mini-
mizing the seismically induced structural damage. Among
these different types of isolation bearings, the friction-based
sliding isolators with simple geometries [19], e.g., the friction
pendulum and flat sliding isolator, have been widely in-
vestigated and are suitable for seismically isolated bridges

[9, 14, 16, 17]. In particular, the friction pendulum combines
both the re-centering and energy dissipation capacities using
a spherical sliding surface and is particularly critical to protect
the main members of the bridges from damage as well as
a failure against strong earthquakes [14, 16, 17]. The seismic
performance of bridges isolated by various isolation bearings
has been validated by the real-world performance observed
from several seismic events [20, 21].

The thermal movements observed in long-span bridges
have attracked much concern [22, 23]. Large thermal de-
formations not only induce bearing damage under service
loadings but also inevitably accelerate the function degra-
dation of the isolators under seismic shaking [23, 24]. Due to
the symmetrical nature of the thermal deformation, the
movements induced in a spherical surface can lift up the
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girder, negatively impacting the serviceability of the bridges
underservice loadings (such as braking force). Also, the
friction pendulum with constant curvature may inevitably
introduce a constant isolation period to the seismically
isolated structures [25-27]. As a result, resonance may be
triggered when the isolation system is subjected to strong
ground motions dominated by long-period components,
such as near-fault earthquakes [26-28].

Several investigations have been focused on improving
the passive adaptability of the traditional friction pendulum
[25-31]. One example is the variable curvature friction
pendulum, which can effectively improve the performance
of structures [27, 31, 32]. In particular, the conical friction
pendulum with an inclined plane tangent to the spherical
surface can effectively control the maximum seismic force
[30-32]. The component of the weight of the superstructure
along the inclined plane provides stable re-centering ca-
pacity [33]. Also, the inclined plane with zero stiffness can
effectively alleviate the structural resonance under near-fault
ground motions [31-33].

Note that the flat sliding bearing is self-adaptable for
both service and seismic loadings. Sliding not only enables
the bridge to accommodate thermal movements but also
makes the bridge less dynamically responsive to seismic
excitations [1, 9, 10], hence effectively limiting the maximum
shear of the bridge pier [1, 9]. For example, Zheng et al. [34]
developed sliding-lead rubber bearing by incorporating the
flat sliding bearing with lead rubber bearing in series for
adaptability improvement. Note that the hysteretic behavior
is less stable since the friction and yield characteristics of the
sliding-LRB are responsive to the outside temperature [35],
which shows unfavorable effect on its hysteretic mode.
However, the re-centering members are always needed in
flat sliding bearings for enhancing the re-centering capacity
when employed in structures [1, 10]. It is accordingly
necessary in terms of developing a versatile isolator with re-
centering capacity and sustained adaptability for long-span
bridges.

As an effective re-centering and damping measure, shape
memory alloy (SMA) has been studied for its feasibility and
effectiveness using in re-centering and energy dissipation de-
vices [35-44]. Superelastic SMA has been widely investigated
for the performance enhancement of bridges [35, 40-44]. For
example, the SMA-cable-restrained high-damping rubber
bearing developed by Fang et al. [43] has been first adopted in
Datijanba #2 bridge constructed in Yunnan Province, China,
effectively demonstrating the real-world application of SMA
for seismic protection of civil infrastructure. In view of the
effectiveness of incorporating the SMA with different isolators
for response mitigation [14, 42-52], the advantages of the SMA,
i.e.,, superelastic re-centering and energy dissipation, show the
promising prospect of application in structural seismic resil-
ience enhancement [33, 43]. Particularly, several superelastic
seismic isolators, e.g., superelastic flat sliding bearing [47-52]
and superelastic friction pendulum [14, 53-57], in which the
friction-based isolators are incorporated with the SMA wires/
cables, have been investigated and seismic performances have
been analytically and experimentally demonstrated. The SMA
utilized in the superelastic friction pendulum is to enhance the
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re-centering capacity [14, 53]. Different from the friction
pendulum, the superelastic flat sliding bearing requires a larger
amount of SMA wires since the restoring stiffness of the flat
pure-friction bearing is only provided by the SMA wires/cables
[47-50].

As discussed previously, in comparison to the traditional
friction pendulum, the conical friction pendulum may effec-
tively mitigate the seismic shear demand by the inclined plane
tangent to the spherical surface and avoid structural resonance
[30-32]. On the other hand, the flat sliding bearing shows
particularly better adaptability to thermal movements [9, 34]
and avoids lifting up the superstructure than the friction
pendulum bearing under service loadings. Meanwhile, the
SMA is particularly effective for improving the re-centering
capacity of the flat sliding bearing [49-52]. As a result, an
isolator that combines the outstanding features of the conical
friction pendulum, flat sliding bearing, and SMA shows im-
mense potential for enhancing the sustained adaptability and
seismic resilience of bridge structures. However, no literature is
reported to incorporate the improved conical friction pen-
dulum isolator and superelastic SMA for sustained structural
adaptability and seismic resilience enhancement. Furthermore,
when the friction pendulum system is excited under long-
period components of near-fault earthquakes, the resonance
phenomenon may occur [30-32]. In particular, it has been
observed from several cases that traditional isolation systems
with a constant period are especially sensitive to near-fault
ground motions [58, 59], such as the unseating of the girder
and isolator shifting observed from the Yematan Bridge under
the 2021 Maduo Earthquake [59]. Near-fault ground motions
should be paid great attention in terms of their effects on bridge
performance.

To bridge the aforementioned research gap, this study
proposes a novel superplastic conical friction pendulum
isolator (SCFPI), which integrates the improved conical
friction pendulum isolator (CFPI) and superelastic SMA
device to enhance the sustained adaptability and seismic
resilience of bridges. The numerical model of a bridge
equipped with SCFPIs is created in the OpenSees platform
[60], and the hysteretic behavior of the SCFPI is investigated
under cyclic loadings. A cost-effective design method with
a resilient concept is developed to capture the parameters of
the SCFPI system for the example bridges. The proposed
design method aims at achieving the optimum performance
as well as controlling the amount of SMA. The suitability of
the developed design method is verified by conducting
parametric designs of bridges. The mitigation efficiency of
the SCFPI system for bridges under near-fault ground
motions is systematically demonstrated by conducting case
studies and comparing the results with the benchmark
responses.

2. The Proposed Novel SCFPI

2.1. Configuration of the SCFPI. The designed profile of the
SCFPI consists of the improved CFPI and SMA devices, as
shown in Figure 1. Particularly, the designed sliding surface
is comprised of the flat surface Ry, spherical surface R;, and
inclined surface R, in series. The improved conical friction
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pendulum isolator, termed as CFPI in this study, is different
from the traditional conical friction pendulum without a flat
surface [30, 31], is designed to prevent lifting up of the
superstructure by being adaptable to the thermal move-
ments. The spherical surface tangent to the flat surface is
designed based on the initial isolation period [31]. Then, the
inclined surface tangent to the spherical surface is designed
to prevent the resonance and suppress the maximum shear
of the isolator under earthquakes. Therefore, the sliding
surface with various curvatures is designed to improve the
sustained adaptability and seismic resilience against different
excitations. The teflon-stainless steel interface is utilized for
the sliding interface [61]. The teflon plate is designed to be
embedded into the groove designed at the top and bottom
surfaces of the slider.

The design profile of the SMA device shown in Figure 1 is
adopted in this study [35, 46]. In particular, a symmetrically
separate cross design suggested by Zheng et al. [35] is
adopted for the SMA device, i.e., using the lower friction
steel rings, the SMA device is wrapped around the improved
CFPI in trilateral sides, and the ends are anchored by the
steel clamps. Such an arrangement is also convenient for
future inspection and replacement. To eliminate the un-
favorable effects induced by the loading during construction,
the SMA devices should be assembled after installing the
CFPIs in predesigned positions and the major superstruc-
ture has been completely constructed [42]. Due to the feature
of long-span bridges, the thermal movements of the bearing
closely depend on the span length [22, 23]. As shown in
Figure 1, the SMA devices are mainly designed to sustain the
re-centering capacity and mitigate the residual isolator
displacement induced in the longitudinal direction [23, 35].
The SMA devices function with the improved CFPI si-
multaneously under earthquakes.

By this design, the sliding surface with different cur-
vatures aims at alleviating the resonance phenomenon under
near-fault ground motions. The flat surface with the function
of thermal movement accommodation also avoids the uplift
of the girder. The inclined surface with zero frequency
dissipates the seismic energy passed to the bridge and also
effectively controls the peak seismic shear demand. The SMA
device mainly contributes to the horizontal stiffness and re-
centering force of the flat surface which does not have to
restoring stiffness. The much lower yield modulus of the
SMA also effectively alleviates the force increment in the
bridge piers. Figure 2 shows the various working stages of
the slider and SMA device of the SCFPL

2.2. Mathematical Model of the SCFPI. Figure 3 shows the
forces of the slider on various sliding surfaces of the SCFPI.
The SCFPI achieves variable dynamic properties by the
various sliding surfaces, including the flat surface R,
spherical surface R;, and inclined surface R,. d, is the
unilateral sliding displacement capacity of the flat surface.
The curvature radius of the spherical surface R; and pa-
rameter d), are important to define the geometry of the
SCFPI. Five forces interact on the slider for a SCFPI with
a symmetric sliding surface, as shown in Figure 3, which

include the vertical loads W acting on the slider, the normal
contact force N, the friction force Fytangent to the surface,
the force of the SMA device Fg, and the shear force F.

The flat sliding surface aims at accommodating thermal
movements of the superstructure induced by service load-
ings (e.g., brake loading). When the slider is on flat surface
Ry (d<dy), as shown in Figure 3(a), the hysteretic force and
vertical displacement of the novel SCFPI under service
loadings are given as

F=uWez+) F,
¥y (d) =0,

(1)

where the friction coefficient y are modelled using the
modified viscoplasticity model [62], in which the maximum
and minimum friction coefficients, pm.x and p;,, are used
to represent the model as follows:

U= Umnax — (Aumax - ﬂmin).eialdla (2)

where d is sliding velocity, a is a constant related to vertical
pressure and interface condition. The dimensionless pa-
rameter z satisfies

. 1 . . _ .
2 = - (Avd = Byelel’oed — ygrzeleleldl),  (3)
y

where the hysteretic dimensionless constants A, S, Vo, and
1o are related to mode transforming, the values of which are
determined as A=1, ny=2, By=0.1 and y,=0.9 for the
viscoplasticity model [62]. The value of the yield displace-
ment d, is selected as 1.0 mm [63].

As shown in Figure 3(b), when the slider moves on the
spherical surface R; (dy<d<d,), the hysteretic force and
vertical displacement of the SCFPI are given as

__w (
" R,cos®

ye(d) =Ry~ (R} - (d - d, )",
(4)

where 6 denotes the tangential angle of the spherical surface
R;. Once the displacement of the slider exceeds dy, the
sliding surface R, becomes an inclined surface tangent to the
spherical surface R;, as shown in Figure 3(c). The effect of the
parameter d;, has been investigated in previous studies
[30-32]. When the slider moves on the inclined surface R,
(dy < d), the hysteretic force and vertical displacement of the
SCFPI are given as

W
" R, cos#,

d-d,) +P‘WZ+ZP51(1 — pztan ),

(dy —dy) + uWz + Z Fg(1-pztan6,),

yy(d)=c + 52(|d - dol G do)))
(5)

where 6, is the maximum tangential angle of the spherical
surface R;. The hysteretic model of the improved CFPI is
shown in Figure 4(a). Q is the characteristic strength. The
parameters ¢; and ¢, can be presented as
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Figure 1: Configuration of the proposed novel SCFPI. (a) SCFPI configuration. (b) Cross-sectional view.

Longitudinal direction Longitudinal direction Longitudinal direction

o,
Initial state

(a) () ()

FIGURE 2: Working stages of the slider and SMA device of the SCFPI. (a) Flat surface R, (initial state). (b) Spherical surface R;. (c) Inclined
surface R,.

(b) ()

(a) (b) (0)
FIGURE 4: Hysteretic models of the novel SCFPI. (a) Improved CFPI model. (b) SMA model. (c) SCFPI model.
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=Ry - R% - (db - do)z)

(dy - dy) ©
R} —(dy, - do)z'

Cy, =

For the SMA device, the hysteretic force and the re-
centering force are given as

kyd cos ¢, d<d

ys?

si

kydy, cos ¢ + oc,ks(d - dys)cos ¢, d>dy, (7
Fo=(1-F )kdy + ak(d-d,,).

where ¢ is the angle of the SMA device in horizontal di-
rection. 8 is the hysteretic damping parameter, &’ and y’ are
the strain hardening ratio for phase transformation and
martensite phase, respectively. F,, dy, and k, are the yield
strength, yield displacement, and elastic stiffness, re-
spectively. The hysteretic model of the SMA device is shown
in Figure 4(b). Then, the hysteretic model of the SCFPI is
achieved by combining the improved CFPI model with the
SMA model, as shown in Figure 4(c). Though the friction
force varies due to temperature change, the SCFPI provides
a stable hysteretic mode for application in bridges in
comparison to the isolators in previous studies [8].

The initial isolation period of the SCFPI system varies
and depends on the radius of curvature R, [31] and the phase
transformation stiffness of the SMA device. Due to a much
lower stiffness of the SMA device after yielding, the pre-
dominant frequency of the SCFPI system is close to zero
when the isolator displacement exceeds d,. As a result, the
initial isolation period of the SCFPI system is determined as

w

Tb = 27'[ e
g(W/R1 +a ks>

(8)

where g is the gravitational acceleration.

3. Cost-Effective Design Method

The SMA device, as shown in Figure 4(b), is designed to
provide the re-centering capacity. Due to the much lower
postyield stiffness, the yielding strength of the SMA device,
F,, is directly related to the effectiveness of providing re-
centering performance and the contribution to the in-
crement of the shear force of the SCFPIL. On the other hand,
the amount of the SMA wires depends on the value of F,,
which dictates the cost of the SMA wires. It is therefore
needed to develop an effective method to design the optimal
value of F, by considering multiple indices.

A cost-effective design method, which defines the cost
factor between the yield strength F, and base shear (F,) of
the benchmark bridge, is proposed to achieve the optimal
parameters of the SCFPI system under seismic shaking.
Figure 5 shows the framework of the proposed design
method. The focus of the method with resilience design

| Calculate FPI responses (d, F, , M, )

v
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'
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FIGURE 5: The framework of cost-effective design method.

concept is to mitigate the displacement responses and
balance the increased shear to the piers by selecting the
optimum cost factor, which is related to the yield strength F,,
i.e.,, the required amount of the SMA wires. To provide
a technical guidance for practical design, the cost-effective
design method is described in detail in the following
subsection.

3.1. Total Cost Factor ;. The yield strength of the SMA is
closely related to the re-centering capacity of the SCFPI and
the increased shear to the piers and reveals the needed
amount of SMA. The total cost factor, termed as A;, is defined
to establish the function relationship between the yield
strength F, and the defined reference force, ie., the
benchmark force Fy. To obtain the optimal design value of
the yield strength, 0.1 times of the peak base shear in piers of
the bridge with improved CFPIs is selected to define the
benchmark force F. By defining the total cost factor A;, the
yield strength F, is obtained by

F, =)+ Fy, (9)

where A, ranges from 0.1 to 1.0 (i=1, 2, ...). The value of F,
corresponds to the utilized SMA amount for the SCFPI.

3.2. Local Cost Factor y;. The increased shear in each pier is
related to the yield strength of the SMA utilized in SCFPI.
The optimal value of the yield strength of the SMA device for
the middle and side SCFPIs may be different since the



corresponding loadings of the SCFPI in the side and middle
piers are unequal. The local cost factor y; is defined to search
the optimal distribution of the SMA devices and aims at
balancing the increased shear in each pier. By further de-
fining the local cost factor v, the yield strength Fy for the
side SCFPI can be obtained by

FYSZWj'Fy’ (10)

where y; ranges from 0.0 to 1.0 (=0, 1, 2, .. .). The value of
Fys corresponds to the utilized SMA amount for the side
SCFPL. Furthermore, the yield strength F,, for the middle

one can be obtained by

Fon=(1-y;)-F, (11)

According to equations (9)-(11), the dynamic responses
of the SCFPI system with different cost factors is obtained. In
particular, the normalized responses obtained based on that
of the improved CFPI system, including the base shear (F)
and moment (M,,) to the piers, girder displacement (d), and
residual isolator displacement (dy), are utilized as the
evaluation indices to capture the optimum cost factors. The
optimum cost factors are achieved when the evaluation
indices satisfy the following criteria:

max {Ady,,, Adg g, | < min {Ady, Ady,}, (12)
min {Ady, Ad} <max {AF,  , AM, (13)
where the subscripts k=1, 2, ..., i-land I=1,2, .., j; A

represents the change in the normalized responses. To en-
dure the drifts of the piers to be within the elastic range and
control the amount of the SMA wires, a threshold of the base
shear increment corresponding to 10% of the benchmark
values is selected.

4. The Bridge Model

4.1. Example Bridge. To investigate the performance of the
novel SCFPI, an isolated bridge is selected as the example
bridge in this study [34]. The configuration of the bridge is
shown in Figure 6(a). The main components of the isolated
bridge include the SCFPIs, continuous girder with three
spans, and four reinforced concrete piers. The vertical
loadings acting on the middle and side isolators are
15,986 kN and 3,582.6 kN, respectively, including the live
load. Two isolators are used at the top of each pier. The
bridge details can be found from a previous study [34, 42].
The parameters of the SCFPIs are summarized in Table 1.

4.2. Numerical Modeling. To demonstrate the seismic per-
formance of the SCFPI system, the model of the selected
bridge with SCFPIs is numerically developed in the
OpenSees platform [60], as shown in Figure 6(b). The
method suggested in a previous study [64] is employed to
model the girder and piers utilizing a series of discretized
elastic beam column elements connected by nodes. Based on
the previous studies [34, 64], the piers are assumed to be
elastic since one of the focuses of the cost-effective design
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method is to suppress the increase of the base shear in piers.
The epistemic uncertainty [65] related to the assumptions in
the bridge model is neglected. Further numerical validation
for the assumption is also conducted based on the following
numerical results. Half of the mass of the adjacent segments
is assigned to the corresponding nodes of the beam elements.
The characteristics of the cross sections of the piers and
girder are calculated by the dimensions and material
properties [34]. The boundary conditions of the piers are
assumed to be fixed as suggested by the previous studies
[42, 64]. The damping ratio for the piers is utilized as
2% [64].

The numerical model of the SCFPI is further in-
vestigated. Based on the hysteretic model shown in Figure 4,
the hysteretic behavior of the improved CFPI is captured by
combining the flat sliding element in Figure 6(c) with the
elastic multilinear model in Figure 6(d), as shown in
Figure 4(a). The flat sliding element in a vertical direction is
considered as elastic. Note that the hysteretic model of the
CFPI has been investigated and validated using testing re-
sults [30]. The hysteretic behavior of the SMA device is
captured by incorporating the elastic multilinear model in
Figure 6(e) with the elastic plastic element in Figure 6(f), as
shown in Figure 4(b). The hysteretic model of the SCFPI is
achieved by incorporating the improved CFPI model in
parallel with the SMA model, as shown in Figure 4(c).
Table 1 shows the experimentally obtained model param-
eters of the SCFPI, which include the friction coefficient
obtained from the experiments of the Teflon-stainless steel
interface [61] and the mechanical parameters of the Nitinol
(NiTi, 51.0% Ti, and 49.0% Ni) wires [46].

The numerical model accuracy of the SCFPI is important
for predicting dynamic responses of the seismically isolated
bridge. The hysteretic responses of the SCFPI are further
studied under cyclic loadings to verify the modeling method.
As shown in Figure 7, the numerical results of the NiTi wires
under cyclic loadings are compared to the experimental
results [38, 46], in which the effective diameter and length of
the utilized wires are 1 mm and 100 mm, respectively. It can
be observed that the numerical and experimental results
match well, which demonstrates the effectiveness of the
modeling method for response prediction of the NiTi wire.
In particular, Table 1 shows the model parameters of the
SMA shown in Figures 6(e) and 6(f). Figure 7 also proves
that the peak superplastic strain of the NiTi wire can reach
7%, which is also used in the numerical study.

Based on the hysteretic model of the improved CFPI and
NiTi wire, the SCFPI for the bridge with the initial isolation
period of 4.5s is selected as a case study to reveal the
hysteretic behaviors of SCFPI and its members. Particularly,
the yield displacement and corresponding force of the SMA
wires are defined as 30 mm and 50 kN, respectively. The yield
strain of the NiTi wire is 0.8% [46], hence the effective
superelastic displacement of the SMA device can reach
262.5mm. The displacement amplitude and the sliding
distance of the flat surface are selected as 150 mm and
30 mm, respectively.

Figure 8 shows the hysteretic curves of the improved
CFPI, the SMA device, and the SCFPI under different types
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(b)

FiGure 6: Configuration and numerical model of example bridge. (a) Bridge view (unit: m). (b) Numerical model of full-scale bridge. (c) Flat
sliding model. (d) Elasticmultilinear model. (e) Elastic multilinear model. (f) Elastic plastic model.

TABLE 1: Model parameters of the SCFPIs [46, 61].

Friction coefficients

Model parameters of SMA

Side Middle Elastic Multilinear model Elastic Plastic model
P (MPa) 18.70 28.10 £ =0, 0p=0MPa 0y=91.7 MPa
fmax (%) 12.70 10.26 £,=0.8%, 0, =249.5 MPa £a=6,=0.8%
Pmin (%) 4.49 3.13 &, =7.1%, o, =331.1 MPa k=oyle,
a (s/mm) 0.020 0.022 £.=8%, 0.=430.8 MPa a=0
of displacement loadings. It can be observed that the SMA 600
device contributes to the horizontal stiffness of the flat
surface significantly as well as the hysteretic damping. The 500
purpose of including the SMA device aims at providing the
re-centering capacity. The optimum yield strength of the 400
SMA devices is closely related to the residual isolator dis- -
placement and hence needs to be designed using the cost- § 300
effective design method. As a result, the improved CFPI and T

SMA devices are first separately modelled, and then they are
incorporated to create the numerical model of the SCFPI.

5. Selected Earthquake Records

The traditional friction pendulum system with constant iso-
lation frequency is responsive to the long-period components
of near-fault ground motions, which may trigger the resonance
behavior [30-32]. Several studies have revealed that the effect of
the near-fault ground motion on isolated structures is much
more significant than the regular ground motions [43, 58, 59].
In particular, the Yematan Bridge experiences unrecoverable
damage during the 2021 Maduo Earthquake, examples of
damage include the typical shifting of bearing and failure of the
girder [59]. According to the suggestions by Giinay and
Sucuoglu [66], this study selects two groups of validated near-
fault earthquakes from 15 different seismic events for effective
investigation of the novel SCFPI system in a statistical sense.
The selected records are summarized in Table 2. A two-step
scaling method [34, 67], the advantage of which is to keep
original frequency properties by scaling with constant factors, is

200

100 H}

—— Experimental

--- Numerical

FIGURE 7: Numerical and test results of the NiTi wire.

utilized to match the target spectrum from MTPRC [68] with
the scaled mean spectra, as shown in Figure 9. More in-
formation of the records can be found in a previous study [66].
To validate the effectiveness of the SCFPI system and the cost-
effective design method, the records in Figure 9(a) are selected
to design the SCFPI system for bridges. Then, all records in
Figure 9 are utilized to demonstrate the seismic mitigation
efficacy of the SCFPI system.
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TABLE 2: Ground motion record information [66].

Groups n M, V (m/s) Soil type Dy (km)
1 45 6.1-7.6 180-360 Stiff soil <20
2 36 6.1-7.6 360-760 Soft rock <20
M,,: moment magnitude; V,: equivalent shear wave velocity; Dg: distance to rupture.
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FIGURE 9: 5% damped target spectrum and matched mean spectrum. (a) Group #1. (b) Group #2.

6. Optimal Design of SCFPI Parameters

The cost-effective design method is used to design the SCFPI
system for different bridges. The initial isolation period of
the bridge corresponds to the stiffness of the spherical
surface R, of the SCFPIs. The considered isolation periods
range from 2.5s to 4.5s [14], which correspond to the first

vibration mode of the bridges in the longitudinal direction.
The radius of the curvature of the spherical surface of the
side and middle SCFPIs are determined to be equal and is
provided in Table 3. This is to prevent that the girder is
asymmetrically uplifted under ground motions. The pa-
rameter dj, is determined by considering the peak dis-
placement of the conventional friction pendulum system
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TaBLE 3: Optimum model parameters of SCFPIs.

Tb Rl FR by v; Fys Fym Ay52 Aym2
() (m) (kN) ™ "/ (kN) (kN) (mm") (mm?)
25 1.6 450 04 0.6 108.0 72.0 316.5 211.0 403 269
30 22 440 04 0.6 1056 704 309.5 2063 395 263
35 3.0 435 0.5 0.6 1305 87.0 3825 255.0 487 325
4.0 4.0 435 05 0.6 130.5 87.0 3825 2550 487 325
45 50 435 05 0.6 130.5 87.0 3825 255.0 487 325

n: amount of NiTi wire; A: total sectional area.

n

ys ym

under selected earthquakes, in which the curvature radius is
selected to be that of the spherical surface R;. The friction
coefficients shown in Table 1 are employed. As a result, the
cost-effective design method aims at obtaining the optimum
parameters of the SCFPI system.

According to the steps shown in Figure 5, the peak
displacements of the friction pendulum system for the
bridges are first investigated and then are selected to de-
termine the parameter d,,, which corresponds to the peak
displacement point of the spherical surface R;. The sliding
distance d, is determined by the MTPRC [69], the values of
which are employed as 25 mm and 50 mm for the middle and
side bearings [34], respectively.

Using the created bridge model, the benchmark re-
sponse, i.e., the response of the bridge with improved CFPIs
is investigated. Then, regarding the values of the sliding
distance of the flat surface as the basis, the yield displace-
ment (dy,) of the SMA devices is selected as 30 mm [14, 47],
which is also related to the peak superelastic displacement.
To improve the applicability of the designed parameters, the
parameters o', ' are assumed as 0.05 and 0.4 [70], which is
statistically achieved based on the experimental results of
various types of SMAs. To capture the alternative values of
the yield strength, the increment of the total and local cost
factors is selected as 0.1 in equations (9)-(11), i.e., the value
of A; varies from 0.1, 0.2, .. ., 1.0, and that of y; varies from
0.0, 0.1, . .., 1.0. By conducting nonlinear dynamic analysis,
the distribution of the dynamic responses of the SCFPI
system with variable cost factors is achieved. The peak drift
of all the piers is checked and the modeling assumption is
validated by the fact that the peak value is far less than the
elastic limit of 19.3 mm [42].

The example bridge with an initial isolation period of
4.5 is employed as an example to conduct the optimization
process of the SCFPI parameters. As shown in Figure 10, the
normalized responses of the SCFPI system with different
cost factors are investigated. The displacement responses of
the SCFPI system are only dependent on the total cost factor,
i.e., the total amount of the SMA wires. The peak girder
displacement shows a closely linear reduction with the in-
crease of the total cost factor. The residual isolator dis-
placement shows a notably different variation trend and
a significant reduction can be observed as the A; increases
from 0.1 to 0.5, as shown in Figures 10(a) and 10(b). The
force responses of the middle and side piers show much
more difference, and the variation is closely dependent on
the local cost factor, e.g., as the local cost factor increases, it
can be observed that the base forces F,; and M, increases,

whereas the values of F,,, and M, reduce, as shown in
Figures 10(c)-10(f). In Figure 10(d), as the total cost factor is
close to 0.5, the local cost factor should be no less than 0.3.
However, in Figure 10(e), the local cost factor needs to be no
more than 0.6 as the total cost factor is close to 0.5. As
discussed above, all the combinations of the total and local
cost factors in the shadow shown in Figure 10 are alternate
for the corresponding evaluation indices. Equations (12) and
(13) are used to select the optimum combination of the cost
factors by satisfying the evaluation criterion and the
achieved optimal total and local cost factors are 0.5 and 0.6,
respectively.

By conducting the design method in steps, the op-
timal total and local cost factors for the SCFPI system
with different initial isolation periods are further
achieved, as shown in Table 3. Also, the yield strength
and amount of the SMA device can be further achieved.
The cost factors reveal the optimal proportionality be-
tween the base shear in piers of the benchmark bridge
with improved CFPIs and the yield strength of the SMA
device, hence the optimal values of the cost factors are
also adaptable for the SCFPI system utilized in other
bridges.

7. Case Study

Case study is conducted to discuss the performance of
the SCFPI system and the effectiveness of the cost-
effective design method. The SCFPI system for the ex-
ample bridge is designed for different isolation periods.
In particular, the NiTi (51.0% Ti and 49.0% Ni) wire with
a diameter of 1 mm is utilized to design and fabricate the
SMA device. The experimental results are used to capture
the model parameters of the SMA for numerical study. In
Figure 7, the experimental hysteretic responses show that
the superelastic strain is more than 7%, which is selected
as the threshold in modeling the SMA device. The main
purpose is to limit the force increment induced by the
strain hardening of the SMA device in the martensite
phase. According to the mechanical properties of the
NiTi wires, as the superelastic strain is 7%, the effective
superelastic displacement can reach 262.5 mm for a yield
displacement of 30 mm. Figure 11 shows the designed
dimensions of the novel SCFPI. The flat surface is
designed to accommodate the thermal movements, the
initial values of which are employed as 27.4 mm and
13.1 mm for side and middle SCFPIs [34, 42], re-
spectively. The initial movements show symmetric fea-
tures for the bearing in symmetric positions.

To demonstrate the seismic mitigation efficacy of the
SCFPI system, the seismic responses of the bridge with
SCFPIs are investigated and compared with the benchmark
responses. The typical time history responses of the example
bridge with an initial isolation period of 4.5s under the
Kocaeli earthquake (Yarimca) are compared, as shown in
Figure 12. In Figure 12(a), the SCFPI system enhances the
re-centering capacity significantly and reduces the girder
displacement with an amplitude of 35.0%. The peak base
shear in piers fluctuates slightly, as shown in Figure 12(b).
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The typical dynamic responses of the SCFPIs at each pier
are further compared. Due to the thermal movements of the
side and middle SCFPIs, the hysteretic responses of the
SCFPI in each pier are particularly different. As shown in
Figure 13, the girder displacement reduces significantly. The
energy dissipation capacity of the side SCFPI benefiting from
the SMA device increases significantly since the utilized
amount of the NiTi wires in the side SCFPI is more than that
in the middle one. The shear of the side isolator also in-
creases due to the contribution of the elastic stiffness of
the SMA device.

As shown in Figures 14 and 15, the typical peak re-
sponses of the bridges with SCFPIs are investigated under
the selected near-fault ground motions and the response
distribution is compared with the benchmark values. In
particular, in comparison to the benchmark response, the
peak girder displacement and residual isolator displacement
show a significant reduction trend. The SCFPI incorporating
with the SMA device effectively enhances the re-centering
capacity and the damping contribution also benefits the

girder displacement mitigation, as shown in Figures 14(a),
14(b), 15(a), and 15(b). In some cases, the displacement
responses of the SCFPI system show a slightly increase or
little change. The possible reason is that the employed SMA
devices contribute to changing the stiftness of the SCFPI
system.

The base forces in piers show a similar trend, e.g., the
base shear and bending moment vary closely to the diagonal
line, which reveals that the cost-effective design method can
effectively control the increments of the piers, as shown in
Figures 14(c)-14(f). This is because the superelasticity of the
SMA is utilized to enhance the re-centering capacity. The
shear increment is suppressed by controlling the yield
strength of the SMA device using the cost-effective design
method. The contribution to the post-yield stiffness of the
SMA device is slight. Hence, the base forces of the piers show
slight fluctuations around the isoline, as shown in
Figures 15(c)-15(f).

This study employs the scaled seismic records by
matching the mean spectrum based on a two-step spectral
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matching method, hence the normalized mean responses are
more reliable indices for the effectiveness evaluation of the
SCEFPI system. Particularly, the normalized mean responses
of the SCFPI system is achieved using the benchmark re-
sponses of the example bridges with different initial isolation
periods. Figure 16 provides the normalized mean values and
variations of the SCFPI system under selected seismic re-
cords. Compared with the benchmark values, it can be
observed that the peak girder displacement shows a rela-
tively obvious reduction ranging from 13.4% to 17.4%
shown in Figure 16(a) and ranging from 14.5% to 26.1%
shown in Figure 16(b). By comparing to the girder dis-
placement, the residual isolator displacement is more sig-
nificantly mitigated, e.g., the reduction shown in
Figure 16(a) ranges from 78.2% to 86.4%, and that shown in
Figure 16(b) ranges from 71.2% to 85.9%. The results
demonstrate that the designed SMA devices can effectively
enhance the re-centering capacity of the SCFPI system. On
the other hand, the maximum of the force increments in
piers is 8.6% shown in Figure 16(a) and 7.3% shown in
Figure 16(b), which are all suppressed to be less than 10%.
The normalized girder displacement, residual isolator

displacement, and the base forces demonstrate the control
efficacy of the SCFPI system designed by the suggested
method.

Due to the hysteretic damping characteristics of the
NiTi wire, the SMA device also contributes to the
damping capacity of the SCFPI system under near-fault
earthquakes. Due to the larger local cost factor for the
side isolator, the damping enhancement of the side
isolator is more significant than that of the middle one,
e.g., the damping increment of the side isolator ranges
from 13.8% to 25.5%, whereas that of the middle isolator
is relatively marginal, as shown in Figure 16(a). The
damping increments of the side and middle isolators
shown in Figure 16(b) are much smaller and show
a similar trend as that shown in Figure 16(a). This is
because the peak displacement of the SCFPI system
under group #2 records is relatively smaller than that
under group #1 records. The hysteretic damping con-
tribution achieved from the SMA device deformed in
phase transformation is marginal. As discussed above,
the designed SCFPI system is an effective measure to
enhance the response control efficacy of bridges. The case
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study demonstrates the effectiveness of the cost-effective
design method and response mitigation performance of
the SCFPI system for bridges subjected to near-fault
ground motions.

8. Conclusions

This paper develops a superelastic conical friction pen-
dulum isolator (SCFPI) for seismic performance en-
hancement of bridges under near-fault ground motions.
A cost-effective design method is developed to search the
optimum SCFPI parameters. The usability of the pro-
posed design method and the response control efficacy of
the SCFPI system for bridges are demonstrated by
conducting case studies, which provide a reliable basis to
understand the response control efficiency of the bridge
with SCFPIs and can also be utilized to guidefuture
experimental studies. The achieved conclusions and
suggestions are summarized as follows.

(i) The novel SCFPI can achieve effective adaptability
and seismic performance enhancement of bridges
under near-fault ground motions, e.g., mitigating
the girder displacement and residual isolator dis-
placement and controlling the increments of base
forces in piers as well as enhancing the damping
capacity.

(ii) The cost-effective design method is particularly
effective to capture the parameters of the SCFPI
system with different initial isolation periods. The
cost-effective amount of the SMA is achieved by
balancing the increments of the base forces in piers.
The proposed method with resilient design is also
feasible to design the SCFPI system for different
types of large-span structures.

(iii) Case studies demonstrate the response control ef-
fectiveness of bridge with SCFPI system designed by
the proposed design method. The seismic control
efficacy reveals that the proposed design method can
achieve the cost-effective design target, e.g., the
girder displacement and residual isolator displace-
ment show maximum mitigations of 26.1% and
85.9% under group #2 records, respectively. The
peak increments of the base forces of the piers are all
less than 8.6%. The maximum damping enhance-
ment of the side SCFPI reaches 25.5%. The SCFPI
system upgrades the seismic resilience of brides by
minimizing pier damage.

(iv) The SCFPI system and the cost-effective design
method employing a resilient design concept pro-
vide the isolation design framework for bridges with
SCFPIs. The findings of this study offer a clear
guidance for potential researchers and engineers
and facilitate the applications in bridge performance
upgrading.

Although the seismic performance of bridge isolated by
SCFPIs has been numerically investigated by employing the
experimentally obtained parameters [46, 61] and has ob-
tained some meaningful conclusions, further testing in-
vestigations are necessary to validate the hysteretic behavior
of the SCFPI and calibrate the developed numerical models
in future. The seismic performance of a scaled bridge isolated
by SCFPIs is needed to be further experimentally in-
vestigated and the experimental data can be employed to
validate the numerical results. A comparative study will also
be conducted to demonstrate the superiority of the SCFPI
system compared to other isolation systems, e.g., the FP
system in future.
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