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Abstract: In this paper, an evolutionary multi-objective optimization algorithm named NSGA-II was
used to determine the optimum radius for shape memory alloy (SMA) wires employed in conjunction
with the lead rubber bearing (LRB), referred to as an SMA-LRB isolator. This algorithm simultaneously
minimizes the mid-span displacement and the base shear force. Then, the optimized SMA-LRBs were
implemented in a benchmark bridge to reduce excessive displacements. The results obtained from
the nonlinear dynamic analysis show that the implemented approach could effectively optimize the
SMA-LRBs. These improved smart isolators can noticeably reduce the maximum displacements and
residual deformations of the structure; meanwhile, the base shear and deck acceleration remain less
than those of the non-isolated benchmark bridge. This isolator can reduce the maximum mid-span
displacement of the bridge by up to 61%, and the mid-span residual deformations by up to 100%,
compared to an uncontrolled isolated bridge under different ground motions. This optimized passive
system was compared with nonlinear dampers, passive SMA dampers, and a negative stiffness device.
The results indicate that the optimized SMA-LRB isolators are generally more successful in reducing
and recovering displacements than the other controllers.

Keywords: seismic structural control; base isolation; shape memory alloys; iron-based shape memory
alloys; benchmark highway bridge; multi-objective optimization; NSGA-II

1. Introduction

Bridges are critical infrastructure and play essential roles in transportation networks. Hence,
distinctive design requirements are necessary to provide their safety during earthquakes or other
severe loadings. An alternative to traditional design methods is to use structural control techniques
to reduce the structural vibrations produced by external forces, such as earthquakes and winds.
These methods generally change the stiffness, mass, damping coefficient, and configuration of the
structure. Among various control strategies, employing the base isolators is a popular tactic due
to its simplicity, high potential in decreasing the seismic demand of the structure, and high energy
absorption ability. Moreover, base isolators do not require any external sources to produce forces,
so they are economical.

Although the base isolation systems are prevalent, they have several drawbacks. The major
one is the occurrence of large inelastic deformations. These deformations may lead to the collision
of two adjacent parts or unseating if the minimum required distance is not provided. Additionally,
the base isolation system cannot be applied anymore after inelastic deformations, and they should be

Appl. Sci. 2020, 10, 141; doi:10.3390/app10010141 www.mdpi.com/journal/applsci


http://www.mdpi.com/journal/applsci
http://www.mdpi.com
https://orcid.org/0000-0003-4017-1421
https://orcid.org/0000-0002-1155-6755
http://dx.doi.org/10.3390/app10010141
http://www.mdpi.com/journal/applsci
https://www.mdpi.com/2076-3417/10/1/141?type=check_update&version=2

Appl. Sci. 2020, 10, 141 20f19

replaced with new ones. To prevent these failures, researchers suggested using additional dampers in
companion with the base isolators for energy dissipation (Makris and Zhang [1], Soneji and Jangid [2],
Dicleli [3]). Recently, researchers have employed intelligent materials, such as SMAs, for the aforesaid
dampers. These materials are characterized by a high damping capacity, fatigue strength, erosion
resistance, and a high level of super-elastic strain. Because of the exceptional characteristics, SMAs have
been widely used in civil structures, and their applications include but are not limited to restraining
devices, beam—column connections, special braces, reinforcement or pre-stressing bars and strips,
energy dissipating elements, and base isolation systems.

In the last two decades, various researchers have focused on SMAs to enhance the seismic
performance of base isolators because of their outstanding properties. To improve the seismic
performance of bridges, Wilde et al. [4] took advantage of two different systems, including rubber
bearings with SMA and rubber bearings with a lead core (LRB) and lateral bracing named an NZ
device. By comparing these systems, it was observed that the former system has more damping
capacity in comparison with the latter one. Additionally, using SMA, this system was able to recover
its deformation. However, the force applied to the base isolator with SMA was three times more than
the other one. Choi et al. [5] introduced a new generation of base isolation devices in which SMA wires
were wrapped around an elastomeric bearing to control the instability and residual deformations.
They utilized this system in a three-span continuous bridge during an earthquake and compared the
results with those of the lead core bearing. The findings proved that the rubber bearing with Nitinol
shape memory alloy was able to decrease the deck displacements. Also, no residual displacement was
observed. Nevertheless, in extensive shear deformations (200%), the Nitinol wire experienced plastic
strains, and the device was not able to work successfully anymore. Hedayati Dezfuli and Alam [6]
numerically investigated two different configurations of SMA wires in conjunction with elastomeric
bearings. They studied the effects of various parameters, such as the shear strain amplitude, SMA type,
dimension ratio of the base isolation, and the level of pre-strain of the SMA wires, on the seismic
behavior of base isolators. According to their results, the wire diameters should be selected based on
the lateral stiffness and equivalent viscous damping to achieve high performances. Hedayati Dezfuli
and Alam [7] proposed a constitutive model for SMA-LRBs. They used the superposition method
to decouple the effect of SMA wires and LRB. Then, they developed a new algorithm for the SMA
wires and combined it with a bilinear kinematic hardening model, which was considered for the LRB.
They verified their results by the finite element model, which was validated through experimental
tests. Hedayati Dezfuli et al. [8] implemented their proposed constitutive model for simulating the
behavior of SMA-LRBs in Opensees software to assess the accuracy of the model. The results showed
that the new model could precisely predict the shear hysteretic response of smart SMA-LRBs compared
with other existing models. Xiang and Alam [9] used four different retrofitting devices to enhance
the seismic performance of an LRB-isolated bridge, including yielding steel cables (YSCs), viscous
dampers (VDs), friction dampers (FDs), and super-elastic shape memory alloy cables. The results
indicated that the SMA device was better than the other measures regarding its self-centering capability
and showed the least residual superstructure displacement. Many other researchers also investigated
the application of SMAs in mitigating the seismic response of bridges, including but not limited to
Andrawes and DesRoches [10], Ozbulut and Hurlebaus [11], Bhuiyan and Alam [12], Zhu and Qiu [13],
Mishra et al. [14], Choi et al. [15], Li and Mao [16], and Wang et al. [17].

Researchers have suggested control devices and applied them to different bridges. For this reason,
it was hard to compare their results. To overcome this difficulty, a benchmark highway bridge was
developed in two phases. Many researchers have implemented their control devices on phase I of the
benchmark bridge, in which the deck of the bridge was rigidly connected to the central pier (Agrawal
et al. [18]). Tan and Agrawal [19] presented sample designs for three control systems. Madhekar et al.
explored the use of different passive and semi-active devices on the phase I bridge [20-22]. Saha et al.
also applied passive control devices on this bridge [23-25].
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Some other research was done on the benchmark bridge in phase II, in which the deck was
completely isolated from the central pier (Nagarajaiah et al. [26]). Zhang et al. [27] suggested a damper
with SMA for controlling the displacements of the second phase of the benchmark bridge. Also,
these researchers studied the effect of the temperature changes on the behavior of SMA and their
presented device. They observed that the effect of temperature was negligible, and the suggested
device was successful in reducing the displacements and residual deformations. Casciati et al. [28]
investigated the seismic performance of a new SMA device in the second phase of the benchmark
bridge. Their passive SMA damper considerably reduced the maximum displacement of the base
isolator and displacements. However, this system increased the maximum base shear and overturning
moment. Recently, Li et al. [29] proposed a novel negative stiffness device (NSD) and a damper system
for seismic control of the benchmark bridge in phase II and compared its effectiveness with sample
passive and semi-active controllers. In their system, passive fluid dampers were used in parallel
to the NSD to alleviate excessive displacement. The results showed that the proposed approach
was more successful than the two other systems in the reduction of the base shear and mid-span
acceleration. However, the semi-active sample controller was slightly more effective in controlling
mid-span displacement and bearing deformation.

In the literature, the effectiveness of SMA isolators in reducing displacements and residual
deformations of bridges is widely studied; however, it usually causes an increase in the base shear
and the deck acceleration or may not be effective in large shear deformations. Therefore, to address
these issues, in this study, the radius of the wire was optimized using a multi-objective non-dominated
sorting genetic algorithm (NSGA-II) to minimize the base shear and the mid-span displacement
simultaneously. It is also worthwhile to mention that a new ferrous SMA material (i.e., FeNiCoAlTaB)
with a large elastic strain was used in SMA-LRBs. The optimized SMA isolators were applied in the
benchmark bridge in phase II, and the results were compared with three other passive control methods
used for this bridge: Nonlinear dampers, passive SMA dampers, and a new negative stiffness device.

2. Shape Memory Alloys (SMAs)

SMAs are intelligent materials with exceptional properties. SMAs have complex thermo-dynamical
behavior, which is related to the various physical processes. The well-known properties of these
materials are super-elasticity and the shape memory effect (Paiva and Savi [30]). In terms of their
super-elastic behavior, the strain due to dynamic loads can be recovered entirely after unloading.
However, in the shape memory effect, the dynamic deformation of these materials can return to their
initial shape by heating. SMAs are widely used in civil engineering applications because of their high
damping capacity, erosion resistance, and fatigue strength. SMAs have two phases with different
crystal structures. The first phase is named martensite, which is stable at low temperatures and high
stresses. The other phase is austenite, which is stable at high temperatures and low stresses. Based on
the directions of the crystals, the martensite phase is divided into two shapes: Twinned martensite and
detwinned martensite. Four specific temperatures are introduced to show the temperature range of the
start and finish of these phase transformations. M;s is the temperature at which the transition from
austenite to martensite starts, and My is the temperature at which the martensite phase is completed.
Furthermore, A; and Ay are the temperatures at which the transformation from martensite to austenite
starts and finishes, respectively (Lagoudas [31]).

The unusual properties of SMAs are the products of returnable transformation between austenite
and martensite. It is worthwhile to mention that the atoms’ arrangement remains without change
during this transformation, and it occurs because of the shear deformation of the grid structure of
these materials. This paper aimed to take advantage of the super-elastic property of SMA in which
austenite transforms to martensite and transforms backward. In this way, the residual deformation can
be completely recovered in a cyclic process, which leads to energy dissipation. This cycle is illustrated
in Figure 1. An SMA should entirely be in its austenite phase to be able to behave super-elastically.
In other words, if the temperature of the SMA is higher than the temperature at which the austenite
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phase finishes, the induced strain (less than the maximum super-elastic strain) can be completely
recovered. Therefore, an SMA, whose Ay is less than the minimum temperature of the surroundings,
should be selected.

Since Bohler first found Nitinol in 1963, various types of shape memory alloys have been
presented (Arghavani [32]). The most common ones are categorized into nitinol-based, copper-based,
and iron-based SMAs. Among these, NiTi has considerably attracted the attention of researchers, and it
is widely applied for commercial purposes. This alloy is available in the form of a wire, bar, pipe,
and plate. This alloy can hold the maximum super-elastic strain of 8% without permanent damage.
Besides, Nitinol has high erosion resistance (Ozbulut [33]). Copper-based alloys are cheaper than
nitinol-based ones. Moreover, they can be easily manufactured in any shape and size. Additionally,
their transformation occurs in a wider temperature range. For instance, CuALBe super-elastically
behaves at temperatures between —65 and 180 °C. For this reason, it can be used for seismic applications
in cold regions. However, this alloy can hold the maximum super-elastic strain between 2% and
4% without permanent damage (Ozbulut [33]). Also, due to martensite stabilization, this alloy
shows aging at room temperature. Because iron-based SMAs, such as FeMnSi, FeNiC, and FeNiCoTj,
are not expensive, they can be used instead of nitinol-based and copper-based shape memory alloys.
It should be mentioned that iron-based SMAs, which have super-elastic behavior at room temperature,
were found a few years ago. In 2010, an iron-based alloy was found, which could hold the maximum
super-elastic strain of 15%. It was a combination of Fe, Ni, Co, Al, Ta, and B. The tensile strength of this
alloy is higher than 1 Gpa, and its austenite phase finishes at the temperature of —62 °C (Ozbulut [33]
and Hedayati Dezfuli and Alam [6]). Therefore, it is proper for cold regions. By investigating various
alloys, the iron-based alloy FeNiCoAlTaB was applied with LRB isolators in this research with 13.5%
maximum super-elastic strain.
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Figure 1. Super-elastic behavior of SMA.

3. Benchmark Highway Bridge

Since benchmark structures are essential for comparing various control approaches, it was decided
that a benchmark structural control model for highway bridges would be developed during the meeting
of the ASCE (American Society of Civil Engineering) committee in 2003. For this purpose, bridge 91.5,
located in Orange County of Southern California, was selected. This is a continuous, pre-stressed
concrete box-girder bridge, with two spans with a length of 58.5 m and two abutments skewed at 33
degrees. The deck is supported by a pre-stressed outrigger with a 31.4-m length and 6.9-m height,
resting on two pile groups. The columns are around 6.9 m high. More details about this 4-line bridge
are available in the definition paper [18]. A three-dimensional model of this bridge was developed
using ABAQUS software. This process included two phases. In the first one, eight seismic isolators
were applied to separate the bridge from its end abutments. At this stage, the deck was connected
to the central pier (semi-isolated model) (Agrawal et al. [18]). In the second phase, two isolators
were used in the middle piers in addition to the eight aforesaid isolators (completely isolated model)
(Nagarajaiah et al. [26]). The second model was applied in this research, as shown in Figure 2.
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Figure 2. Schematic picture of the benchmark bridge [26].
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In the second model, Nagarajaiah et al. [26] assumed that the bridge superstructure, including
the deck and the beam, has elastic behavior. The soil-structure interaction was considered at the end
of the abutments and embankments. This effect was modeled by utilizing the springs and dashpots
independent of the frequency, and the base isolators were modeled as shear elements. Therefore,
their torsional rigidity and flexural stiffness were initialized to 0, and their vertical axial stiffness
initialized to approach infinity. The bearings were idealized by the bi-directional bilinear plasticity
model, as described by Makris and Zhang [1]. They wrote this model in ABAQUS as a subroutine.
The aforesaid model can be mathematically introduced by utilizing Equations (1) and (2). The nonlinear
behavior of the isolator in the X-direction is independent of its behavior in the Y-direction. It means that
the restoring force in the X-direction is only related to the displacement in direction X. Also, the mass
and damping of these bearings are eliminated. In these equations, Fx and Fy, are the restoring forces
in the X'and Y directions, respectively, K,x and K, are the post-yield stiffness of the isolator in the X
and Y directions, respectively, and Kex and K,y are the pre-yield stiffness of the isolators in the X and Y
directions, respectively. The yield displacements in the X and Y directions are denoted by U, and l_ly,
respectively:

Fy= pr Uy + (Kex - pr)Ux/ (1)

Fy= KpyUy + (Key = Kpy ) Uy @)

After developing the three-dimensional model of the bridge with 430 degrees of freedom,
Nagarajaiah et al. [26] calculated the mass, stiffness, and damping matrices. In this process,
the nonlinearity effects were considered. The dynamic equation of this nonlinear model is expressed in
the form of Equation (3). In this equation, the incremental displacement, ground acceleration (including
two horizontal components), incremental controlling force, mass, and stiffness matrices are denoted
by U, U, F, M, and K, respectively. Note that the stiffness matrix of the structure includes linear and
nonlinear sub-matrices. 1 and b are the loading vectors for the ground acceleration and control forces,
respectively:

MU(t) + CU(t) + K(H)U(t) = =Mnl(g) + bF(t). ®3)

Equation (3) can be solved with the help of the Newmark integration tactic. Although MATLAB
software has various tools for solving ordinary differential equations, they are not able to find the
nonlinear structural responses. For this reason, an S-Function program in the Simulink was developed
for the bridge model by Nagarajaiah et al. [26]. Its input is the ground motion and control forces,
and its output is the seismic responses of the bridge under nonlinear dynamic time history analysis.
In Figure 3, the Simulink of the passive control device is shown. In the current work, the developed
program is called in the box of the control device. Then, by entering the displacements of the isolator
at each step, the force applied to the bridge by the passive control device is calculated and returns to
the Simulink as an output. In the benchmark bridge package, six earthquake records are presented.
Each ground motion contains two horizontal components in the X and Y directions, and their important
properties are listed in Table 1. Also, 21 parameters are suggested for assessing various devices under
these earthquakes. The last five parameters were not applied because the device of the current work
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was passive, and it required no sensor or control algorithm. The evaluation criteria are tabulated in
Table 2, and readers are referred to [18] for more information on the bridge.

Evaluation Qutput

[t ground] } PI> # Excitation ye

From Intensity
Workspace Connection outputs
——————————— P Control Force yefb————
(Y t_out
Clock

yf [-L

Device Outputs Control Devices

Figure 3. Passive Simulink model of the benchmark bridge [26].

Table 1. Properties of earthquake records.

Recordin PGA(g) PGA(g) Peak Veloci Peak Velocit

Earthqualke Station s Type EW & NS s EW (ms‘l)ty NS (ms~1) Y

North Palm Springs  NorthPalm = g1q 040 0.612 0.733 0.338
(1986) Springs

Chi-Chi (1999) TCU084 Near-field 1.157 0.417 1.147 0.456
Imperial Valley (1940) El Centro Far-field 0.313 0.215 0.298 0.302
Northridge (1994) Rinaldi Near-field 0.838 0472 1.661 0.73
Duzce Turkey (1999) Bolu Near-field 0.728 0.822 0.564 0.621
Kobe (1995) Nishi-Akashi  Near-field 0.509 0.503 0.373 0.366

Table 2. Summary of the evaluation criteria.

AP _ maxi||Fui(8)]]
Iy = max { maxlﬁligx(f)l } Peak base shear Jo = max{'iThM“ Normed base shear
0b 0
; i - maxy,;||[ My (1)]] .
I, = max{%} Peak overturning moment Jio = max{ e ;WW”— Normed overturning moment
0b

) } Peak mid-span displacement Ji1 = max{maxi Ly "iﬁlgi)” } Normed mid-span displacement
Om

J3 = max{max, t' yymgx

Ju = max {maxi,t y'ymgz) } Peak mid-span acceleration Ji2 = max{ max; y;gigi) } Normed mid-span acceleration
Js = max{maxi,t yybé,(;") } Peak bearing deformation Jiz = max{ max; J;’(a) } Normed bearing deformation
Jo = max{max]'/t '(5,’;,“3 ol } Peak column curvature Jia = max{max], |||({)”“”| Normed column curvature
I — max{ nlﬂxé',;I;[dEj} Peak dissipated energy Ji5 = max{max, t(fv)} Peak control force
Js = max{ Ny } Number of plastic connections Ji6 = max{maxl t( e )} Peak device stroke

4. Modeling the SMA-LRB Isolator

In this research, the finite element approach was applied to investigate the effect of earthquakes
on the benchmark bridge and its control device. This process included various stages. The most crucial
stage is related to modeling the material behavior. The selected model should be able to simulate the
actual behavior of the material numerically.

The applied controlled device includes an LRB isolator and double-cross SMA wires. These wires
are made up of FeNiCoAlTaB. This configuration of wires was suggested after studying and comparing
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various configurations (Hedayati Dezfuli and Alam [6]). This isolator is schematically shown in
Figure 4. The SMA wires were added to LRB isolators with the purposes of controlling displacement,
and enhancing the re-centering property and damping capacity. The SMA wires were installed on
the specific points of the isolator using the steel hooks. For simplification and avoiding numerical
divergence, it was assumed that the friction between the wires and hooks was negligible (Hedayati
Dezfuli and Alam [6]).

In this paper, the constitutive model of intelligent isolators developed by Hedayati Dezfuli and
Alam [7] was used. In this model, the SMA isolator is divided into two separate systems (i.e., SMA wires
and LRB isolator) based on the superposition principle. First, the hysteresis curve is found for each
device. Second, they are added to each other to form the hysteresis behavior of the SMA device.
This method was assessed by performing the finite element analysis of the discrete and continuous
systems, using ANSYS software (Hedayati Dezfuli and Alam [7]).

Figure 4. Double cross configuration of SMA-LRB.
4.1. The Hysteresis Model of LRB

In this study, the behavior of LRB isolators was modeled using a bilinear kinetic hardening model
to simplify the finite element analysis procedure (Hedayati Dezfuli and Alam [7], Attanasi et al. [34],
Mauro et al. [35], Casciati et al. [28]). In this model, three parameters exist, including the yield stress,
Fy, initial stiffness, Ko, and the post-yield hardening ratio, r. These parameters are required for finding
the force—displacement curve. This model is available in some software. In this case, the available
code in the benchmark bridge package was applied. Characteristics of the benchmark bridge LRBs are
shown in Table 3. Figure 5 depicts the force-displacement curve of the mid-pier LRB under the North
Palm Springs earthquake.

10"

Force (N)
=

7 i i i
-0.06 -0.04 -0.02 0 0.02 0.04

Displacement (m)

Figure 5. Hysteresis of the mid-pier LRB under North Palm Springs Earthquake.
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Table 3. LRB characteristics of the benchmark bridge.

Yield Displacement(m)  Post-Yield Stiffness (kN/mm) Initial Stiffness (kN/mm)

Abutment isolators 0.015 0.6 4.8
Mid-pier isolators 0.015 1.2 9.6

4.2. The Hysteresis Model of SMA Wires

Hedayati Dezfuli and Alam [7] calculated the axial force of the wires at different levels of shear
strain instead of modeling the connection in detail. By specifying the geometrical properties of the
isolator and wires, the strain was found for each time step. With the help of the constitutive model of
SMA, this strain was converted into the axial stress of the wire. Finally, the axial force was expressed
in terms of time and applied to the LRB isolator as an external force. In [7], this process is presented
in detail. To find the hysteresis curves of the SMA wire, a MATLAB function was developed by the
authors based on the presented algorithm of Hedayati Dezfouli and Alam. The results obtained from
the written code (PCODE) are illustrated in Figure 6 and compared with the source data (MCODE)
for various loadings (E5, E6, E7, and E8). It should be noted that as Hedayati Dezfouli and Alam [7]
pointed out, the shear hysteresis of the SMA wires is not the same as the flag-shaped hysteresis of
the SMA, due to the effect of the wire’s configuration on the transferred force to the LRBs. Moreover,
the developed hysteresis model by Hedayati Dezfuli and Alam [7] is independent of the strain rate
effect, and further research needs to be conducted to investigate the influence of strain rate on the
hysteresis of SMA-LRBs.

4.3. Optimizing the SMA-LRB Isolator

Hedayati Dezfuli and Alam [7] proved that the hysteresis behavior of SMA was related to various
parameters, including the base isolator’s size, radius of the wire, and temperature. This research used
the SMA wire as a supplementary element to the base isolators of the benchmark bridge to improve
its seismic performance without changing its LRBs. Moreover, it was assumed that the temperature
was constant and equal to 20 °C, and only the radius of the wire was unknown. This parameter
has a profound effect on the force applied to the LRB isolator. Increasing the wire’s radius led to
an increase in the re-centering-induced force from the wire to the LRB and consequently an increase in
the horizontal stiffness of the isolators. As a result, by increasing the radius of the wire, the residual
deformation is reduced, but the base shear force and the deck acceleration of the bridge increase.

80

80 T : T T T
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40
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8 § 0
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20}
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Figure 6. Cont.
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Figure 6. Hysteresis curve plotted by this paper’s written code (PCODE), and with Hedayati Dezfuli
and Alam (MCODE) [7].

In this work, an evolutionary optimization algorithm named NSGA-II (non-dominated sorting
genetic algorithm) was utilized to find the optimum radius of the wires for each earthquake record.
The non-dominated sorting genetic algorithm type II is a multi-objective genetic algorithm, proposed
by Deb et al. [36]. It is an extension and improvement of NSGA, which was proposed earlier by Srinivas
and Deb [37]. In the structure of NSGA-II, in addition to genetic operators (crossover and mutation),
two specialized operators are defined and utilized. The first operator is called non-dominated sorting,
in which the population is sorted and partitioned into fronts (F1, F2, etc.), where F1 indicates the
approximated Pareto front. The second one is the crowding distance, which indicates a mechanism of
ranking among members of a front, which are dominating or dominated by each other. These ranking
mechanisms are used with genetic selection operators to create the population of the next generation.
Figure 7 depicts the flow chart of NSGA-II (Kim et al. [38]).
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It is worthwhile to mention that the used algorithm in this project includes two objective functions,
which are parameters J1 and J3. As can be seen in Table 2, these parameters are the maximum base
shear force of the controlled bridge normalized with respect to the maximum base shear force of the
uncontrolled structure and the maximum mid-span displacement of the controlled bridge normalized
with respect to the corresponding displacement of the uncontrolled structure, respectively. For each
earthquake, the population included 40 members, and it was assumed that the maximum number of
iterations was equal to 40. The mutation and crossover rates were 0.4 and 0.7, respectively. Using these
parameters and the algorithm mentioned previously, the Pareto front was achieved, which contained
the points simultaneously and independently minimized J1 and J3 for an earthquake record. For the
far-field North Palm Springs earthquake, Figure 8 presents the optimized points. This algorithm can
find more counts of optimum points by increasing the population size and the maximum iteration.
However, the runtime also increases. Choosing the desired radius among these points depends on the
designer’s purpose. In this study, the main aim was to alleviate displacements, so among the optimum
points with the least ]3, the point with minimum J1 was picked. Consequently, the optimum radius
was 6 mm for the North Palm Springs earthquake. This process was repeated for other earthquakes.
The obtained results are tabulated in Table 4.

Generate a random population

|
h 4

Evaluate control performance

v
Calculate rank and crowding
distance
Select population to be
Selection, crossover and mutation parent (M) for the new
generation
v 4
5 Calculate rank and
Child population created (N) ey T,
A

2

il St‘oppi.ng cﬁtel.'ia" . No
met? o
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Table 4. Optimized radii obtained from NSGA-II for each ground motion record.

Earthquakes NPalmSprings Chi-Chi  El Centro  Northridge Turkey Kobe

optimized-SMA-wire

radius (mm) 6 1 45 3.5 45 3.5

As can be seen in Table 4, in total, four different radii are represented as the result of the
optimization. However, among these four radii, only one single radius should be selected, which is
able to minimize J1 and J3 simultaneously under all earthquakes, better than the other radii. To identify
the final radius, two steps need to be taken. Firstly, for each earthquake record, the performance of the
isolated bridge equipped with each of the four optimized SMA diameters was collected. It should be
noted that, because the main aim of this research was to minimize displacements while controlling the
base shear, among different evaluation criteria, only J1 and J3 were utilized to assess the best radius of
the wire. Therefore, the selected nonlinear dynamic analysis results for different radii under all records
are depicted in Table 5. Secondly, in order to choose the radius with the best overall performance
from the results shown in Table 5, the weighted sum method (WSM) was utilized. The WSM is the
best known and commonly used multi-criteria decision-making method for evaluating a number of
alternatives regarding a number of decision criteria. According to the WSM, in a decision problem with
M alternatives and N criteria, a performance value can be calculated for each alternative by applying
Equation (4). Then, in a minimization case, the best alternative is the one that yields the minimum
total score: N

AWSM-Score Zj:1 w;xai, i=1,2,3,...,M, )

where AZWSM_SC"” is the WSM score of the i alternative, w j is the weight of importance of j criteria,
and a;; is the actual value of the i" alternative regarding the j criterion. In this research, the main
goal was to minimize displacements rather than the base shear. As a result, the weights were set as 0.8
and 0.2 for J3 and J1, respectively. Rewriting Equation (4) for the current problem leads to Equation (5):

_ 6 .
AWSM-Score Zj:1(0.8 xJ3;+02xJ1;), i=1,35456mm. ()

Table 5. Nonlinear dynamic analysis results of the benchmark bridge equipped with different
SMA-LRB isolators.

Wire’s Radius  North Palm

Criteria . El Centro  Chi-Chi Northridge Turkey Kobe
(mm) Springs

1 1.08 0.88 0.99 1.58 0.96 1.05

J1 = Max Base 3.5 1.24 1.08 1.45 1.33 1.03 1.11
Shear 4.5 1.34 1.24 2.64 1.63 1.25 1.27

6 1.28 1.12 2.85 2.52 1.58 14

J3 = Max 1 0.96 0.75 0.85 1.24 0.86 0.84
Mid-span 35 0.74 0.40 0.89 0.76 0.59 0.37
Displacement 4.5 0.73 0.38 0.91 0.74 0.58 0.31
6 0.72 0.31 0.94 0.71 0.61 0.29

By substituting the numbers of Table 5 in Equation (5), the WSM scores were calculated as 5.708,
4.658,5.026, and 5.246 for r = 1, 3.5, 4.5, and 6 mm, in turn. It is evident that the radius with the least
score has superior performance in reducing the maximum base shear and the maximum mid-span
displacement. Finally, the radius of 3.5 mm with the least objective function was selected as the
optimum radius.

As reflected, the final optimum radius diverges from the optimized radii for some earthquake
records. The reason is that these earthquakes were selected for the benchmark bridge so that they
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cover a broad range of spectral characteristics. However, for a bridge with specific conditions, the final
optimized radius can be determined more precisely, and a higher improvement will be attained in the
performance of the bridge.

5. Numerical Analysis

To assess the performance of the optimized SMA base isolator, the SMA wires with a radius of
3.5 mm were added to the LRBs of the benchmark bridge. Then, the nonlinear time history dynamic
analysis was conducted. The behavior of the isolated structure under near-field earthquakes was
different from its behavior under far-field earthquakes. The near-field records may include pulses
with larger periods. Therefore, because of the long period of the isolated structure, the occurrence of
resonance is probable. For this reason, the behavior of the bridge was evaluated during both far-field
and near-field earthquakes, and their responses are tabulated in Tables 6 and 7, respectively. In these
tables, the responses of the current study are denoted as SRB.

For comparison, the responses of the nonlinear damper (N.D) derived from the research conducted
by Nagarajaiah et al. [26], the passive damper device with SMA (Cu.D) obtained from the works carried
out by Zhang et al. [27], and the new negative stiffness device (NSD) proposed by Li et al. [29] are
also listed in Tables 6 and 7. It should be mentioned that various devices were studied by Zhang et al.
(2009). The results corresponding to the device compatible with the current research are presented.
This device has no additional damping, and it works in the temperature of 23 °C. Moreover, a graphical
demonstration of the four evaluation criteria resulted from the above four passive control systems is
shown in Figure 9.

Table 6. Nonlinear dynamic analysis results of the benchmark bridge equipped with SMA-LRB isolators
under far-field earthquakes.

North Palm Springs El Centro
Criteria

SRB NSD N.D Cu.D SRB NSD N.D Cu.D
J1 1.24 1.01 1.06 1.40 1.08 0.57 0.62 1.28
J2 1.39 1.08 1.10 1.61 1.06 0.55 0.61 1.20
J3 0.74 0.75 0.87 0.83 0.40 0.45 0.50 0.41
J4 1.64 1.19 1.17 1.67 1.28 1.09 1.09 1.62
J5 0.71 0.78 0.88 0.78 0.39 0.57 0.49 0.41
Jé6 1.39 1.08 1.10 1.61 0.83 0.55 0.61 1.20
J7 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
J8 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Jo 1.36 111 1.19 1.25 1.08 0.64 0.61 1.53
J10 1.39 113 121 1.28 1.06 0.63 0.60 1.53
J11 0.51 0.96 1.02 0.53 0.28 0.73 0.59 0.41
J12 1.29 0.95 091 1.52 1.37 0.94 0.95 1.74
J13 0.59 0.89 1.03 0.56 0.27 0.74 0.62 0.43
J14 1.39 1.16 121 1.28 1.06 0.86 0.60 1.53
J15 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

J16 0.75 0.71 0.88 0.78 0.41 0.5 0.49 0.41
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Table 7. Nonlinear dynamic analysis results of the benchmark bridge equipped with SMA isolators
under near-field earthquake records.

Chi-Chi Northridge Turkey Kobe
SRB NSD N.D Cu.D SRB NSD N.D Cu.D SRB NSD N.D CuD SRB NSD N.D Cu.D

J1 145 092 091 090 133 098 107 155 1.03 065 078 1.07 111 082 091 1.20
J2 168 072 095 103 141 093 104 160 1.08 058 070 1.06 128 0.83 090 1.34
J3 089 061 076 094 076 081 090 083 059 062 059 068 039 063 083 0.39
J& 297 124 113 157 203 100 105 170 176 101 092 165 222 134 116 257
J5 08 06 076 094 077 081 090 082 055 063 056 064 035 043 083 037
Jo 168 072 095 103 141 093 104 160 1.08 058 070 1.06 128 083 090 1.34
J7 000 0.00 0.00 000 0.00 000 000 0.00 000 000 0.00 000 000 0.00 000 0.00
J8 000 000 000 000 000 000 000 000 000 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Jo 153 058 098 086 133 074 084 156 059 041 058 084 108 09 097 111
Jio 154 056 098 086 131 071 082 154 059 041 058 084 1.08 089 096 1.11
Ji1 073 071 098 082 081 056 076 103 026 041 052 023 035 036 096 033
J12 230 145 119 123 194 103 098 202 143 09 087 184 136 104 099 1l.64
J13 075 053 098 082 079 054 076 1.02 026 016 052 024 034 029 09 032
J14 154 064 098 086 131 079 082 154 059 032 058 084 1.09 049 096 1.11
Ji5 0.01 0.00 0.00 0.01 0.01 0.00 0.00 001 0.01 0.00 000 001 001 000 0.00 0.00
Ji6 085 068 076 094 077 075 09 08 055 05 056 064 040 031 083 037
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Figure 9. Comparison of (a) base shear, (b) mid-span acceleration, (¢) mid-span displacement, and (d)
bearing deformation for four passive control systems.

5.1. Base Shear

The deck acceleration and base shear of the two-span continuous bridge are larger without a base
isolation system (Phase I). By employing base isolators in the central pier of the bridge, its stiffness and
the load transmitted from the base to the superstructure decreases (phase II). In Table 8, the responses of
the uncontrolled bridge in both phases are presented, and the significant reduction in deck acceleration
and base shear can be seen for all earthquakes after isolation (Agrawal et al. [18], Nagarajaiah et al. [26]).
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For example, under the North Palm Springs earthquake, the use of base isolation leads to an 88.24%
and 82.37% reduction in the base shear and deck acceleration of the bridge, respectively.

However, after isolating the superstructure, its displacements increase. For controlling these
displacements, the SMA wires were employed. It is expected that adding the wires to the LRB of
the bridge increases the horizontal stiffness and, consequently, the deck acceleration and base shear.
The evaluation parameters related to the base shear are denoted by J1 and J9, which are the maximum
base shear and the norm one normalized based on their uncontrolled quantities. According to Table 6,
under far-field earthquakes, J1 goes up by 8% to 24%, and ]9 increases by 8% to 36%. However,
according to Figure 9a, this leads to increments less than the Cu-Al-Be device values.

In near-field earthquakes, J1 increases by 3% to 45%. Under the Turkey earthquake, J9 reduces by
41%, and this parameter increases by 8% to 53% under other earthquakes. Because the current work
selected the radius of the SMA by minimizing J1, these increments in the base shear force are negligible
in comparison to the initial reduction achieved by using the base isolator.

Table 8. Max base shear and mid-span acceleration of the bridge before and after isolation.

Max Base Shear (N) Max Mid-Span Acceleration (ms~?)
Earthquakes
Non-Isolated Isolated Non-Isolated Isolated

NPalmSprings 5.8971 x 10° 6.934 x 10° 5.7149 1.007
Chi-Chi 1.8691 x 107 1.049 x 100 13.0790 1.614
El centro 5.8112 x 10° 9.950 x 10° 3.7773 1.127
Northridge 1.9403 x 107 1.226 x 10° 14.4120 2.055
Turkey 1.2732 x 107 1.108 x 100 9.8472 1.852
Kobe 6.8987 x 100 7.833 x 10° 5.4297 0.973

5.2. The Mid-Span Acceleration

J4 and J12 represent the maximum acceleration of the mid-span normalized with respect to
uncontrolled acceleration and the norm of the acceleration normalized with respect to the corresponding
parameter of the uncontrolled structure, respectively. In far-field earthquakes, J4 increases by 28% to
64%. As mentioned before, based on Table 8, the maximum acceleration of the mid-span after the usage
of base isolators reduces by 82.37% under the North Palm Springs earthquake. Therefore, this increase
is reasonable. Besides, J12 goes up by 29% to 37%.

In comparison to the case in which the structure is under the far-field earthquakes, a larger
increment can be observed in the acceleration of the structure when it is under the near-field earthquake,
and J4 increases by 76% to 197%. Also, J12 goes up by 36% to 130%. Figure 9b indicates that the
mid-span acceleration of the benchmark bridge with optimized SRBs is generally larger than the other
three systems.

5.3. The Mid-Span Displacement

By applying SMA wires, both the shear and acceleration increase, and the displacements decrease.
In far-field earthquakes, the parameter J3 reduces by 26% to 60%. This parameter is related to the
maximum displacement of the mid-span of the controlled structure normalized with respect to the
corresponding parameter of the uncontrolled structure. Furthermore, the norm of the mid-span
displacement of the controlled structure normalized with respect to the corresponding parameter of
the uncontrolled structure, i.e., J11, reduces by 49% to 72%. Also, SRB is more successful than other
control devices in reducing the displacements under far-field earthquakes. Figure 10 displays the
time history curve of the mid-span displacement for the controlled and uncontrolled structures in two
directions, i.e., X and Y, under the far-field North Palm Springs earthquake.

Under the near-field earthquakes, J3 reduces by 11% to 61%, and J11 reduces by 19% to 74%.
Moreover, as can be seen in Figure 9¢c, except for the Chi-Chi record, SRB is the superior passive device
in the reduction of mid-span displacements.
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Figure 10. Time history curve of the mid-span displacement under far-field North Palm Springs in the
(a) X and (b) Y directions.

5.4. Base Isolator Deformation

In far-field earthquakes, the maximum deformation of the base isolator in the controlled structure
normalized with the corresponding parameter of the uncontrolled structure, J5, reduces by 29% to
61%. Also, the norm of the base isolator deformation of the controlled structure normalized with
respect to the corresponding parameter of the uncontrolled structure, J13, decreases by 41% to 73%.
Under near-field earthquakes, parameter J5 reduces by 15% to 65% and J13 reduces by 21% to 74%.
Based on Figure 9d, it is evident that, in general, the performance of the optimized SRB is more proper
than other approaches under all earthquakes.

5.5. Residual Deformation

In the represented benchmark bridge package, there is no independent parameter indicating the
residual deformations of different points of the bridge. However, this value can be extracted from
the displacement history curve of each point. As can be seen in Figure 10a,b, for the SRB controlled
bridge, the residual mid-span displacements in the X direction do not exist after the North Palm
Springs earthquake, and the residual displacements in the Y direction decrease by 80%. The mid-span
residual deformation under far-field and near-field earthquakes before and after applying the SRB in
two directions, i.e., X and Y, are presented in Table 9 and Figure 11. As can be seen, the bridge with
optimized SRBs is capable of reducing the residual deformations significantly.

Table 9. The mid-span residual deformation values before and after applying the SRB, in two directions,

Xand Y.
Far-Field Near-Field

NPalmspr  ElCentro ChiChi Northridge Turkey Kobe

Res Def un.controlled X *(mm) 42 110 160 110 290 130

Res Def SRB controlled X ** (mm) 0 0 106 50 65 60
X Reduction 100% 100% 33.7% 54% 77.6% 54%

Res Def un.controlled Y * (mm) 55 125 110 50 100 130

Res Def SRB controlled Y ** (mm) 11 14 43 20 32 30
Y Reduction 80% 88.8% 60.9% 60% 68% 77%

* Residual mid-span deformation of uncontrolled benchmark bridge in the X/Y direction. ** Residual mid-span
deformation of SRB-controlled benchmark bridge in the X/Y direction.
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Figure 11. Graphical demonstration of the mid-span residual deformation before and after the SRBs in
the (a) X and (b) Y directions.

6. Conclusions

By employing base isolators in the central pier of the benchmark bridge as a passive control strategy
against seismic loadings, its stiffness and the load transmitted from the base to the superstructure
decreased. On the other hand, the superstructure displacements increased. To control these
displacements, SMA wires were utilized. However, adding the wires to the LRBs of the bridge
increased the horizontal stiffness and, consequently, the deck acceleration and base shear. In order to
get the best performance out of SMA wires, multi-objective optimization can be applied. Therefore,
in this paper, the SMA wires were firstly optimized with the help of a multi-objective optimization
algorithm named NSGA-II and the weighted sum method, and then added to the LRB isolators
of the isolated benchmark bridge to reduce the residual deformations and displacements under
the earthquakes available in the benchmark bridge package. In this way, the maximum mid-span
displacement of the bridge and the maximum base shear force were simultaneously minimized.
To assess the ability of this optimized system, the method was compared with the other three passive
control approaches on the phase II of the benchmark bridge (Nagarajaiah et al. [26], Zhang et al. [27]
and Li et al. [29]). Considering 16 main parameters, the results obtained by the nonlinear dynamic
analysis of the benchmark structure under six different earthquakes were summarized.

As regards far-field earthquakes, the suggested passive control device on average reduced the
maximum mid-span displacement of the bridge and the maximum deformation of the base isolators
by 43% and 45%, respectively. Also, the residual mid-span displacements of the bridge in the X- and
Y-directions declined by 100% and 84.4%, respectively, on average. Nevertheless, using this device
led to an average 16% and 46% rise in the base shear force and the maximum deck acceleration of the
bridge, respectively.

Regarding near-field earthquakes, by using this device, the maximum mid-span displacement and
the maximum base isolator deformation reduced by 34% and 37%, respectively. On average, applying
this system resulted in a 55% and 66% reduction in the residual mid-span displacements of the bridge
in the X and Y directions, respectively. However, the SMA controller increased the base shear force and
the maximum deck acceleration of the bridge by 23% and 124%, respectively, on average.

As for comparing different passive devices, in general, using optimized SMA-LRB resulted
in a drop of the mid-span displacement and bearing deformation more than the other measures.
For example, it reduced the maximum bearing deformation by up to 58%, 31%, and 14% more than the
non-linear dampers, negative stiffness device, and Cu-Al-Be dampers, respectively. It is undeniable
that the base shear and mid-span acceleration of SRB are generally more than other controllers.
However, the optimization kept them within bounds and still less than the figures before the isolation
of the bridge.
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Comparing the two SMA passive controllers, i.e., Cu.D and SRB, revealed that the overall
performance of the SRB is superior to the Cu.D. First of all, as said above, the SRB reduced the
displacements more than the Cu.D. Secondly, the SRB increased the base shear of the bridge less than
the Cu.D. Also, the manufacturing process of the Cu.D is more complicated and more expensive than
implementing SMA wires in the LRBs of the bridge.

Here, SMA wires were added to the existing LRBs of the bridge in a double-cross configuration.
In future studies, various LRBs (different sizes and characteristics) with different wire configurations
(straight and cross) need to be evaluated. Furthermore, in the benchmark bridge package, only six
earthquake records were presented. Nonetheless, the seismic incident is innately random, and a set
of deterministic ground motion is often not adequate to denote the uncertainty involved in seismic
loading. Therefore, new analysis and optimization based on the random vibration framework should
be conducted. In addition, as mentioned before, the utilized hysteresis model for the SMA wires is
independent of the strain rate; as a result, the optimization approach was done by disregarding the
sensitivity of the structure and materials to the strain rate effect. However, since this factor can influence
the hysteresis loop of the SMA device and thus affect the behavior of the system, additional research
and optimization considering the strain rate effect are required. Finally, SMAs have thermomechanical
behavior, which means both thermal and mechanical loadings affect their response; however, in this
paper, the ambient temperature was assumed to be constant and equal to 20 °C during an earthquake.
Further research needs to be carried out on the effect of varying temperature on the performance of
bridges equipped with SMA-LRBs.
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