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a b s t r a c t

This paper investigates the seismic performance of a sliding-type base isolation system considering
environmental temperature changes. The isolation system consists of a steel–Teflon sliding bearing that
carries the vertical loads and dissipates energy as a result of its frictional behavior and a shape memory
alloy (SMA)device that provides re-centering force and additional damping. A five-span continuous bridge
is modeled with sliding bearings and an SMA device as a two-degree-of-freedom system. A neuro-fuzzy
model that is capable of capturing thematerial response at different temperatures and loading frequencies
is used to predict the force at superelastic NiTi shape memory alloy wires. The design parameters of the
SMA device, i.e., the length and cross-sectional area of NiTi wires, are obtained through a multi-objective
genetic algorithm optimization process. A time-domain method that uses wavelet operations for the
matching of an accelerogram to the pseudo-acceleration or displacement ordinates for a given design
spectrum is employed to generate groundmotion records used in the simulations. Finally, nonlinear time
history analyses of the isolated bridge are conducted for outside temperatures of 0 ◦C, 20 ◦C and 40 ◦C. The
results show that a sliding-type isolation system with an SMA re-centering device can effectively reduce
the seismic response of bridges for each temperature considered in the study.

© 2009 Elsevier Ltd. All rights reserved.
1. Introduction

In past decades, seismic isolation became one of the most com-
monly used methods for controlling the response of bridge struc-
tures. Seismic isolation is essentially based on decoupling of the
structure from the supporting ground in order to alleviate the ef-
fect of the ground motion on the structure. Various seismic iso-
lation systems have been developed and several have also been
applied in practice [1]. Recently, shapememory alloys (SMAs) have
attracted much attention as a smart material that can be used in
passive protection systems [2].
SMAs have two unique properties: shape memory effect and

superelasticity. They owe these unique characteristics to solid-to-
solid phase transformations between two stable phases, namely,
martensite and austenite. An SMA that is initially in themartensite
phase can recover its original shape by heating after experiencing
a certain level of stress. This is known as the shape memory effect.
If thematerial is initially in the austenite phase, the shape recovery
occurs upon removal of applied loadswithout heating thematerial,
and this is named as superelasticity (Fig. 1).
A number of researchers have explored the potential applica-

tions of superelastic SMAs for vibration control of civil structures.
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Some researchers have developed SMA-based passive control de-
vices [3–8], some others have proposed energy dissipating braces
using SMAs [9–15], while still several other researchers have stud-
ied SMA beam–column connections [16–18]. Despite the large
number of studies for the application of SMAs in seismic control
of civil structures, the number of studies that investigate the po-
tential use of SMAs for seismic protection of bridges is limited. Yet,
there are several studies that have been performed to determine
applicability of SMAs for bridge structures.
A few researchers have explored the use of SMAs as a restrainer

for reducing hinge openings in simply supported bridges [19–21].
In such a study, Johnson et al. [21] conducted large-scale exper-
imental tests on a multiple-span concrete bridge to investigate
the performance of SMA restrainer cables. They tested an in-span
hinge of a concrete box girder bridge with SMA or traditional steel
restrainers and compared the results. Saiidi and Wang [22] pro-
posed the use of shape memory alloys bars as longitudinal rein-
forcement in plastic hinge regions of reinforced concrete bridge
piers. Sharabash and Andrawes [23] studied the performance of
cable-stayed bridges that are upgraded with SMA dampers by per-
forming simulations of a 3D finite element bridge model.
The use of SMAs as an isolation systemcomponent has also been

investigated by some researchers. Seismic isolation systems are
typically rubber-based bearings or sliding-type bearings. Rubber
isolation bearings have considerable lateral flexibility and lengthen
the natural period of the structure in order to avoid resonancewith
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Fig. 1. Shape memory effect and superelasticity.
the predominant frequency contents of the ground motions, while
sliding-type bearings provide discontinuous sliding interfaces to
separate out lateral forces exerted by an earthquake. In general, a
favorable isolation device should have (i) adequate energy dissi-
pation capacity to reduce seismic demand on piers, (ii) a good re-
centeringmechanism to avoid excessive bearing deformations and
instability, (iii) no need for bearing replacement even after a strong
earthquake (i.e., no residual deformation on the bearing after the
excitation), and (iv) high durability against cyclic loads. SMAs have
considerable energy dissipation capacity and re-centering ability
that can be exploited for use in a base isolation system. Moreover,
superelastic SMAs can fully recover their deformations after an ex-
citation and have substantial resistance to fatigue and corrosion.
Because of these appealing properties of SMAs, several researchers
suggested an SMA-based seismic isolation device as an alternative
system that can accomplish above-mentioned auspicious isolator
characteristics.
Wilde et al. [24] proposed a base isolation system that is com-

posed of a laminated rubber bearing and an SMAdevice. They com-
pared the performance of the proposed isolation system with a
laminated rubber bearing that has a lead core. Choi et al. [25] devel-
oped a new isolation system for seismic protection of bridges using
elastomeric bearings and SMAwires. Analytical studies on amulti-
span steel bridge illustrate that the combination of an SMA–rubber
bearing effectively decreases relative displacement between deck
and pier when compared with a conventional lead–rubber bear-
ing. In another study, Casciati et al. [26] introduced an innovative
isolation device in which a sliding system is coupled with inclined
CuAlBe shape memory alloy bars that function for energy dissi-
pating and re-centering purposes. However, in these studies, the
effect of environmental temperature on the performance of SMA
components has not been addressed [27]. In a study in which the
temperature effects were considered, Dolce et al. [28] compared
the performance of three different sliding-type isolation systems
that employ rubber, steel or shape memory alloys as an auxiliary
device. They reported a high sensitivity to temperature for an SMA
isolation system. In particular, they found variations in peak dis-
placement response up to 103% and in maximum isolator force up
to 33% for a±30 ◦C temperature change.
In this study, the seismic performance of a base isolation sys-

tem consists of a steel–Teflon sliding bearing that decouples super-
structure of a bridge from the piers and dissipate energy through
friction, and an SMA device that provides restoring force and ad-
ditional damping capacity is investigated for various outside tem-
peratures. First, a neuro-fuzzy model that captures behavior of
NiTi shape memory alloys at different temperatures is introduced.
Then, amulti-span continuous bridge ismodeledwith sliding-type
bearings and SMA devices. The temperature effects on steel–Teflon
sliding bearings are considered by employing a modified vis-
coplastic model and using different model parameters for each
temperature. An optimization is performed to determine design
parameters of the SMAdevice by using amulti-objective genetic al-
gorithm. In order to generate artificial acceleration records for time
history analysis of the isolated bridge, a time-domain method that
adjusts historical records for a given design spectrum at multiple
damping levels is used. Finally, the structural response of the iso-
lated bridge to various excitation records at different environmen-
tal temperatures is studied by conducting nonlinear time history
analyses.

2. Modeling superelastic shape memory alloys

The inherent complexity of superelastic behavior of SMAs
makes modeling behavior of the material challenging. Many re-
searchers have studied to develop constitutive models that can
reproduce complex stress–strain relationship of SMAs [29–32].
However, most of these studies aim to model quasi-static mate-
rial response and neglect rate- and/or temperature-dependent be-
havior of SMAs [33]. Since SMAswill be exposed to dynamic effects
and temperature changeswhen they are used for seismic control of
bridges, it is important to consider the dependence of themechan-
ical response of SMAs on the high loading rate and temperature.
However, considering the loading rate and/or temperature effects
makes SMA constitutive models complicated and numerically ex-
pensive to implement into simulations.
In this study, a neuro-fuzzy technique is used to develop a sim-

ple, accurate, and computationally efficient model for simulating
the superelastic behavior of NiTi shapememory alloys. Here, a brief
discussion of the neuro-fuzzy model is given, yet a detailed de-
scription of the model can be found in [34].
Fuzzy logic and neural networks are among the soft computing

technologies that have been widely used in engineering applica-
tions in past decades. The combination of these methods results in
intelligent systems that possess the strengths of each technique.
The adaptive neuro-fuzzy inference system (ANFIS) is such a hy-
brid system that allows a fuzzymodel to learn its parameters using
neural network strategies [35].
The first step in fuzzy modeling is to set up training, checking,

and validation data sets for ANFIS simulations. Here, experimental
test results on NiTi wires with a diameter of 1.5 mm are used to
build the required data sets. The wire is obtained from SAES Smart
Materials, and has a 55.8 wt. % nickel with a balance of titanium.
The austenite start and finish temperatures are specified by man-
ufacturer as As = −10 ◦C and Af = 5 ◦C, respectively. The uniaxial
tensile tests are conducted using an MTS (material testing system)
servo-hydraulic load frame in order to characterize dynamic be-
havior of superelastic SMAs at different temperatures. Specifically,
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Fig. 2. Initial and final membership function of FIS.
Fig. 3. Model validation: Hysteresis loops at various conditions for experimental results and ANFIS prediction.
the tests are conducted in the temperature range of 0 ◦C–40 ◦C for
maximum strain amplitudes of 2%–6%while the loading frequency
is changed in a range from 0.5 Hz to 2 Hz during the tests.
The test results are concatenated to form the required data sets

for ANFIS simulations. Each of training, checking, and validation
data sets are composed of 17,090 data points. Then, an initial fuzzy
inference system (FIS) with three inputs and a single output is cre-
ated. The inputs of FIS are selected to be strain, strain rate, and
temperature, and the output is the stress on the SMA wire. The
strain and stress on thewire are computed directly frommeasured
displacement and force values, and the strain rate is computed by
numerical differentiation of strain data. After a trial and error pro-
cedure, three Gaussian membership functions are used for strain
input, and twoGaussianmembership functions are selected for the
strain rate and temperature inputs in order to fuzzify each input
variable. Also, 12 if-then rules are defined to map the input vari-
ables to single output. These initial membership function and rules
are randomly generated and need to be tuned in order to predict
the correct output that is the stress on SMA wire for given inputs.
ANFIS is used to train suitable membership functions and rules
based on experimental training and checking data. While training
data helps ANFIS to learn about the characteristics of SMAmaterial
response, checking data avoid overfitting. Fig. 2 shows the initially
defined membership functions for each input, and the adjusted
membership functions by ANFIS. As shown from the figure, ANFIS
considerably adjusts initial membership functions, especially ones
defined for the strain and strain rate, so that they can successfully
map the given inputs to the correct output (stress) value.
The final step is to validate the trained FIS with a new set of

data that has not been used during training. Fig. 3 illustrates the
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Fig. 4. Five-span continuous bridge and its model with sliding bearings and SMA device.
strain–stress curves plotted for the results of the developed model
and experimental tests at various temperatures and loading fre-
quencies as well as at different strain amplitudes. It can be seen
from the figure that the developed FIS successfully simulates the
behavior of superelastic NiTi wires at different conditions.

3. Analytical study of an isolated bridge

3.1. Modeling of the five-span continuous bridge

The bridge considered in this study has five-span continuous
deckwith a total length of 200m and awidth of 12m [36]. Four re-
inforced concrete columns that have a height of 12mand two abut-
ments support the superstructure of the bridge. Here, the bridge
is isolated using steel–Teflon sliding bearings that utilize an SMA
device to provide re-centering force and additional damping. One
of the interior spans is selected as an analytical unit and modeled
as a two-degree-of-freedom system (Fig. 4). The effective masses
of deck and column are given as 600 and 243.15 ton, respectively.
The columns are assumed to be perfect elastoplastic with an ini-
tial stiffness of 112 700 kN/m and yield displacement of 0.0309 m.
Also, 2% viscous damping is assumed for the piers.
The equations of motion are

m1ü1 + Fp − FIS = −m1üg
m2ü2 + FIS = −m2üg ,

(1)

where m1, m2 and u1, u2 are the masses and displacements of
pier and deck, respectively, and üg is the ground acceleration. Fp
represents nonlinear pier force and computed as

Fp = αk1u1 + (1− α)k1uyz + c1u̇1
uyż + γ |u̇1| |z| |z|n−1 + βu̇1 |z|n − u̇1 = 0

(2)

where α is the ratio of the post yielding to the elastic stiffness, uy is
the yield displacement of piers, and z is the hysteretic Bouc–Wen
quantity governed by the above differential equation and the
dimensionless parameters γ , β and n are taken as 0.5, 0.5, and
1, respectively. FIS denotes restoring force of isolation systems.
Hence, FIS is the sum of the nonlinear force of the SMA device and
frictional resistance force of steel–Teflon sliding bearings.
In order to analyze the dynamic response of structures with

sliding systems, two different numerical models, namely conven-
tional friction and continuous hysteretic models, are mainly used
by researchers in the past. In the conventional model, the fric-
tional force of the isolation system is evaluated by solving differ-
ent set of equations for sliding and non-sliding phases [37]. On
the other hand, the hysteretic model is a continuous model, and
the frictional force can be obtained from a modified viscoplastic
model developed by Constantinou et al. [38]. Although in terms of
computational efficiency and applicability to the general computer
code two models are found to have relative advantages and disad-
vantages, it is also observed that both models predict the seismic
response of sliding isolation systems similarly [39]. Here, the hys-
teretic model is used to simulate the force of the sliding bearings.
The frictional force at a sliding interface is given by

Ff = µsWZ (3)

whereµs represents the coefficient of friction,W is the normal load
carried by the bearing interface, and Z is a hysteretic dimensionless
quantity computed from following equation

Y Ż + γ |u̇b| |Z | |Z |n−1 + βu̇b |Z |n − u̇b = 0, (4)

where Y is the yield displacement of the sliding bearing chosen as
0.0005 m and, γ , β , and n are dimensionless parameters that con-
trol the shape of the hysteretic curve and have the values of 0.9,
0.1 and 1, respectively. Also, ub = u2−u1 is the deformation of the
sliding bearings.
Experimental studies showed that the coefficient of friction of

steel–Teflon sliding bearings tends to decrease with increasing
stress and increase with increasing velocity. It may be approxi-
mated at sliding velocity u̇b as

µs = µmax −∆µ exp (−a |u̇b|) , (5)

where µmax is the coefficient of friction at very high velocities,
and ∆µ is the difference between the coefficient of friction at
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Fig. 5. Target spectrum at different damping levels.

Table 1
Model parameters for different temperatures.

T (◦C) µmax (%) ∆µ (%) a(m/s)

0 11.07 6.78 23.3
20 10.26 7.13 22
40 9.86 7.11 18.7

very high and very low velocities. Furthermore, a is a constant
for a given bearing pressure and condition of sliding interface.
Dolce et al. [40] studied the frictional behavior of steel–Teflon
sliding bearings, and specified the parameters µmax, ∆µ, and
a for different combination of bearing pressure, condition of
interface and temperature. The temperatures considered in their
study are −10 ◦C, 20 ◦C, and 50 ◦C, and the above-mentioned
model parameters are specified for these temperatures. Here, a
linear interpolation is made to approximate the corresponding
parameters for 0 ◦C, 20 ◦C, and 40 ◦C. The values of µmax, ∆µ,
and a for three different temperatures and for a 28.1 MPa bearing
pressure and non-lubricated bearing interface are given in Table 1.
The fuzzy model described earlier is used to predict the instan-

taneous force from the SMA elements at different temperatures.
Since design parameters of the SMA device, i.e., the length and
cross-sectional area ofNiTiwires, dependon thedesign earthquake
intensity level, the ground motions that are considered in this
study are described first. Then, a genetic algorithm-based multi-
objective optimization method is introduced for the selection of
design parameters of SMA wires.

3.2. Input ground motion records

Recorded acceleration time histories of historical earthquakes
are usually used as a seismic input in linear and nonlinear dy-
namic analyses. Although using real strong-motion accelerograms
is attractive, it mostly requires scaling of the real record for com-
patibility with the design response spectrum. However, scaling a
single ground motion in frequency domain to match a target de-
sign spectrum may totally distort the energy characteristics of ac-
celerograms and produce very unrealistic seismic demands [41].
An alternative approach for generating accelerograms for dy-

namic analysis has been proposed by Hancock et al. [42]. The
method, known as RspMatch2005, modifies a historical accelero-
gram in time domain by employing wavelet adjustments to match
a target design spectrum. One of the advantages of RspMatch2005
is that it does not cause a drift in the velocity or displacement time
histories while that is the case for spectral matching in the fre-
quency domain, which causes the unrealistic high-energy content.
Fig. 6. Spectrally matched acceleration time histories used in simulations.

Also, it enables the accelerogram to be matched to a given target
spectrumwith several different levels of damping simultaneously,
which is useful particularly in the analysis of isolated bridges. Fur-
thermore, in another work of Hancock et al. [43], it is shown that
the number of records required to achieve a robust estimate of
inelastic response may be significantly reduced through the use
of the spectrallymatched, wavelet-adjusted accelerograms. There-
fore, in this study, RspMatch2005 is employed to obtain historical
accelerograms that are spectrally matched to a given spectrum at
multiple damping levels for use in time-history analyses.
The target response spectrum is constructed using the AASHTO

LRFD bridge design specifications [44] for site class B with peak
ground acceleration of 0.40 g and is shown for damping levels
of 5%, 10% and 20% in Fig. 5. In order to start the RspMatch2005
process, a suite of initial accelerograms that may be linearly scaled
to have an approximate match to the spectral shape of the 5%
damped target spectrum is needed. Seven historical earthquake
records (1940 El Centro, 1968 Hachinohe, 1986 North Palm Spring,
1994 Northridge, 1995 Kobe, 1999 Chi-Chi, and 1999 Bolu) are
considered for initial selection, and their match with the target
spectrum is assessed using the root mean square (RMS) difference
between the normalized spectral acceleration of observed and
target spectra (∆SAnRMS)which is given as [42]

∆SAnRMS =

√√√√ 1
Np

Np∑
i=1

(
PSA0(Ti)
PGA0

−
PSAs(Ti)
PGAs

)2
, (6)

where Np is the number of periods, PSA0(Ti) is the pseudo spectral
acceleration from the record at period Ti, PSAs(Ti) is the target
pseudo spectral acceleration at the same period; PGA0 and PGAs are
the peak ground acceleration of the accelerogram and zero-period
anchor point of the target spectrum. After comparing ∆SAnRMS
of seven ground motions, 1940 El Centro, 1968 Hachinohe,
1994 Northridge, and 1995 Kobe records are selected as seed
accelerograms due to better match of their spectral shape.
The selected seed accelerograms are matched to the tar-

get spectra at multiple damping levels using RspMatch2005.
Fig. 6 illustrates adjusted acceleration time-histories for El Centro,
Hachinohe, Kobe, and Northridge earthquakes. Fig. 7 shows orig-
inal, target, and adjusted response spectra of Northridge ground
motion. The original response spectrum is given for 5% damping
while target and adjusted spectra is plotted for 5, 10, and 20%
damping levels. It can be seen that there is no exact match for all
three damping levels, but spectral misfit at all damping spectra of
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Fig. 7. Original and adjusted response spectra to simultaneously match the 5%, 10%, and 20% damped target spectra for Northridge earthquake.
the record is largely decreased. The acceleration records shown in
Fig. 6 are used as a seismic input in the time history analyses of the
isolated bridge that is discussed in the next section.

3.3. Design of SMA device

Although the cost of SMA material has decreased significantly
in the past decade [45], it has been one of the impediments to
actual implementation. Yet, economically feasible solutions can be
attained with NiTi-based SMAs if they are used in small devices
or applied to a selected region of structures [46]. The SMA device
considered in this study has a straightforward design,which avoids
extra fabrication costs. It simply consists of multiple loops of
superelastic NiTi wires wrapped around two wheels.
In order to choose design parameters of SMA re-centering

damping device, a trial and error is usually required. It is possi-
ble to alter the nonlinear stiffness and damping added to the sys-
tem by changing the geometry of SMA elements. One of the main
concerns in design is to keep the maximum strain of SMA wires
during strongest motion within the recovarable superelastic strain
range (up to 6%–7% for NiTi wires) of the material. That requires
long wire length. Also, the cross-sectional area of the SMA wires
should be large enough to develop the required re-centering force
for the isolation system. Yet, other objectives in design are to limit
the shear force transferred to the piers and minimize the total vol-
ume of the material that is used for the device.
In this study, a multi-objective genetic algorithm optimizer,

namely NSGA-II, is used in order to determine the optimum length
and area of NiTi wires. NSGA-II is a computationally fast and eli-
tist evolutionary algorithm based on a non-dominated sorting ap-
proach. Among a pool of initial random candidate values that
reside within a user-defined range, NSGA-II generates a set of
Pareto-optimal solutions through an iterative process. The detailed
description of NSGA-II algorithm can be found in [47,48]. Here,
three objective functions, namely, peakdeck relative displacement,
peak deck acceleration, and peak base shear, are considered. All
three have to beminimized simultaneously. In order to avoid train-
ingwith several historical groundmotions during the optimization
process, spectrally matched Northridge accelerogram is used as a
seismic input. A population of size 50 is selected and each simu-
lation is run for 100 generations. In order to discourage Pareto-
optimal solutions that cause SMA wires to experience more than
6% strain, a fixed large penalty is added to all objectives if the
maximum strain of the wires is over 6%. The optimization is de-
vised for an outside temperature of 0 ◦C since it is observed that
SMAwires are exposed to larger strains at this temperature during
preliminary investigations. The results of genetic algorithm opti-
mization reveal that selecting a wire length of 2.35 m and a cross-
sectional area of 620 mm2 that corresponds to 350 NiTi wires with
a diameter of 1.5 mm for each SMA device gives optimal solution.
Therefore, these values are used for an SMA device in numerical
simulations described below.

4. Results

Nonlinear equations of motion given above in Eq. (1) are solved
using a fourth-order Runge–Kutta method with variable time
step. The response time histories of the isolated bridge equipped
with SMA devices are obtained against artificial ground motions
described above for different environmental temperatures. In this
section, first the results for all excitation cases are summarized,
and then displacement and acceleration time histories as well
as hysteretic force–displacement curves of isolation system
components for the Northridge earthquake case are presented.
Fig. 8 demonstrates the results for maximum drifts of the pier

and deck at 0 ◦C, 20 ◦C, and 40 ◦C for the considered excitations.
It can be seen that the maximum pier displacement usually in-
creases with decreasing environmental temperature. The maxi-
mum change in peak pier displacement is +10% and −11% when
temperature increases or decreases 20 ◦C from reference tempera-
ture of 20 ◦C, respectively. The peak relative displacement of deck
has its maximum value at 40 ◦C for all the excitation cases except
Kobe earthquake. One reason of this increase in deck drift at higher
temperatures is the lower coefficient of friction of sliding bearings
at these temperatures. Since the large portion of energy dissipa-
tion is provided by frictional behavior of sliding bearings for the
isolation system, the decrease in the friction coefficient at higher
temperatures results in an increase in the deck displacement re-
sponse. However, the larger frictional force at low temperatures
increases the demand on the piers and cause larger pier drift. The
maximum variation of the peak deck drift as temperature changes
±20 ◦C compared to reference temperature is about 13% which is
observed for El Centro earthquake.
Fig. 9 shows the residual pier drift ratio and residual isolation

deformation at different temperatures for the considered ground
motions. Asmentioned above, since the frictional force transferred
to piers is larger at low temperatures and SMA re-centering force
reduces with decreasing temperature, larger residual pier drift
ratios are observed at 0 ◦C for the all cases except Hachinohe
excitation. However, the largest residual pier drift ratio is about
0.12% for Northridge record while it is below 0.06% for the other
ground motions. Also, steel–Teflon sliding bearings with an SMA
device recover almost all deformations for most of the cases. The
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Fig. 8. Maximum drifts of pier and deck at different temperatures.
Fig. 9. Residual pier drift ratio and residual deformation of the isolator at different temperatures.
Fig. 10. Maximum deck acceleration and maximum base shear at different temperatures.
largest residual deformation observed for El Centro excitation at
0 ◦C is about 2 mm.
The variations of the maximum deck acceleration and the

maximum base shear with temperature are given in Fig. 10. It can
be seen that there is no significant change in peak deck acceleration
with the environmental temperature change. In particular, the
maximum change in peak deck acceleration is about 1% for El
Centro and Hachinohe excitations, while it is about −4% and
−8% for Kobe and Northridge, respectively, when temperature
decreases to 0 ◦C from reference temperature of 20 ◦C. The slight
increase in deck acceleration for Kobe and Northridge excitations
with the increasing temperature can be attributed to the larger
SMA re-centering forces at high temperatures. The maximum base
shear experiences a highest of 6% increase for the Northridge
record if temperature drops to 0 ◦C, and it reduces a maximum of
6% for Kobe excitation if temperature increases to 40 ◦C compared
to reference temperature.
The time histories of relative deck displacement and absolute

deck acceleration are illustrated in Fig. 11 for lowest and high-
est outside temperatures (0 ◦C and 40 ◦C) considered here for
Northridge excitation. As discussed above, the acceleration re-
sponse of the deck is very similar at both temperatures, whereas
the maximum relative displacement of deck is slightly lower at
0 ◦C.
Fig. 12 shows the force–displacement relationships of the isola-

tion system components, i.e., sliding bearing (SB) and SMA device
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Fig. 11. Time histories of deck relative displacement and deck acceleration at 0 ◦C and 40 ◦C.
Fig. 12. Hysteresis curves of the isolation system and its components at 0 ◦C and 40 ◦C.
together with the combined hysteresis curve at 0 ◦C and 40 ◦C dur-
ing Northridge excitation. It can be seen that re-centering ability of
the isolation system improves with increasing temperature while
the maximum frictional force, i.e., energy damping capacity of the
system decreases. Also, note that the isolation system mainly dis-
sipates the energy through frictionwhile verymodest contribution
is available from hysteretic behavior of superelastic SMAs.
Fig. 13 compares the maximum forces of sliding bearings, SMA

device and combined isolation system for different temperatures.
Also, hysteresis loops of the SMA device are given for each temper-
ature in the figure. It can be seen that maximum friction force of
steel–Teflon bearings decreases with an increase in temperature
due to the lower friction coefficient at higher temperatures. On
the other hand, the re-centering force of the SMA device increases
with the temperature. Note that the maximum force generated
in the SMA device at 0 ◦C and 20 ◦C is almost the same. That is
because of significant strain hardening of SMA wires at 0 ◦C for
large deformations. Therefore, the maximum SMA force at 0 ◦C
reaches to the maximum force level observed at 20 ◦C. However,
as it can be seen from SMA hysteresis curves, the SMA device has a
higher stiffness and generates larger re-centering forces at higher
temperatures. If the variation of the combined isolation system
force with temperature is examined, it can be seen that it remains
more stable since the difference in the forces generated on sliding
bearing and SMA device offset each other. Nevertheless, it is ap-
parent that the stiffness of the isolation system increases and the
damping capacity of the isolation systemdecreaseswith increasing
temperature.
In order to assess whether the seismic response of a bridge

isolated by SMA-based sliding bearings is more sensitive to the
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Fig. 13. The variation of maximum forces of the isolation system and its components with temperature and hysteresis loops of SMA device at various temperatures.
Fig. 14. The variation of the seismic response of the bridge with temperature for constant SMA properties and constant sliding bearing properties.
temperature-dependent properties of sliding bearings or those of
SMAs, another set of simulations are performed. First, temperature
dependence of SMA behavior is neglected and SMAs wires are
modeled for an environmental temperature of 20 ◦C, while sliding
bearing properties are changed for each temperature. Then, the
properties of sliding bearings are assumed to be constant and
equal to those of at 20 ◦C, whereas variation of SMA material
response with outside temperature is considered. The spectrally
matched Northridge earthquake is used as an external excitation.
The results are summarized in Fig. 14. It can be seen that the
temperature dependence of frictional properties of sliding bearing
is contributing more to the variation of the seismic response of
the isolated bridge. In particular, the higher frictional force of the
bearing at low temperatures results in an increase in the pier drift,
and a reduction in deck relative displacement due to larger energy
dissipation. Although, the change of SMA properties with changes
in temperature also affects the results, the variation of the seismic
response of the bridge ismoremodest for this case. For instance, as
temperature changes±20 ◦C compared to reference temperature,
there is only 5% change in the peak deck drift if the SMA properties
changes with the temperature while sliding bearing properties
are kept constant. However, the same change is 14% for the case
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Fig. 15. Seismic response comparison of different bridge configurations at various temperatures for (a) El Centro, (b) Hachinohe, (c) Kobe and (d) Northridge earthquakes.
of constant SMA material behavior and temperature-dependent
bearing properties. Also, note that for all cases SMA-based sliding
bearings have no residual deformations at the end of ground
motion.
Finally, to evaluate the effectiveness of the SMA-based sliding

base isolation system (BIS), the seismic performance of the SMA-
based sliding BIS is compared with two benchmark cases: (i) the
seismic response of the bridge incorporating only the pure-friction
(P-F) BIS (i.e. sliding-type bearings without SMA devices) and (ii)
the seismic response of the bridge incorporating a monolithic
connection between the deck and the top of the piers (i.e. non-
isolated bridge). Nonlinear time-history analyses are performed
for the temperature range considered in this study and ground
motions described above.
Fig. 15 shows the maximum deck drift, residual pier drift ratio

and maximum base shear for the bridge isolated by SMA-based
sliding isolators and P-F sliding isolators and non-isolated bridge
for different ground motions. Also, the results are presented for
outside temperatures of 0 ◦C, 20 ◦C, and 40 ◦C. Note that the
response for the isolated bridge cases varies with temperature
while the results for the non-isolated bridge are constant for
each temperature. As shown in the figure, the use of SMA-based
sliding isolators decreases the seismic demand on the piers while
simultaneously reducing the displacement demand of isolators.
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Note that although the bridge isolated by P-F sliding bearings also
decreases the demand on the substructure, it has larger deck drifts
as compared to SMA-based sliding isolators. Also, large residual
isolator deformations are observed for the P-F isolation system
after the seismic motion due to the lack of re-centering force
capability while the SMA-based sliding isolation system recovers
almost all of its deformations as illustrated above in Fig. 9.

5. Conclusion

In this paper, the seismic performance of a sliding-type base
isolation system equipped with a NiTi shape memory alloy de-
vice is evaluated considering that effects of outside temperature
changes for amulti-span continuous bridge. Since the temperature
and loading-rate significantly affect the behavior of superelastic
NiTi wires, a neuro-fuzzy model that captures material response
considering the temperature and strain rate effects is first intro-
duced. The temperature effects on steel–Teflon sliding bearings
are considered by using a continuous hysteretic model with dif-
ferent model parameters for each temperature. The length and
cross-sectional area of the SMA device is optimized by employing a
non-dominated sorting genetic algorithm. The program Rsp-
Match2005, which enables the historical accelerograms to be
matched to a given target response spectrum at multiple different
levels of damping, is used to obtain a suite of accelerograms for use
in dynamic nonlinear analyses of the bridge.
Nonlinear time history analyses of the isolated bridge are con-

ducted for three different outside temperatures. The results show
that the temperature has modest effect on the performance of
bridges isolated using steel–Teflon sliding bearings with SMA re-
centering device. Specifically, there is a maximum of 13% differ-
ence on the displacement response of the bridges for all considered
ground motions when temperature differs±20 ◦C from the refer-
ence temperature of 20 ◦C. Similarly, the acceleration response of
the bridge varies a maximum of 8% with the temperature change
while the difference is below 2% for most of the cases. Also, it is
noted that the change in the forces generated in sliding bearings
and SMA device counterbalance each other. While temperature
increases, the frictional force of sliding bearings reduces, i.e., the
damping capacity of isolation systemdecreases. On the other hand,
the initial stiffness and yield strength of the SMA device increases
with increasing temperature. Therefore, a larger re-centering force
is available for high temperatures. Overall, the sliding-type isola-
tion system with the SMA device appears to effectively limit the
response of the bridges subjected to earthquake ground motions.
Also, it is observed that SMA-based sliding isolators recover al-
most all of their deformations, which eliminates the need of bear-
ing replacement after a strong earthquake. However, note that
NiTi shape memory alloys used in this study completely loose
their superelasticity below −10 ◦C; therefore, the results cannot
be generalized for the regions with severe winter conditions. This
drawbackmight be eliminated in the future by the development of
NiTi-based superelastic SMAs with a larger operating temperature
range, which is a widespread research area.
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