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ABSTRACT

Structures close to causative earthquake faults may exhibit substantially different seismic responses than
those recorded away from the excitation source. In the near-fault zone, long duration intense velocity
pulses can induce unexpected seismic demands on isolated buildings. This study investigates the
performance of a five-storey building frame isolated with a shape memory alloy based friction pendulum
system (SMA-FPS) under near-fault excitations. The effectiveness of SMA-FPS is quantified by
comparing the same isolated structure subjected to a friction pendulum system (FPS). Parametric studies,
optimal analysis and numerical simulations are carried out on the structural parameters of the isolation
systems. For this, the particle swarm optimization (PSO) method is used to acquire optimal characteristic
strengths of SMA-FPS. The transformation strength of SMA and frictional coefficient are selected as
two design variables to minimize the top storey acceleration, which is used as the objective function to
optimize the seismic reduction efficiency of SMA-FPS system. The optimal seismic response of the
structure isolated by SMA-FPS achieves superior performance over FPS under near-fault excitations.
Moreover, the study reveals that the optimal SMA-FPS system significantly reduces the bearing
displacement as compared to the FPS system. Finally, the computational results are validated with
numerical simulation performed in SAP2000 which provides the consistent result.

doi: 10.5829/ije.2022.35.11b.12

1. INTRODUCTION

Passive vibration control systems of civil engineering

additional structural damping. Many investigations [6,7]
proved that the BI could mitigate the seismic response of
the structural systems, and minimum energy is

structures such as tuned mass dampers [1-2] energy
dissipation systems [3] and base isolation [4] systems are
the most widely used structural vibration control
techniques implemented in seismic prone areas to
mitigate the detrimental effects of seismic excitations.
The uses of passive, active, semi-active dampers and
their effectiveness in vibration control systems for wind
turbines, bridges and buildings were studied [5]. Among
them, the base isolation (BI) system is one of the most
effective vibration control methods which decouple the
structure from earthquake ground motions. Bl system by
virtue of lower lateral stiffness shifts the fundamental
time period of structure much higher and provides
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transferred to the superstructure [8]. Among the most
common isolators, FPS has become a popular approach
for retrofitting structures, industrial buildings and bridges
due to its remarkable features. The FPS bearings consist
of an articulated slider rested on concave surface [9]. The
unique characteristic of the FPS is that in the presence of
friction, the system acts like pendulum motion, and it can
mitigate a large amount of energy through sliding and
recenter by itself. In case of seismic activity, the spherical
surface also provides a dynamic friction force that acts as
a damping mechanism [10]. The horizontal displacement
considerably minimizes the forces transmitted to the
building even during large magnitude ground motions.
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However, optimization technologies have been
employed to design isolators with the optimal seismic
behaviour [11]. Bucher [12] proposed a Pareto-type
optimization technique to maximize the behaviour of
FPS considering competing objectives related to the
radius of curvature and frictional coefficient. To reduce
the dynamic response of superstructure in aspects of
displacement, the optimal ranges of coefficient of friction
have been derived as a function of system parameters
with different soil conditions [13]. Ozturk [14] proposed
seismic drift assessment of structures in near-fault (NF)
region. Numerous investigations have been conducted to
examine an optimum design of FPS bearings under NF
excitations [15]. NF ground motion records differ
significantly from far fault (FF) earthquake records,
where the engineering site distance is not more than 20
kilometres away from the fault rupture. NF seismic
excitations contain long period velocity pulse in the
normal fault direction, which stems from a permanent
static offset of the ground [16]. NF ground motions might
produce considerable ductility demands on FPS based
structures, particularly at lower levels and it has also been
shown that the pulse duration of seismic excitations
substantially impacts the building's behaviour [17].

The study on NF excitations has become a research
interest because of its sudden large impulse type of
ground motion experienced by the structures. However,
as seismic isolation technology advanced, the
effectiveness of conventional isolators has been
questioned in certain scenarios. Significantly, the
behaviour of classical isolators under NF excitations has
aroused severe concerns. Even though installing an
isolation system reduces the building's response
significantly, the velocity pulse found in NF excitations
may induce amplification in the structural response of
such long period buildings [18]. According to earlier
investigations, a significant impact occurs when the
slider of the FPS bearings is obstructed by the restrainer
rims, resulting in severe damages such as the uplift of the
isolator and detachment of isolator elements [19]. When
structures using FPS systems are subjected to NF seismic
excitations, the isolation level exhibits substantial
deformations [20]. To address this issue, shape memory
alloys (SMA) have been proposed as supplemental smart
materials to reduce significant isolator displacement by
mitigating the input earthquake forces [21]. SMA are
alloys with significant damping properties, considerable
dissipation of energy and has the ability to restore its
original shape after large deformations [22]. SMAs
significantly decrease the response of a structure since
they are very effective energy absorbers and do not
transmit energy from fundamental to higher vibration
modes [23]. An overview of SMA with an isolation
system and its prospective advantages in vibration
techniques is studied [24]. Several efforts have been
made to develop an SMA restrainer coupled with a

sliding type BI system to mitigate the bearing
displacement [25]. Gur et al. [26] developed and
designed a stochastic optimization method with two
competing objectives and concluded that the combination
of transformation strength of SMA and coefficient of
friction mitigates the acceleration at floors and improves
its isolation efficiency. The significant improvement of
the SMA based rubber isolator over the elastomeric
isolator for the isolated structure under NF motions was
investigated [27]. An adaptive isolation system
developed using an SMA based gap damper and low
friction sliding surfaces is intended to mitigate significant
deformations in the isolation system by introducing
supplementary  energy  dissipation  unless  the
deformations reaches a threshold value [28].

Although there have been several studies on the
dynamic behaviour of FPS isolated buildings, limited
studies have been done with SMA based LRB isolated
buildings under NF seismic excitations. However, the
influence of the building’s response to NF excitations is
not explored to the best of authors’ knowledge using
SMA-FPS system. A comparative study of the SMA-FPS
isolation system with the FPS isolation system is
performed to validate the efficiency of the SMA-FPS
system on the seismic response of the building. In the
parametric study, top storey acceleration and
displacement in the isolator are used to measure the
response quantities for this work. It is observed that there
are some specific values of Fso and frictional coefficient
that minimize the superstructure's acceleration and
improve its isolation efficiency. Therefore, the
parameters in SMA-FPS such as Fso and frictional
coefficient are taken as design variables for performing
particle swarm optimization of top storey acceleration as
an objective function. The optimum values and
corresponding design variables of SMA-FPS system are
compared with the FPS system under the considered
ground motions. Further, the results obtained from
MATLAB 2D model are compared with the ones
obtained in SAP2000 software package 3D model under
NF earthquake ground motions.

2. RESPONSE EVALUATION OF SMA-FPS ISOLATED
BUILDING USING NF GROUND MOTION

Figures 1(a) and 1(b) depict an N-storey shear-type
building incorporated on the SMA-FPS and FPS isolator
and their mechanical models, respectively. As the base
isolation system significantly reduces the building’s
response, the superstructure behaviour may be
considered linear. The lateral displacement is considered
as degree of freedom for isolator mass and at each storey
of a building. In matrix form, the dynamic equation of
motion of an N-storey superstructure subjected to seismic
input Z is given as follows:
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Figure 1. a) Flexible building and mechanical model with
SMA-FPS b) Flexible building and mechanical model with
FPS
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where [M],[C]and [K] are the matrices of size N X N
indicating the superstructure’s mass, damping and
stiffness, respectively. Here {z}=1{z,,2, z5..c.... z,}
represents the displacement vector that containing each
storey's lateral displacement with respect to isolator. 7,
is the acceleration of earthquake excitation. 7, is the

isolator mass acceleration corresponding to its ground
mass.

The generalized equation of motion of isolator mass
is given as follows:

m,z, + Fb —C2,— klzl = _mbzg 2)

where m, is the isolator mass, c and Kk, represent the

damping and stiffness of the first storey building,
respectively; F, is the isolator's restoring force. The term

F, in two different isolation systems is expressed as
follows:

Fo(zp2y) =
kpzp, + Fy for FPS Isolator A3)
kyz, + F, +Fgya  for SMA—FPS Isolator

The element k,z, in Equation (3) represents restoring

force of the bearings, where kh:\% and W =Mg

represents weight supported by the bearings, g represents
acceleration due to gravity and p :[merimi] indicates
i=1

system’s total mass. The element F, in Equation (3)
denotes the friction force (F,) generated at the sliding

interface, which is calculated using the viscoplasticity
model and expressed as F, = ;MWZ . Where  indicates

FPS's frictional sliding coefficient and Z is a non-
dimensional parameter considering Z =sgn(z,) , where

sgn (*) is the signum function [29]. The signum function
is equivalent to +1 or -1 based on whether z, is positive

or negative, respectively. K, is the SMA's restoring

force. However, the functioning of the bearing system is
nonlinear because a reversible phase transition of SMA
induced by cycle loading-unloading, which dissipates the
energy, as shown in Figure 2. A SMA alloy comes in
variety of forms, including Nickel-Titanium (Ni-Ti)
alloys, Cu alloys, Fe-Mn-Si alloys etc. Among them Ni-
Ti alloys are frequently used in for seismic applications
[30], which is considered in this study. For analysing the
dynamic behaviour of SMA based structures, the
Graesser-Cozarelli model [31] has been widely used. The
system depends on the generic Bouc-wen model [32],
with an additional component to account for super-
elasticity effects and expressed as follows:

. -1, -
F'SMA=|<{ZS—|25||FSM;_ﬂ| (FSM,Q‘_ﬂH (4)
TS TS

ﬂ = ksas |:Zs _%4_ ft |Z|c’ erf (alzs):| )

S

in which £ is the one-dimensional back stress expressed
in Equation (5). The term k, and z, are the initial
stiffness and displacement of the SMA, u, is the yield
displacement of SMA, ¢ is a constant that defines the
ratio of pre (OA) to post yield (AB) stiffness. F is the

force that initiates the phase transition from austenite to
martensite. The yield transformation strength of SMA is
easily normalized to the total weight of the structure

N
Austenite = =2 Martensite

Martensite =——3 Austenite C

Force (F)

D

Deformation (x)

Figure 2. Hysteresis behaviour of shape memory alloy
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(F,). The term f,_ is a constant, which controls the

deformation loops. c'represents the slope of the
unloading path (DE). 5 governs the sharpness of forward

and backward transformation. The amount of recovery
from unloading is governed by the constant a’. |zs| is

the absolute value of z, and dot over a variable indicates
its time derivative. erf (z,) is the error function with an
argument z_, given as:

erf (2,) = %Te"zdt (6)

By combining Equations (2) and (3), the resultant isolator
equation given as follows:
m,Z, +k,z, + F —¢2, —kz, =-m7Z,
7
m,2, +k,z, + F +Fy, —¢2, —kz, =-mZ, @)
The fundamental time period of SMA-FPS isolated

system is expressed as T, =27 / M | The governing
k, + ok,

equations for the behaviour of the superstructure-isolator
system involve nonlinearity; therefore, the classical
superposition technique cannot be applied. Furthermore,
the isolation-superstructure system includes damping
discrepancies, making the structure non-classically
damped. Consequently, the governing Equations (1) and
(7) are computed to determine the response of isolator
and building by using Newmark’s beta approach with a
linear variation of acceleration and analyzed in
MATLAB computer program.

3. NUMERICAL STUDY

A linear five storey shear building is considered in this
study. Nonlinear dynamic analysis is used to evaluate the
response of the SMA-FPS isolated building subjected to
several NF real earthquake pulses. The parameters
considered for this study are structural damping ratio (&,)

, superstructure’s time period (T;) and taken as 2 %, 0.5
seconds, respectively. For simplicity, the stiffness (k.),
mass (m,) and the damping ratio of all the storeys are

kept constant. The isolator mass to superstructure storey
My

mass ratio
m

j is taken as 1. For this analysis, the
numerical values taken for the components to
characterise the hysteretic behaviour of SMA-FPS and
the FPS isolation system are provided in Table 1. The
response parameters considered for evaluating the
seismic behaviour of an isolated building are isolator
displacement and top storey acceleration. For this

TABLE 1. Parameter values for SMA-FPS and FPS

Superstructure SMA-FPS/ FPS SMA parameters
parameters parameters (Ni-Ti)
T, =2.5 seconds a,=0.10, f; =0.07,
& =2%
u, =0.025m F, =0.10
T, =0.5seconds u =0.05 7 =3, &' =250,
¢'=0.001

analysis, seven numbers of actual NF earthquake records
are taken from PEER strong motion database with a wide
range of broad spectrum and displacement amplitudes
with relevant Peak ground acceleration (PGA), as shown
in Table 2. The records selected are from earthquakes
with magnitude (My) > 6.5.

The storey accelerations are considered as one of the
essential seismic characteristics that are proportional to
the external forces caused by the induced seismic
activities. Figure 3(a) and (b) shows top storey
acceleration and bearing displacement response of
isolated building with SMA-FPS and FPS for NF ground
motion (GM-1), respectively. Furthermore, NF records
possess higher induced top storey acceleration and
bearing displacement values. It has been observed that
there is a superior performance of SMA-FPS over the
FPS in mitigating the top storey acceleration and
displacement in the isolator, especially under
earthquakes with long period pulses encountered in the
NF ground motions. Figure 4(a) and (b) depicts the
hysteretic behaviour of an FPS and SMA-FPS bearings
for NF ground motion, respectively. Hysteresis loops are

TABLE 2. Near-fault earthquake data

lfllb Year Earthquake Station My, PGA(g)
Imperial Valley  EI Centro
1. 1979 6.53 0.38
(GM -1) array #5
Imperial Valley  EI Centro
2. 1979 6.53 0.46
(GM -2) array #7
Chi-Chi
3. 1999 TCU068 7.6 0.51
(GM -3)
Northridge . .
4. 1994 Rinaldi 6.7 0.87
(GM -4)
Northridge Sylmar
5. 1994 6.7 0.85
(GM -5) Converter
6. 1999 K°Cae'é)(GM ~  Duze 75 040
Chi-Chi
7. 1999 TCU067 7.6 0.49
(GM-7)
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Figure 3. (a) Top storey acceleration (b) Bearing
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Imperial Valley ground motion (GM -1)
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isolated building under Imperial Valley ground motion (GM
-1)

important for assessing the structural behaviour equipped
with SMA-FPS and FPS isolators during seismic
excitations. These hysteresis loops can extract and
quantify seismic performance characteristics such as
yield displacement, equivalent viscous damping,
ductility, elastic and secant stiffness, ultimate
displacement, ultimate load and yield load. It is observed
that the hysteretic behaviour of SMA-FPS is fatter than
FPS, hence SMA-FPS has better dissipation of energy
than FPS system. However, additional dissipation of

energy in the SMA wires gives superior control
efficiency in the SMA-FPS isolation system, especially
in view of minimal displacement in the isolator.

The coefficient of friction and Fso are two important
elements that affect the force deformation mechanism of
SMA-FPS, and the response parameters (i.e. maximum
top storey acceleration and isolator displacement) are
evaluated by varying these two parameters. The average
responses are then evaluated by combining these
individual responses are shown in the respective figures
by the thick line.

The effect of frictional coefficient and Fso on the
response of isolated building is shown in Figure 5 as a
whole. It is observed that with the increase in Fso values,
the top storey acceleration decreases initially and reaches
a minimum (optimal) value of response with respect to
Fso in the SMA-FPS system (Figure 5a), and the same
phenomenon is observed with an increase in frictional
coefficient values (Figure 5c). As the Fso and frictional
coefficient values increases, the isolator displacement
decreases (Figure 5b) and SMA device in FPS system
mitigates the isolator displacement significantly (Figure
5d), increasing its isolation efficiency under different NF
seismic excitations. The base isolation system gets away
from its ideal behaviour by increasing the frictional
coefficient and restricting the free mobility of the
isolation at the base level. As a result, increasing the
frictional coefficient increases the maximum seismic
energy penetrating the superstructure. However, the
action of the SMA restrainer in FPS also prohibits
excessive sliding from enhancing the acceleration.

Therefore, SMA-FPS gives a feasible alternative to
the FPS system under NF seismic excitations.

4.PARTICLE SWARM OPTIMIZATION

In 1995, Eberhart and Kennedy [33] initially developed
PSO. This algorithm is widely utilised in engineering
applications. This optimization technique is based on
evolutionary computational intelligence and can obtain a
convergent solution utilising fish schooling and bird
flocking models. PSO is a collective local and global
search algorithm that can identify the optimal solution
with limited memory and processing power. One of the
major benefits of PSO is its capacity to save prior
solutions for comparison with new ones. It is also simple
to use because just a few parameters must be specified or
modified. Each swarm member is distinguished by two
characteristics, namely position and velocity. These two
parameters are then utilised to update their particles. For
estimating the next particle velocity and position are
given in Equations (8) and (9).

j+1
u't=

. . : 8
ou,’ +crand, (pbest, - y,') +c,rand, (gbest - y;') ®
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where pbest is the particle’s best previous position and
ghbest represents the position of the best particle up to
that iteration in the entire swarm.c, and c, are the
acceleration coefficients, rand,and rand, are two

random numbers with a uniform distribution within the
domain of [0,1]. w denotes inertia weight factor that
influences the impact of velocity memory on local and
global search. The flow chart of PSO is shown in Figure
6.

5. PARAMETERS OPTIMIZATION OF SMA-FPS

ISOLATION SYSTEM USING PSO

The building must remain operational even after a strong
excitation to assist restoration efforts, thus optimal
seismic design is required. Under these excitations, the
SMA-FPS isolated building has some specific values of
Fso and frictional coefficient that mitigate the structural
accelerations and increases its isolation efficiency. For
this, the PSO method is used to acquire optimal
parameters (i.e., Fso and friction coefficient) of the
SMA-FPS system. The relevant range for the design
variables must be specified in the optimization

Start
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Figure 6. Flow chart of PSO algorithm for parameter
identification

formulation. It is important to note that for both isolation
systems, the objective function corresponds to the
minimization of top storey superstructure accelerations.



2182

The optimized top storey acceleration value and
corresponding design variables such as Fso and frictional
coefficients are obtained for different levels of the
isolator time period, as depicted in Figure 7(a, b and ¢) as
well as the associated bearing displacement of SMA-FPS
and FPS isolation systems are depicted in Figure 7d for
different NF seismic excitations. It can be found that the
optimal parameter of Fso decreases with the increasing
isolation time period, whereas the frictional resistance
value increases. As the displacement related to SMA’s
phase transition remains constant for different levels of
the time period of isolator. Consequently, lower stiffness
values require increasing the isolation period, resulting in
lower Fso values. Moreover, the frictional coefficient
needs to be enhanced to avoid additional bearing
displacement. Therefore, with an increase in time period
of the isolator, the bearing dis placement increases and
the top storey acceleration reduces. Figures 8(a), 8(b) and
8(c) show the optimal top storey acceleration value and
respective design variables, such as Fso and frictional
coefficients, are obtained by varying superstructure
flexibilities. Figure 8 (d) shows the corresponding
bearing displacement of SMA-FPS and FPS isolation
systems. The results found that, with an increase in
superstructure flexibility, the optimal Fso and frictional
resistance for the SMA-FPS system decreases because
the coefficient of friction values should be lower to keep
the isolation system efficient. The superiority of SMA-
FPS over FPS in aspects of mitigating acceleration at top
storey and large isolator displacements is further
emphasized in Figures 8c and 8d. Although the top storey
acceleration in the SMA-FPS system is typically lower
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than that in the FPS system, the differences between them
are not significant for various isolator and superstructure
time periods (Figures 7c and 8c). However, SMA-FPS is
more effective in minimizing the effects of significant
bearing displacement.

6. NUMERICAL SIMULATION OF FPS ISOLATED
BUILDING WITH SMA

In this section, the numerical analysis of isolated building
with SMA-FPS is carried out and compared with the
computational model for better reliability. The reinforced
concrete building frame of five storeys has similar floor
height of 3m each with three bays along shorter direction
and four bays along longer direction of 3m width. To
achieve the fundamental time period of building as 0.5
seconds, the elements and in both models (computational
and numerical simulation) are adjusted accordingly. Two
separate isolators namely FPS and SMA-FPS are
modelled in SAP2000 software. In this work, SMA is
modelled with the combination of two non-linear
elements such as multi linear element elastic (MLE) and
multi linear plastic (MLP) elements to simulate the
superelastic and the force deformation behaviour of SMA
wires. To model the SMA-FPS isolation system in
software, the MLE, MLP link elements and friction
isolator elements are arranged in parallel. Table 3 shows
property of the multi linear elements that are employed
in the softwares to portray FPS and SMA-FPS systems.
A typical three dimensional RC building used for the
purpose of numerical study is depicted in Figure 9.

0.14 |
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PS_Ave

0.08 4
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Figure 7. Optimum (a) Fso (b) coefficient of friction (c) top storey acceleration (d) bearing displacement against isolator time

period for all NF earthquake data
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TABLE 3. Parameter values used in SAP2000

FPS parameters Multi linear elastic ~ Multi linear plastic

K, (vertical
stiffness) =
170595 KN/m

Kerr = 720KN/m
R =1.75m

Yield exponent = 1
a=o, =0

Post yield stiffness
ratio = 0.105

Yield displacement
=20mm

Yield displacement
=20mm

From the study, the comparison of computational and
numerical results of top storey acceleration and bearing
displacement response of isolated building with SMA-
FPS and FPS isolation systems are shown in Figure 10

(@) and (b) respectively for GM-1 ground motion. The
results obtained from the 3D model using SAP2000 are
validated with those achieved from the computational
results obtained in section 3. It can be mentioned here that
in both the study similar trend of results are obtained for
FPS and SMA-FPS isolation system. However, particular
minor discrepancies are observed (from Table 4) among
results which are approximately around 5% for top storey
acceleration and 8% in case of bearing displacement for
FPS and SMA-FPS base isolation systems respectively
for computational and numerical model.
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Figure 10. Comparison of a) Top storey acceleration b)
Bearing displacement of computational and numerical
simulation results
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TABLE 4. Comparison of response parameters for
computational and numerical model

Response Base = Computational Numerical E

. - - rror
parameters isolators model simulation
Top storey FPS 0.552 0.581 4.99 %
acceleration
(@ SMA-FPS 0.391 0.415 5.77%
B'earing FPS 0.51 0.53 4.7%
displacement
(m) SMA-FPS 0.189 0.207 8.8 %

7. CONCLUSIONS

This study focuses on the effectiveness of SMA-FPS in
mitigating the seismic response of isolated building
under NF earthquakes. A parametric study and optimal
analysis are carried out to determine the effect of SMA-
FPS parameters on the responses of building and to
investigate optimal parameters of the SMA-FPS isolation
system using the PSO optimization technique.
Comparative evaluation of SMA-FPS and FPS isolated
building is conducted to emphasize its relative
importance under the set of seven real earthquake ground
motions. A parametric study reveals that the top storey
acceleration and isolator displacement amplify
significantly for the FPS isolation system subjected to NF
pulses. However, the SMA-FPS isolation system
mitigates the top storey acceleration and isolator
displacement substantially compared to FPS isolation
system. For structures subjected to NF seismic excitation,
the SMA-FPS system can provide more effective energy
dissipation than the FPS system. It is observed that there
are some specific values of Fso and frictional coefficient
that minimize the superstructure's top storey acceleration
and improve its isolation efficiency. The Fso values
decrease with increasing isolation time period as well as
superstructure flexibilities, but the differences in optimal
frictional coefficient remain relatively consistent for both
isolation systems. Although the top storey acceleration in
SMA-FPS system consistently lower than FPS system,
but the differences between them are not significant for
various isolator and superstructure time periods.
However, the reductions in bearing displacement with
increasing superstructure and isolator time periods are
substantially reduced in SMA-FPS isolation system than
FPS isolation system. Overall, by using SMA-FPS
isolation system the response of the building can be
improved over FPS system under the NF seismic ground
motions. By comparing the response of the isolated
structures modelled in numerical and computational
methods, the results show a similar tendency in both the
methods. However, there is a slight minor discrepancy in
results obtained in numerical and computational
methods, which proposed that the computational model
can be used as a reliable study. However, the same study

can be performed by conducting hybrid experimental
setup in future to validate the computational method.
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