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Abstract
One of the greatest challenges of researchers is to understand the behavior of base isolation systems and base-isolated buildings
under the conditions of different ground motions. The specific objective of this study is to evaluate the seismic response of
multi-story base-isolated buildings with lead core rubber bearings (LCRBs) and buildings that are not isolated when subjected
to different types of ground motions with different components. Under these conditions, the equations of motion of buildings
with isolation systems are obtained, and LCRB force–deformation behavior is modeled as bilinear in MATLAB. Then, the
behaviors of the base isolation system and base-isolated buildings are evaluated for 45 different earthquake scenarios, which
are categorized into three different groups with regard to the ratio of peak ground acceleration to peak ground velocity
(PGA/PGV). The dissipation of energy by a base isolation system, which is induced by the earthquake, varies for three
different ranges of the PGA/PGV ratio. Despite the fact that by increasing the number of stories, the effectiveness of the
isolator system decreases, this paper shows the most important finding to be that the damage limitation requirement is kept
below 1% according to Eurocode 8, which is the requirement for buildings at the upper limit on the inter-story drift ratio
under seismic loading, and the inter-story drifts significantly decreases for the base-isolated buildings and even for high-rise
buildings.

Keywords Damage limitation · Two-factor factorial design · Lead core rubber bearing · Probabilistic evaluation · Seismically
isolated building

List of Symbols

M Mass matrix
mb Mass of the base slab
mt Total mass
C Damping matrix
cb Damping of the isolator
K Stiffness matrix
kb Isolator force divided by the maximum displace-

ment

B Mohammad Reza Bagerzadeh Karimi
mohammad.karimi@cc.emu.edu.tr

Mehmet Cemal Geneş
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kp and ki Post- and pre-yielding stiffnesses of the bearing,
respectively

r Unit vector
u Displacement vector
üg or ẍg Longitudinal earthquake acceleration
üb Relative acceleration of the base slab
a0 and b0 Proportional coefficients
ωi and ω j Structural modal frequencies
ξi and ξ j Structural damping ratio
ξb Isolator damping ratio
Fb Restoring force
α1 Post- to pre-yielding stiffness ratio
Tb Isolation period
T s Period of the superstructure
ωb Isolator frequency
z Nondimensional hysteretic displacement com-

ponent
fy Yield strength of the bearing
uy Yield displacement
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D Maximum displacement
Q Characteristic strength where the isolator hys-

teresis loop intercepts the axis
f0 Normalized yield strength
W Total building weight
h Story height
g Gravitational acceleration
N Number of stories
γ1 Importance factor
agR Reference peak ground acceleration

Abbreviations

FBB Fixed-base building
BIB Base-isolated building
PGA Peak ground acceleration
PGV Peak ground velocity
PGD Peak ground displacement

1 Introduction

In a base-isolated building, the building is physically sepa-
rated from the ground.When an earthquake occurs, the period
shifts and causes a reduction in the acceleration of the floor
and inter-story drift on the superstructure, which can be com-
paredwith a building that is not isolated. As the responses are
reduced, it allows the building to remain in the elastic or close
to elastic region according to the design level event. Simulta-
neously, reductions in acceleration and drift demands, which
are gained by seismic isolation systems, make it one of the
most useful tactics to achieve better performance following
strong and infrequent earthquake events. Since the develop-
ment of the base isolation method, several isolation devices
have been suggested, implemented and studied, especially
focusing on their capacity to carry vertical loads and with-
stand large horizontal deformations.

Several interesting studies have been conducted on base-
isolated structures and base isolation systems under different
seismic activities [1–7]. However, the fact is that the base iso-
lation systems and base-isolated buildings are highly affected
by ground motion characteristics and may behave differ-
ently for different seismic events. Alhan et al. [8] noted
the performance limit of base-isolated buildings subjected
to various near-field ground motions with different velocity
pulse periods. Although the isolation system may be effec-
tive under far-field ground motions, it is still complicated
for near-field ground motions. It was also illustrated that the
proportion of the base isolation period to the pulse period of
ground motions (Tb/Tp) considerably affects the displace-
ment of the base and the acceleration of the story for long
and short pulse periods, respectively. In addition, this was

found for small ratios of the base isolation system period to
pulse period and for shorter fault distances. Matsagar et al.
[9] illustrated that the responses of multi-story base-isolated
buildings are affected by different characteristic parameters
of isolator. The shape of the force–deformation behavior of
the isolator, which affects the responses of the base-isolated
structure, is investigated under the main varied parameters,
such as the yield displacement of the isolator, flexibility of
the superstructure, time period of the isolator and number of
stories of the base-isolated structure. It was found that the
form of the hysteresis loop of the isolation system consider-
ably affects the responses of the base-isolated buildings. In
addition, Samali et al. [10] carried out a case study with an
experimental setup on a shake table. In their research, a mass
modeled with eccentricity above the base isolation system
was considered. Therein, the dynamic behavior of a five-
story benchmark building with mass eccentricity under four
different earthquake scenarios was investigated. Moreover,
it was demonstrated that the related base isolation system
behaves ineffectively under some kinds of earthquakes.

Jangid [11] assessed the behavior of the LCRB system for
multi-story buildings subject to near-fault ground motions.
In his study, the response of the system under six differ-
ent ground motions was evaluated, and variations in top
floor absolute accelerations and bearing displacements of
the multi-story base-isolated building were examined and
illustrated. As a result, the yield strength (fy) of the LCRB
was found to be between 10 and 15% of the building weight
under different ground motions. Mavronicola [12] studied
two special cases of isolated building responses during seis-
mic activities. First, the nonlinear behavior of the lead rubber
bearing and, second, a base-isolated building with an adja-
cent structure were investigated when subjected to very
strong earthquakes. The relative displacements of the iso-
lator were underestimated, and the peak floor accelerations
were overestimated by the bilinear model. Chimamphant
et al. [13] proposed 3-, 9- and 20-story base-isolated and
fixed-base buildings (MDOF shear beam models), and the
effects of such essential structural parameters, such as the
isolator stiffness, the damping ratio of the isolator and the
number of stories, on the responses of the base-isolated
buildings were studied parametrically. It was discovered that
the return period may be very sensitive to short buildings
and less sensitive to tall buildings. Takewaki et al. [14]
investigated the strength of the base-isolated tall buildings
with the code defined for ground motions. They consid-
ered two kinds of base isolation systems, namely linear
or natural rubber bearings and friction-type bearings. In
their assessment, the inverse problem was generated for
the targeted drift of the base-isolated building to spec-
ify the required amount of additional viscous damping.
As the height of the base-isolated building increases, the
damping ratio decreases. Moreover, it was concluded that
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high-rise buildings that are base-isolated have low resistance
against ground motions than base-isolated low-rise build-
ings.

While some research has been carried out on different
types of isolation systems, there is still very little scientific
understanding of the behavior of the LCRB control sys-
tems when induced by different ground motions for a varied
number of buildings. However, previous studies have stated
that the effectiveness of the isolator system decreases by
increasing the number of stories, but this paper demonstrates
the most important discovery that the damage limitation
requirement is kept below 1% according to Eurocode 8
under varied seismic loading and that inter-story drifts are
significantly decreased even for base-isolated high-rise build-
ings.

For this reason, to better determine the performance of
the base isolation system and base-isolated buildings, a set
of 45 earthquakes was selected from the Pacific Earthquake
Engineering Research (PEER) center database with differ-
ent PGA-to-PGV ratios. In this investigation, different types
of buildings (isolated and nonisolated), with 5, 10, 15, 20,
25, 30 and 35 stories, were considered and assumed that the
superstructure remained linear–elastic throughout the time-
history analyses. Bearing in mind that both the acceleration
and velocity characteristics of an earthquake are very impor-
tant parameters affecting a building (both in the base-isolated
and nonisolated states), these two parameterswith their ratios
are considered in this study. The ratios are categorized as
PGA/PGV < 1, 1 < PGA/PGV < 2 and PGA/PGV > 2.
To conduct the numerical analysis, a MATLAB-based code
is used to assess the aforementioned parameters. Addition-
ally, a two-factor factorial design is implemented to interpret
the results using Minitab software. The results clearly depict
the behavior of the LCRB system under the aforementioned
earthquakes when used for varied buildings. Finally, the per-
formances of the base isolation system and base-isolated
buildings are compared.

2 Governing Equations of Motion

According to Fig. 1, to investigate the behavior of the iso-
lators and base-isolated buildings, the mathematical model
of a multi-story (with N number of stories) isolated building
with LCRBs is idealized as a two-dimensional frame. For
this frame, the equations of motion for a fixed-base building
can be shown as [15]:

Mü + Cu̇ +Ku � −Mr üg (1)

In Eq. (1),M,C andK are themass, damping and stiffness
matrices (n ×nmatrices) of the superstructure, respectively;
u is the n×1 vector, which is the relative displacement of the

buildingwith respect to the ground, and the dot above u refers
to the time derivative; r is the unit vector, which is the n ×
1 matrix in the direction of the ground motion; and üg is the
acceleration of the ground motion. The structural damping
matrix C is assumed to be the mass proportional damping
and stiffness proportional damping (Rayleigh damping), as
given in the following:

C � a0M + b0K (2)

where a0 � ξi
2ωiω j
ωi+ω j

and b0 � ξ j
2

ωi+ω j
are damping

proportional coefficients; ωi and ω j are structural modal
frequencies; and ξi and ξ j are structural damping ratios for
modes i and j , respectively.

For a seismically isolated building with a base mass (mb),
the governing equations of motion of the isolated building
can be written as [15]:

Mü + Cu̇ +Ku � −Mr
(
üg + üb

)
(3)

As aforementioned, u is the displacement vector with
respect to the base raft in the building and üb is the isola-
tor acceleration with respect to the ground. Thus, the base
slab equation of motion can be shown as follows [15]:

mbüb + cbu̇b + Fb − k1u1 − c1u̇1 � −mbüg (4)

where Fb (restoring force) is developed in the isolator sys-
tem (Fig. 1c); cb is damping of the isolator; k1 and c1 are
the stiffness and damping of the first floor, respectively; u1
and u̇1 are the displacement and velocity of the first floor,
respectively; and mb is the mass of the base slab.

2.1 Lead Core Rubber Bearing (LCRB)

In 1975, LCRBs were found in New Zealand and were also
widely used in Japan and the USA. These systems are gen-
erally known as N–Z or LCRB systems. These bearings (NZ
or LCRB) are similar to natural rubber bearing systems that
have no central lead core, but to dissipate extra energy and
increase the primary resistance againstminor groundmotions
and winds, a central lead core is used inside them [15]. This
system essentially behaves as a hysteretic damping device.
Bilinear force–deformation hysteresis of the LCRB is illus-
trated in Fig. 1c. For the present study, the Bouc Wen model
[16] is used to determine the hysteretic behavior of theLCRB,
as shown schematically in Fig. 1b, c. In addition, with regard
to the governing equation (Eq. (4)), implementation of the
restoring force for the isolation bearing is considered as [16]:

Fb � α1kiub + (1 − α1)kiuyz (5)
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Fig. 1 Idealized model of a multi-story structure: a base-isolated building (BIB); b idealization of the LCRB isolator; c bilinear force–deformation
hysteresis of LCRB; and d fixed-base building (FBB)

where fy � kiuy is the yielding force of the isolator, and it
is a point where the initial stiffness (pre-yielding stiffness)
changes to secondary stiffness (post-yielding stiffness); uy is
the yielding displacement. ki is the pre-yielding stiffness of
the LCRB, usually at a displacement of less than 25.4 mm.
The value of this parameter is affected by the lead core size,
which is important for controlling the responses under the
service loads. kb is the stiffness of the LCRB, which is
related to the modulus, area of the rubber and total height
of the isolator and can also be calculated using Eq. (6). kP
and ki are the post- and pre-yielding stiffnesses of the bear-
ing, respectively; α is the ratio of the post-yielding stiffness
to pre-yielding stiffness (α1 � kP

ki
); and ub is the isolator

displacement with respect to the ground.
The LCRB system is defined by ξb, Tb and f0 parame-

ters, which are the damping ratio of the isolation system, the
period of the isolator and the normalized yield strength (i.e.,
f0 � Q

W ), respectively (whereW � mtg,W is the weight of
the building together with a base raft (mb) and g is the accel-

eration due to gravity) [11, 12, 17]. Q is the characteristic
strength where the isolator hysteresis loop intercepts the axis
(Fig. 1c).

kb � mt
(
Tb
2π

)2 (6)

cb � 2mtωbξb (7)

where mt is the mass of the superstructure together with a
base raft (mb) which is specified in Eq. (8), and ωb � 2π

Tb
is the isolator frequency. For the bilinear response shown in

Fig. 1c, ξb can be calculated using ξb � 2Q(D−uy)
πkbD2 , where

the parameters are identified in Fig. 1c [18].

mt � mb +
N∑

i�1

mi (8)
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In Eq. (9), z is a hysteretic displacement component that is
nondimensional and satisfies the following differential equa-
tion expressed as a nonlinear first-order equation [16]:

ż � u−1
y

(
Au̇b − β|u̇b ||z|n−1z − γ u̇b |z|n

)
(9)

The parameters of γ ,β, A are dimensionless, and n should
be selected such that the responses from the model exactly
match the experimental outputs. n is constant, which controls
the changes from elastic to plastic response. In this study,
the other parameters of the LCRB are held constant with
β � γ � 0.5, A � 1 ( A

γ+β
� 1)and n� 2 [16]. EDC (Energy

Dissipated per Cycle) can be measured by calculating the
area under the force–deformation loop, which denotes the
damping value of the isolator (Fig. 1c).

2.2 Solution Procedures for the Equations of Motion

The solutions of Eqs. (1) and (3) are performed using the
Runge–Kutta method by solver ode45 in MATLAB. ode45
is based on the Runge–Kutta (4,5) formula, which is mostly
used as a first attempt to solve the problem [19]. The function
is utilized for the time integration procedure at an equal time
interval of �t.

For a conventionally fixed-base structure, the equation of
motion is given by Eq. (1). By placing the structural model
on a base isolation system (Fig. 1a), which consists of base
mass (mb), stiffness (kb) and damping (cb), Eq. (1) changes
to Eq. (3).

The equation of motion for the building combined with a
base raft (with isolator) can be written as:

rT M
(
ü + r üb + r üg

)
+ mb

(
üb + üg

)
+ cbu̇b + kbub � 0

(10)

which can also be shown in the following form:

rT Mü + (mt )üb + cbu̇b + kbub � −(mt )üg (11)

Equation (11) identifies rT M as the overall mass of the
superstructure; therefore, mt � m + mb is the overall mass
carried by the isolator. The matrix form of this equation is:

M∗ü∗ + C∗u̇∗ +K∗u∗ � −M∗r∗üg (12)

where M∗ �
[
m + mb rT M
Mr M

]
, C∗ �

[
cb 0
0 C

]
, K∗ �

[
kb 0
0 K

]
, r∗ �

[
1
0

]
, u∗ �

[
ub
u

]
,m �

N∑

i�1
mi

2.3 ProgramValidation

The validity of the programwas confirmed by comparing the
results obtained from the following studies:

Chao Xu et al. [17] studied a three-story base-isolated
building. The floor stiffness, floor mass, floor viscous damp-
ing coefficient and parameters of the bilinear model of the
isolation system are illustrated in Fig. 2. In their investiga-
tion, the behavior of the base isolation system is considered
to be a bilinear hysteresis model, and the superstructure is
considered to be linear–elastic during the numerical analy-
sis. The output result of their investigation is illustrated in
Fig. 3b.

Moreover, Kulkarni et al. [20] investigated a five-story
base-isolated building with one degree of freedom at each
floor. In their study, the behavior of the force–deformation of
the laminated rubber bearing (LRB) is considered tobe equiv-
alent linear, and the LCRB or NZ is considered to be bilinear.
Finally, the results related to the top floor acceleration and
the base displacements are shown in Table 1 (mid-column of
Table 1 related to Ref [20]).

In the aforementioned studies, numerical analysis was
implemented using Newmark’s step-by-step method of inte-
gration.

Based on the above studies, for the purpose of verifica-
tion, parameters were extracted from previous studies (data
illustrated both in Fig. 2 [17] and Table 1 [20]) and then
implemented into the program,which iswritten inMATLAB,
for modeling. In the present study, the solutions of equa-
tions are performed using the Runge–Kutta method, which
is known as an implicit and explicit iterative method. The
similarity between the results illustrated in Fig. 3 and Table 1
confirms the validity of the program.

3 Numerical Study

In this study, the lumped-mass stick model, which has been
introduced by Kelly [21, 22], is used to represent a multi-
degree of freedom structure (Fig. 4c). The modeling and
time-history analyses of the subjected isolated buildings are
carried out using MATLAB.

3.1 Structural Parameters

The subject base-isolated buildings are considered sym-
metrical square buildings consisting of six bays in each
direction and have been modeled as a shear type steel struc-
ture mounted on isolation systems with one lateral degree of
freedom at each floor (Fig. 4). The floors are in alignment
and equal in height, which is considered to be h � 3 m each.
In this study, as the investigated buildings are represented as
residential area—category “A” [23], the live load uniformly
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Fig. 2 Model parameters of the 3-story base-isolated building [17] (the stiffness is in N/mm, damping coefficient is in Ns/mm, and mass is in tons)
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Fig. 3 LCRB numerical analysis model validation with the results of [17]: a validated and b the results given in Ref [17]

distributed in the amount of 1500 N/m2. According to the
Eurocode, the live loads (LLs) are reduced, with a factor of
ψ2i � 0.3 in a seismic design situation [24]. In addition, uni-
form surface loads (dead loads or DLs) have been considered
to be 260 0N/m2. By adding the loads (DL + ψ2iLL), the
total loads were calculated to be 3053.2N/m2.

As the story dimension of the subjected building is 30m×
30 m (Fig. 4d), the mass for each story is calculated to be
2.748× 105 kg. Since the plan of the building is symmetric,
frame 4 has been selected as a representative to study the
behavior of the subjected buildings. According to the loaded
area, the mass calculated for frame 4 is 45,798.3 kg.

During analysis, the following assumptions are made for
the subjected structural systems:

– Throughout the time-history analyses, the superstructure
is assumed to remain linear–elastic

– The force–deformation behavior of the LCRB is consid-
ered to be bilinear, modeled by Wen’s equation [16]

– Each floor is considered to be rigid in its own plane
– No overturning over the base isolation system will occur
during the sliding

In this investigation,M is the diagonal massmatrix, which
is defined by themass of each floor for the superstructure and
kept constant (i.e.,mi � m, i � 1, 2, . . . , N ). Moreover, the
base mass of the isolated building (mb) is considered to be
equal to the floor mass (mb � m). The modal damping ratio
of the steel buildings remained unchanged for all modes (ξs)
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and was set at 2%. The stiffness of each story (k) is taken in
the proportions of 1, 1.5, 2, 2.5 and 3 (Table 2). The value
of k can be computed by providing the required fundamental
period of the fixed-base buildings as Ts. In this paper, the
superstructure time period is defined as T s � 0.1 N, where
N is the number of stories of the superstructure above the
isolation level [13, 14]. The story numbers for the buildings
are selected as 5, 10, 15, 20, 25, 30 and 35 (Fig. 4a, b),
thus considering the superstructure periods T s � 0.5 s; 1.0 s;
1.5 s; 2.0 s; 2.5 s; 3.0 s and 3.5 s, respectively. Tables 2 and
3 illustrate the properties of the subject buildings and the
period of vibration for the first five modes of the isolated
buildings, respectively.

3.2 Base Isolation System Properties
and Earthquake Components

In this study, the earthquake motions are selected randomly
according to three different ratios,which are shown inTable 4
with their specifications. The top and bearing behavior of the
isolated building is the response quantities of interest.

The behavior of the isolator is taken into account by choos-
ing the acceptable values of the isolator’s period adequate
to Tb � 2.5 s, damping ratio ξb � 5%, yielding displace-
ment uy � 0.025m and the ratio of post-yielding stiffness
to pre-yielding stiffness α1 � 0.3. Table 5 summarizes the
information on the properties of the base isolation system and
the base-isolated buildings (BIB) considered in this investi-
gation.

In this study, to research the probabilistic performance
evolution of the base-isolated buildings, a two-factor factorial
designwas conducted usingMinitab software (version 2017),
considering the factors (ratio of PGA/PGV and number of
stories) in Table 6, while all other factors such as Tb, ξb, f0,
α1 and uy remained constant (Table 5). In Table 6, yabn (i.e.,
y111, y112, …) is the result of the combination of a (ratio of
PGA/PGV) and b (number of story) levels for nth ground
motion.

For each group of earthquakes (for each ratio of
PGA/PGV), 7 different kinds of buildings varying in height
(i.e., 5, 10, 15, 20, 25, 30 and 35, as shown in Fig. 4a, b) have
been considered, and combinations thereof are generated.
Thus, there are 15 ground motions for each base-isolated
building in each group of ground motions. Therefore, a total
of 315 time-history analyses were carried out.

The ratio of PGA/PGVwasmentioned as a very important
factor affecting the behavior of the isolator. The behavior of
the isolator can be reversed under various ground motions
even for the same level acceleration of the earthquakes. The
following figures (Fig. 5) illustrate the spectral accelera-
tion for each group of earthquakes along with their median,
which makes it easy to clarify the difference between the
groups of the earthquakes. The acceleration spectra of the
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Fig. 4 Subject buildings: a fixed-base building (FBB); b base-isolated building (BIB); c lumped-mass stick model; and d area plan and selected
frame with loaded area

Table 2 Stiffness proportion and mass properties of the subjected superstructures (steel buildings)

5-Story 10-Story 15-Story 20-Story 25-Story 30-Story 35-Story Stiffness proportion m (mass for frame 4 in
kg)

ξs (%)

Floor level 1 1–2 1–3 1–4 1–5 1–6 1–7 k 45,798.3 2

2 3–4 4–6 5–8 6–10 7–12 8–14 k/1.5 45,798.3

3 5–6 7–9 9–12 11–15 12–18 15–21 k/2 45,798.3

4 7–8 10–12 13–16 16–20 19–24 22–28 k/2.5 45,798.3

5 9–10 13–15 17–20 21–25 25–30 29–35 k/3 45,798.3

Table 3 Period of vibration for each mode of isolated buildings and nonisolated buildings

Mode Period of vibration (s)

5-Story 10-Story 15-Story 20-Story 25-Story 30-Story 35-Story

BIB FBB BIB FBB BIB FBB BIB FBB BIB FBB BIB FBB BIB FBB

1 2.51 0.50 2.64 1.00 2.83 1.50 3.08 2.00 3.40 2.50 3.76 3.00 4.16 3.50

2 0.31 0.18 0.60 0.37 0.82 0.55 1.03 0.73 1.22 0.92 1.39 1.10 1.56 1.28

3 0.16 0.12 0.30 0.22 0.43 0.33 0.56 0.45 0.68 0.56 0.81 0.67 0.92 0.78

4 0.12 0.09 0.20 0.16 0.29 0.24 0.38 0.32 0.47 0.40 0.56 0.48 0.64 0.56

5 0.09 0.07 0.16 0.13 0.22 0.19 0.29 0.25 0.36 0.31 0.43 0.37 0.49 0.43
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Table 4 Ground motions for different cases of PGA/PGV

No. EQ. ID Earthquake name Year Duration time (EQ.) PGA (g) PGV (m/s) PGD (m) PGA/PGV

1 25 “TCGH13” 2004 21 0.590 0.626 0.098 0.945 PGA/PGV<1

2 7 “KOBE, Japan” 1995 50 0.834 0.911 0.211 0.915

3 2 “Imperial Valley-02” 1940 55 0.280 0.309 0.087 0.905

4 10 “Tabas_ Iran” 1978 40 0.027 0.034 0.031 0.768

5 29 “Tabas, Iran” 1978 33 0.861 1.234 0.936 0.698

6 22 “Bam_ Iran” 2003 33 0.014 0.020 0.013 0.696

7 3 “Imperial Valley-02” 1940 55 0.210 0.313 0.241 0.670

8 17 “El Mayor-Cucapah_
Mexico”

2010 130 0.248 0.383 0.482 0.648

9 30 “Northridge-01“ 1994 28 0.426 0.748 0.190 0.569

10 8 “Kocaeli_ Turkey” 1999 150 0.045 0.081 0.035 0.555

11 23 “Tottori, Japan“ 2000 120 0.018 0.036 0.042 0.511

12 19 “Duzce_ Turkey” 1999 95 0.017 0.045 0.038 0.373

13 28 “Northridge-01“ 1994 30 0.410 1.114 0.446 0.368

14 14 “Darfield_ New
Zealand”

2010 140 0.194 0.591 0.491 0.328

15 20 “Darfield_ New
Zealand”

2010 120 0.209 0.671 0.599 0.311

1 33 “Loma Prieta” 1989 40 0.416 0.208 0.061 1.997 1<PGA/PGV<2

2 31 “Parkfield” 1966 30 0.272 0.154 0.031 1.770

3 16 “Ierissos Greece” 1983 18 0.030 0.017 0.002 1.737

4 15 “Friuli_ Italy 01” 1976 40 0.069 0.040 0.005 1.717

5 34 “Tottori, Japan” 2000 300 0.337 0.197 0.064 1.704

6 1 “Imperial Valley-05” 1955 40 0.050 0.037 0.009 1.361

7 9 “Duzce_ Turkey” 1999 60 0.734 0.559 0.255 1.312

8 5 “Imperial Valley-06” 1979 38 0.598 0.467 0.202 1.279

9 21 “Friuli_ Italy 01” 1976 17 0.029 0.023 0.012 1.252

10 18 “Duzce_ Turkey” 1999 58 0.806 0.658 0.130 1.223

11 32 “Irpinia, Italy 01” 1980 25 0.034 0.030 0.005 1.140

12 11 “Bam_ Iran” 2003 45 0.032 0.028 0.027 1.130

13 35 “Tottori, Japan” 2000 135 0.131 0.116 0.041 1.125

14 4 “Imperial Valley-03” 1951 40 0.030 0.027 0.004 1.125

15 27 “Shin-Osaka” 1995 40 0.233 0.218 0.097 1.069

1 13 “Tottori, Japan” 2000 300 0.410 0.088 0.025 4.661 PGA/PGV>2

2 41 “Westmorland” 1981 30 0.232 0.054 0.009 4.240

3 37 “San Fernando” 1971 35 0.169 0.047 0.011 3.571

4 6 “Imperial Valley-07” 1979 18 0.118 0.036 0.003 3.269

5 38 “Fruili, Italy 03” 1976 15 0.112 0.038 0.002 2.893

6 40 “Livermore-02” 1980 40 0.254 0.098 0.005 2.590

7 43 “Nahanni, Canada” 1985 11 1.107 0.439 0.068 2.522

8 36 “Parkfield” 1966 25 0.271 0.113 0.038 2.392

9 12 “9173365” 2001 120 0.010 0.004 0.00044 2.381

10 45 “Tottori, Japan” 2000 300 0.289 0.124 0.043 2.327

11 26 “Whittier
Narrows-01”

1987 50 0.121 0.052 0.007 2.323

12 39 “Coyote Lake” 1979 28 0.094 0.042 0.008 2.226

13 24 “Dinar Turkey” 1995 29 0.065 0.031 0.002 2.101

14 44 “Loma Prieta” 1989 40 0.460 0.227 0.081 2.022

15 42 “Coalinga-05” 1983 20 0.405 0.201 0.014 2.012
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Table 5 Properties of the base
isolation system and
base-isolated buildings (BIBs)

No. story 5 10 15 20 25 30 35

Tb (s) 2.5 2.5 2.5 2.5 2.5 2.5 2.5

kb (N/m) 1.74e6 3.18e6 4.63e6 6.075e6 7.52e6 8.97e6 10.41e6

ki (N/m) 5.78e6 10.60e6 15.43e6 20.25e6 25.07e6 29.90e6 34.71e6

ξb (%) 5 5 5 5 5 5 5

α1 0.3 0.3 0.3 0.3 0.3 0.3 0.3

uy (m) 0.025 0.025 0.025 0.025 0.025 0.025 0.025

f0 � Q
W 0.05 0.05 0.05 0.05 0.05 0.05 0.05

mb (base mass) kg 45,798.3 45,798.3 45,798.3 45,798.3 45,798.3 45,798.3 45,798.3

First-mode period (s) 2.51 2.64 2.83 3.08 3.40 3.76 4.16

Third-mode period (s) 0.16 0.30 0.43 0.56 0.68 0.81 0.92

Table 6 Arrangement for
two-factor factorial design Factor Levels Stories

5 10 15 20 25 30 35

Ratio 1>PGA/PGV y111 y121 y131 y141 y151 y161 y171

y112 y122 y132 y142 y152 y162 y172
...

...
...

...
...

...
...

y11n y12n y13n y14n y15n y16n y17n

1<PGA/PGV<2 y211 y221 y231 y241 y251 y261 y271

y212 y222 y232 y242 y252 y262 y272
...

...
...

...
...

...
...

y21n y22n y23n y24n y25n y26n y27n

PGA/PGV>2 y311 y321 y331 y341 y351 y361 y371

y312 y322 y332 y342 y352 y362 y372
...

...
...

...
...

...
...

y31n y32n y33n y34n y35n y36n y37n

selected ground motions in Fig. 5 illustrate that as the ratio
of PGA/PGV increases, by shifting the period to 2.5 s, their
spectral accelerations decrease (at 2.5 s).

4 Results and Discussion

4.1 Probabilistic Behavior Evaluation of the Base
Isolation Systems and Base-Isolated Buildings

With regard to Fig. 6a, when PGA/PGV < 1, the ratio of
isolator displacement to peak ground displacement (PGD) is
approximately 0.64, and as it changes to 1 < PGA/PGV <

2 and further to PGA/PGV > 2, the ratio increases. The
graph also shows that the case of 1 < PGA/PGV < 2 is
the mean of the other two cases (i.e., PGA/PGV < 1 and
PGA/PGV > 2).

Moreover, with regard to the number of stories in the
base-isolated buildings (Fig. 6b), it can be clarified that
by increasing the number of stories, marginal changes are

observed between 5- and 10-story buildings, and the ratio
gradually decreases, which is not significant. In addition, the
ratio is at the highest level for the 5- and 10-story buildings,
which implies that the isolator displacement with respect to
the peak ground displacement increases by approximately
0.1. For the case of the 20-story building, the ratio of iso-
lator displacement to peak ground displacement is sharply
decreased, which can be the result of the flexibility of the
high-rise building and its effect on the base isolation system.

Additionally, the interaction of both the PGA/PGV ratio
and the effects of the number of stories show that the trend
is quite similar for all types of base-isolated buildings, and
the ratio increases. The ratio of isolator displacement to
peak ground displacement (ISO DIS TO PGD) for the cases
when PGA/PGV < 1 is the lowest and for the case when
PGA/PGV > 2 is the highest is shown in Fig. 6c. In addi-
tion, as the number of stories increases, the ratio decreases,
which can also be the result of the flexibility of the high-rise
buildings.
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Fig. 5 Five percent (5%) damped acceleration spectra of the selected ground motions for three cases

(a) (b) (c)

Fig. 6 Main effects and interaction plots for isolator displacement with respect to PGD

Additionally, Fig. 7a shows that the ratio of the top
floor displacement to the peak ground displacement (ROOF
DIS TO PGD) has been significantly increased for the
cases between 1 < PGA/PGV < 2 and PGA/PGV <

1 and remained almost constant between the cases 1 <

PGA/PGV < 2 and PGA/PGV > 2. Moreover, as the ratio
of PGA/PGV is more than one, it implies that the displace-

ment for the top floor is highly increased with respect to the
peak ground displacement. In addition, in Fig. 7b, it can be
observed that by increasing the number of stories, the ratio
of top floor displacement to peak ground displacement is
increased, which is also expected as the height of the build-
ing increases. Only the 5 and 10 story buildings have a ratio
lower than 1.
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(a) (b) (c)

Fig. 7 Main effects and interaction plots for roof displacement with respect to PGD

Figure 7c, which is the interaction plot, shows that the
ratios for 5-, 10-, 15- and 20-story buildings increase with
the same trend, which also shows that there is no interaction;
however, for 25-, 30- and 35-story isolated buildings, the
ratio increased for the case when 1 < PGA/PGV < 2 and
decreased for the case when PGA/PGV > 2. Moreover, the
ratio of roof displacement to PGD decreased for 5- and 10-
story buildings for the three cases (see Table 4). However,
for a 15-story building, roof displacement decreased only in
the case when PGA/PGV < 1. In contrast, for the 20-, 25-,
30- and 35-story buildings, roof displacement increased with
respect to PGD,which implies that the displacement is higher
than the ground displacement.

Figure 8a gives information about the ratio of the iso-
lator acceleration to peak ground acceleration (ISO ACC
TO PGA), where this ratio is highly increased for the case
of ground motions with PGA/PGV < 1 when compared

with the other two cases of 1 < PGA/PGV < 2 and
PGA/PGV > 2. However, overall, the acceleration is not
more than the ground acceleration for three different cases.

Moreover, Fig. 8b shows that because the number of sto-
ries increases, the isolator acceleration with respect to PGA
fluctuates. It can be concluded that for different heights and
stories, the acceleration of the isolation system in base-
isolated buildings will be reduced by approximately 55%
with respect to the PGA.

By observing the interaction (Fig. 8c) of the ratio of
PGA/PGVand the number of stories, it is clear that unlike the
displacement ratio mentioned above, the proportion of iso-
lator acceleration to peak ground acceleration (PGA) for all
isolated buildings decreases in a similar trend as the ratio of
PGA/PGV increases. In all cases, the base isolation accelera-
tion is decreasedwith respect to the peak ground acceleration.
Furthermore, increasing the number of stories has no signif-

(a) (b) (c)

Fig. 8 Main effects and interaction plots for isolator acceleration with respect to PGA
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(a) (b) (c)

Fig. 9 Main effects and interaction plots for roof acceleration with respect to PGA

icant effect for the cases when 1 < PGA/PGV < 2 and
PGA/PGV > 2, and the ratios calculated are closer to each
other for all types of buildings in the stated cases (Fig. 8c).

Figure 9a shows that when PGA/PGV < 1, roof accel-
eration is further increased compared to the cases when
1 < PGA/PGV < 2 and PGA/PGV > 2, which is
approximately 1.75 times higher than the PGA. In addi-
tion, Fig. 9b illustrates that roof acceleration is decreased
for 5- and 10-story buildings with reference to the PGA (i.e.,
roof acceleration is lower than the PGA), but this ratio is
higher than one for five other different buildings (i.e., roof
acceleration is higher than the PGA), and it also fluctuates
because the number of stories increases. In addition, con-
sidering the interaction plot (Fig. 9c), it can be seen that
for all types of isolated buildings, the ratio for the case
when PGA/PGV < 1 is more than that of the cases when
1 < PGA/PGV < 2 and PGA/PGV > 2, and the roof accel-
eration is more than the PGA. This ratio is decreased for the
cases of 1 < PGA/PGV < 2 and PGA/PGV > 2, which
shows that the ratio is less than one and roof acceleration is
lower than the peak ground acceleration in these two cases.
Additionally, the ratios for the case when PGA/PGV > 2
are closer to each other for all types of buildings (Fig. 9c).

4.2 Performance of the Base Isolation System
and Base-Isolated Building

As shown in Fig. 10, the fundamental period of the base-
isolated building increases as the number of stories increases,
which implies that the influence of the base isolation system
decreases as the number of stories or the flexibility of the
superstructure increases. The figure also shows that as the
number of stories increases, the gap between the fundamental
period of the fixed-base building and the base-isolated build-
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Fig. 10 Fundamental period of the superstructure for both fixed-base
and base-isolated systems (when the base isolation period is Tb � 2.5 s)

ing decreases. It also seems that as this trend continues, there
is no difference between the fixed-base and base-isolated
buildings’ fundamental periods, and thus, the effect of the
base isolation system is reduced.

The figure clearly shows that as the fundamental period
of the 5-story fixed-base building is approximately 0.5 s, if
an isolation system is mounted on this building, the fun-
damental period increases, which is approximately 5 times
higher than that of the fixed base. However, this shift gradu-
ally decreases as the number of stories increases; for example,
as the fundamental period of the 35-story fixed-base build-
ing is approximately 3.5 s, if an isolation system is mounted
on this building, the fundamental period increases approxi-
mately 1.2 timeswhen comparedwith the 35-story fixed-base
building.

For further investigation, from each group of selected
earthquakes, one earthquake with the highest PGA was
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Fig. 11 Force–displacement curves for three selected ground motions with the highest PGA

selected to study the amount of dissipated energy as the
number of stories increased. Figure 11 illustrates that as the
number of stories is increased, the shear force increases;
consequently, the amount of dissipated energy by the base
isolation system increases simultaneously (i.e., the area under
the load–deflection curve increases).

In addition, the force–displacement curves of the base iso-
lation system for three different cases of ground motions
with maximum PGAs have been investigated on seven dif-
ferent base-isolated buildings, and the results are illustrated
in Fig. 12. As seen, less energy has been dissipated for the
case when PGA/PGV > 2. Based on Fig. 5, according to the
characteristics of earthquakes, by shifting the period to 2.5 s,
the amount of spectral acceleration for the median is lower
for the case of PGA/PGV > 2when comparedwith the other
two cases. This states that when the base-isolated buildings
are subjected to the earthquake of case 3, low earthquake
impact loads are applied to the structure, and as a result, less
energy is required to be dissipated. Conversely, for the other
ground motions, the applied load to the buildings is higher
for the cases when 1 < PGA/PGV < 2 and PGA/PGV < 1.

Thus,more energy is required to be dissipated. This result can
be clearly seen from the area under the force–displacement
curves.

Figures 13 and 14 illustrate the median responses of the
subject buildings induced by three different cases of the
selected ground motions (see Table 4). Figure 13 shows that
the percentage of reduction in acceleration is higher than the
displacement at the top of the buildings when compared with
fixed-base buildings. This amount of acceleration reduction
is higher for low-rise buildings, but this reduction percentage
decreases as the number of stories increases, and it can even
be seen that there is no difference between the fixed-base and
base-isolated buildings for the case when PGA/PGV > 2
for 30- and 35-story buildings. Moreover, the magnitude of
reduced acceleration for 15-, 20-, 25-, 30- and 35-story build-
ings remains approximately constant for each case of ground
motions (see Table 4).

Figure 14 shows that by increasing the number of stories,
the magnitude of the top floor displacement varies for the
fixed base for the three different cases. However, for the base-
isolated buildings, by increasing the number of stories, the
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Fig. 12 Force–displacement behavior of the isolation system for seven different isolated buildings
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Fig. 13 Median of top floor absolute acceleration of the fixed-base and base-isolated buildings

top floor displacement of the buildings gradually increases.
It is clear that the displacement has been decreased for the
5-, 10-, 15-, 20- and 25-story buildings but increases for 30-
and 35-story buildings when compared with the fixed-base
state, the results for which are inverse.

For further investigation, based on median spectrum
ground motions in Fig. 5, artificial earthquakes were gener-
ated using the SeismoArtif software program (version 2018).
In this manner, the Saragoni and Hart envelope curve method
was implemented considering the following specifications
[25] (Fig. 15).

For the above-mentioned method, three parameters are
needed to fully define the envelope shape; thus, in this study,
these three parameters are kept as follows:

– Duration considered to be 20 s
– t1 is kept at 4 s. This parameter should be a real number
lower than the duration, which is the time instant corre-
sponding to unitary intensity.

– Idur: This parameter should be a real number smaller than
unity, which is the value of intensity corresponding to the
last instant of time (default value amounts to 0.05).

By executing the aforementioned procedure, Fig. 16
shows that the actual spectrum matches the specific target
spectrum with 5% damping (see Fig. 16).

According to the above implementation, artificial earth-
quakes have been generated based on themedian spectrum of
the natural ground motions for each case in Table 4 (Fig. 17a
illustrates accelerograms that are generated with respect to
the target spectrum for each case, and Fig. 17b shows the
velocity time history based on the generated accelerogram).
Table 7 depicts the peak ground responses of the artifi-
cial ground motions for three different cases (PGA/PGV).
Figure 17 and Table 7 also show that for the case when
PGA/PGV<1, the intensity of the ground motion is higher
when compared with the two other ratios.

Because of space limitations, the plots illustrate the results
related to the base of the isolated buildings (bearing displace-
ment and acceleration) for 5-, 20- and 35-story buildings that
are subjected to the generated artificial earthquakes (Figs. 18,
19).

Figures 18, 19 and Table 8 show the bearing displace-
ment and acceleration are mostly affected by the ground
motions whose PGA/PGV<1, which is where the responses
are increased. Moreover, in Table 8, it can be observed
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Fig. 14 Median of top floor relative displacement of the FB and BI buildings

Fig. 15 Saragoni and Hart envelope curve [25]

that for high-rise base-isolated buildings (20- and 35-story
buildings), there are no significant changes between cases 1
(PGA/PGV<1) and 2 (1<PGA/PGV<2) for the peak accel-
eration of the bearing, while it is in the lowest intensity in
case 3 (PGA/PGV>2). In Table 8, for the peak bearing dis-
placement, it can be seen that there are considerable changes
between three cases, and as the ratio increases, displacement
highly decreases. In addition, according to the accelero-
gram generated based on the target spectrum for each case
of ground motions (see Fig. 17) and the bearing displace-
ments achieved for these kinds of earthquakes (Fig. 19), it

can be concluded that as the ratio of PGA/PGV decreases,
the bearing displacement sharply increases for 35-story base-
isolated building in the case when PGA/PGV is smaller than
1 (Fig. 19). An implication of this is the possibility that base-
isolated high-rise buildings (i.e., 20-, 25-, 30- and 35-story)
can be vulnerable to the ground motions when the ratio of
PGA/PGV is smaller than 1.

4.3 Damage Limitation

4.3.1 GroundMotions Selected

According to Eurocode8 [26], the ground motion at a given
point on the surface is represented by the elastic response
spectrum. The form of the elastic response spectrum is taken
for the no-collapse, and the damage limitation requirement
is illustrated schematically in Fig. 20.

In Fig. 20, “Se” is the elastic response spectrum; “T ” is
the vibration period for a single degree of freedom structure;
“ag” is the design acceleration of the ground type A; “S”
is the soil factor of the ground type A; “η” is the factor of
damping correction (η equals 1 for 5% viscous damping);
“T1” and “T2” are the lower and upper limits of the spec-

123



8282 Arabian Journal for Science and Engineering (2019) 44:8265–8288

Fig. 16 Response spectral matched the target spectrum

tral acceleration branch, respectively; and “T3” defines the
beginning of the spectral acceleration.

By considering spectrum type 1 for ground typeA, the ref-
erence peak ground acceleration for the case PGA/PGV<1
results in agR � 0.3g (Fig. 21). The form of the elastic
response spectrum described by the value of soil factor (S)
and the periods (T1, T2, T3) results in T1 � 0.15 s, T2 �
0.4 s, T3 � 2.0 s and S � 1 [26]. In the present paper, as
the buildings are classified as importance class II, the corre-
sponding importance factor is found to be γ1 � 1 [24] (part
1, Table 4.3). Therefore, the peak ground acceleration equals
the reference PGA, ag � γ1agR. Using the equation in the
code [26], the elastic response spectrum (ERS) can be shown
for 5% damping, as shown in Fig. 21. Figure 21 depicts that
the mean response spectrum of the subjected earthquakes
for case 1 (PGA/PGV<1) and the elastic response spectrum,
which is the damage limitation requirement stated in the code,
are compatible.

4.3.2 Drift Control

Accordingly, in this section, ground motions whose ratio of
PGA/PGV is smaller than one have been implemented to
study the damage limitation of the subjected buildings.

As the drift equals the deflection at one level minus the
deflection below that level, the requirement of damage lim-

itation should be considered in terms of the inter-story drift
(dr) [26], as follows:

drν ≤ αh → dr
h

≤ α

ν
(13)

The drift of a story (dr) is assessed as the difference in the
average lateral displacements in the center of the mass at the
top and bottom of the story (Fig. 22). The damage limitation
is the requirement of the buildings at the upper limit on the
inter-story drift ratio under seismic loading. The limit is set
as [26]:

– if there are nonstructural elements in the building and
forced to be stable under structural deformation, such as
normal partitions ( drh ≤ 0.005

ν
)

– if there are nonstructural elements in the building that are
ductile ( drh ≤ 0.0075

ν
)

– if there are no nonstructural elements in the buildings ( drh ≤
0.010

ν
)

In Eq. (13), ν is the reduction factor (ν depends on
the importance class of the buildings). The corresponding
reduction factor ν equals 0.5. α is a factor that takes the non-
structural elements into consideration and their adjustment
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Fig. 17 a Accelerogram
generated based on the target
spectrum for each group (see
also Fig. 5) and b velocity–time
history based on the generated
accelerogram

Table 7 Peak ground responses
for artificial generated ground
motions based on median
spectrum of the real ground
motions

EQ case PGA (m/s2) PGV (m/s) PGD (m) PGA/PGV Ratio

1 0.28 0.351 0.152 0.763 PGA/PGV<1

2 0.203 0.145 0.039 1.4 1<PGA/PGV<2

3 0.212 0.081 0.023 2.61 PGA/PGV>2

into the subject buildings, which equals 0.5, 0.75 and 1%
[26].

Figure 23 illustrates the drifts for both base-isolated and
fixed-base states. As it is clear, by increasing the number of
stories, the effects of the base isolation system are reduced,
but regarding the damage limitation requirement, it can be
realized that by the existence of the base isolation system,
especially for high-rise buildings, the structure is highly
affected, which keeps the damage limitation requirement
below 1%. The most severe drift limit (α

υ
� 0.01, there are

nonstructural elements in the building that are forced to be
stable under structural deformation) is not exceeded in any

story for base-isolated buildings, which causes the structure
to remain within the elastic range. Additionally, story drifts
are significantly decreased for base-isolated buildings, even
for very high buildings.

5 Conclusions

Seismic isolation systems have been used as alternative
lateral force resisting methods that have the potential to pro-
tect nonstructural and structural components. While many
control systems have been proposed not only for response
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Fig. 18 Absolute acceleration of the bearing

Fig. 19 Relative displacement of the bearing
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Table 8 Bearing displacement
and acceleration results for
generated ground motions based
on median spectrum of the real
ground motions

EQ group (case) 5-Story 20-Story 35-Story

Dis. Abs. Acc. Dis. Abs. Acc. Dis. Abs. Acc.

1 0.112 1.319 0.0881 1.427 0.080 1.512

2 0.047 0.976 0.0385 1.439 0.020 1.315

3 0.024 0.706 0.0189 0.797 0.0078 0.747

Abs. Acc absolute acceleration (m/s2), Dis displacement (m)

Fig. 20 Form of the elastic response spectrum [26]

0 0.5 1 1.5 2 2.5 3 3.5 4
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

Period (sec)

S
pe

ct
ra

l A
cc

el
er

at
io

n 
(g

) Mean spectrum of the selected ground motions (PGA/PGV<1) 
Elastic response spectrum according to Eurocode 8

Fig. 21 Mean response spectrum of the selected earthquakes
(PGA/PGV<1) and elastic response spectrum according to Eurocode
8 for 5% damping

reduction in base-isolated buildings under different strong
ground motions but also to maintain a safety function of
base isolation systems to reduce the effects of large accel-
erations induced by the ground motions, these systems still
seem to be quite complicated to use. Consequently, in this
research, the behaviors of base-isolated buildings and base
isolation systems under various ground motions with dif-
ferent components were investigated. The following are the
main outcomes of this assessment:

Fig. 22 Story drift

(1) There is a significant decrease in the top floor dis-
placement for the three cases of PGA/PGV compared
to fixed-base buildings (i.e., 5-, 10-, 15-, 20- and 25-
story buildings), but the results are inverse for 30- and
35-story buildings, and the displacements in the base-
isolated buildings are higher than those in the fixed-base
buildings. Moreover, acceleration of the top floor of the
base-isolated building is also decreased for the three
cases mentioned above when compared to the acceler-
ation of the top floor of the fixed-base building, but it
remains unchanged for the 30- and 35-story buildings.
In other words, in low-rise structures, there is a consid-
erable decrease in the acceleration at the top floor of the
base-isolated buildings for all three different cases. In
addition, it can be concluded that the influence of the
isolator system is decreased as the number of stories
increase.

(2) By increasing the number of stories, the ratio of the
base isolator displacement to PGD and the ratio of the
top floor displacement to the PGD behave inversely. In
other words, the ratio of the base isolation displacement
to PGD is higher for low-rise buildings, but when com-
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pared with the ratio of the top floor displacement to
PGD, this ratio for low-rise buildings becomes smaller.

(3) For different high-rise base-isolated buildings, the
acceleration of the isolation system is reduced approx-
imately 55% with reference to the PGA for three cases
of PGA/PGV.

(4) For the three cases of PGA/PGV, as the ratio increases,
the amount of energy dissipation is decreased by the
base isolation system.

(5) The acceleration of the isolation system compared to the
PGA is decreased for the three cases of PGA/PGV (as
the ratio increases). In contrast, the displacement of the
isolation system with reference to the PGD increased
for the mentioned cases in order.

(6) According to the accelerogram generated based on the
target spectrum for each case of the ground motions
(see Fig. 17) and the bearing displacements observed
for these kinds of earthquakes, it can be concluded
that as the ratio of PGA/PGV decreases, the bearing
displacement is sharply increased for 35-story base-
isolated building in the case when PGA/PGV<1 (see
Fig. 19). Therefore, the base-isolated high-rise build-
ings (i.e., 20-, 25-, 30- and 35-story) can be vulnerable
to the ground motions when PGA/PGV ratio is smaller
than 1.

(7) As was observed, by increasing the number of the sto-
ries, the effects of the base isolation system are reduced;
however, considering the damage limitation criteria, it
can be observed that the effects of the base isolation
system, especially for high-rise buildings, are highly
observable and keep the damage limitation requirement
below 1%. Furthermore, story drifts are significantly
decreased for base-isolated buildings even for truly
high-rise ones (i.e., 25-, 30-, 35-story).

Note that this study mainly investigates the LCRB base
isolator, and different isolation systems could have differ-
ent results. Thus, the three levels for the damage limitation
requirement herein might not be appropriate for other types
of isolation systems.Moreover, as the base-isolated buildings
and base isolation systems are period dependent, investigat-
ing their seismic behavior under velocity pulse period ground
motions can be a part of future study.
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