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The issues of safety and posthazard functionality of structures under multihazard scenarios are some of the significant challenges
in the current dynamic and rapidly growing urban environment. In this paper, multistory base-isolated buildings are investigated
under the independent multihazard scenario of earthquake and blast-induced ground motion (BIGM). Multistory building
models equipped with five different types of isolation systems, namely, the laminated rubber bearing (LRB), lead-rubber bearing
(N-Z system), pure friction (PF) system, friction pendulum system (FPS), and resilient-friction base isolator (R-FBI) are assessed
under bidirectional multihazard excitations. The suitability of the isolation systems and their key parameters in protecting
multistory buildings is evaluated. Furthermore, the influence of the superstructure characteristics, such as the superstructure
damping and the number of stories, is also assessed. The effect of bidirectional hazards on fixed-base buildings is also presented for
comparison. The key response quantities of base-isolated buildings are presented and compared for different isolation systems.
Parametric investigations are also conducted, and the trends of the response quantities are presented to study the influence of
important parameters of isolation systems in protecting the buildings under the multihazard scenario of earthquake and BIGM.
The results of the investigation show that the behaviors of the buildings equipped with various isolation systems are different for
the two hazards. Moreover, the influences of the key parameters of the isolation systems are found to be different for various
hazards. Therefore, the selection of design parameters of isolation systems shall be made with due consideration of the influence of
multiple hazards. Additionally, the influence of the properties of the superstructure, such as the number of stories and the
damping of the superstructure, on the behavior of the base-isolated buildings under the multihazard loading, is presented.

1. Introduction

Earthquakes have been and remain to be one of the
prominent threats to the safety and serviceability of civil
engineering structures and infrastructure systems. Numer-
ous strategies have been proposed, researched, and imple-
mented for seismic protection of structures [1-4]. The use of
structural response control strategies has been proven to be
an effective approach. Base isolation is an effective strategy to
protect structures, the inhabitants of the structures, and the
contents housed within the structures against the undesir-
able effects of earthquakes. It reduces the earthquake force
imparted on the superstructure by increasing the

fundamental time period of the structure and dissipating the
earthquake energy [5, 6]. Various types of base isolation
strategies, such as the elastomeric type bearings, sliding
bearings, and rolling bearings, have been proposed [6]. Also,
different active and semiactive seismic isolation strategies
have attracted researchers’ attention in recent years [7-10].

Structures, including those equipped with base isolation
systems, are also likely to be subjected to other hazards in
their service life, which necessitates the consideration of
various types of loadings in the design of structures. Despite
the significant socioeconomic impact caused by various
natural and human-made hazards [11, 12], such as blast,
impact, earthquake, tsunami, and wind, less attention is
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devoted on research and development to understand the
behavior of structures under multiple hazards and to devise
design strategies thereof. Additionally, the risk associated
with the reduced safety and serviceability of key infra-
structures, categorized as lifeline structures, such as hos-
pitals, bridges, power plants, data centers, and
communication centers, is paramount. Therefore, it is
crucial to design structures, especially the critical infra-
structures, by considering all the hazards likely to affect
safety and serviceability. There is limited research on the use
of the multihazard approach in the performance assessment
and design of structures. For instance, Messervey et al. [13],
Gardoni and LaFave [12], Mahmoud and Chulahwat [14],
Venanzi et al. [15], and Roy and Matsagar [16, 17] have
conducted studies on the multihazard protection of
structures.

Although base isolation is an effective strategy to miti-
gate the adverse effects of earthquakes, its efficacy in pro-
tecting structures under multihazard loading is not explored
adequately. Most of the studies on the base-isolated struc-
tures also focus on earthquake protection, and therefore,
there are limited studies that are conducted on the per-
formance assessment of base-isolated structures under other
hazards, such as wind and blast. Some of the attempts to
investigate the behavior of base-isolated structures under
wind loading include the studies conducted by Henderson
and Novak [18, 19]. They have conducted theoretical and
experimental studies to assess the response of the base-
isolated buildings under wind loading, wherein the theo-
retical and experimental results are compared. Chen and
Ahmadi [20] have evaluated the sensitivity of structures
isolated by the laminated rubber bearing (LRB), high
damping rubber bearing (HDRB), and resilient-rubber
bearing (R-FBI) to wind loading. Furthermore, Kareem [21]
has studied the dynamic response of base-isolated buildings
with passive dampers under wind loading. Later, Liang et al.
[22] have assessed the habitability of base-isolated buildings
under fluctuating wind load. Recently, a probabilistic in-
vestigation on the response of tall base-isolated buildings
under wind loading has been reported by Feng and Chen
[23].

The response of base-isolated structures under surface
blast has been assessed by some researchers. Zhang and
Phillips [24, 25] have studied the performance of a
multistory base-isolated building with and without
passive supplemental dampers in suppressing the vi-
bration response of the building exposed to blast loading.
Also, Kangda and Bakre [26] have assessed the response
of base-isolated structures subjected to surface blast and
concluded that base isolation could be effective in
mitigating the blast response quantities, such as the peak
story displacement, story drift, and root mean square
(RMS) absolute acceleration. The performance of base-
isolated buildings under blast-induced ground motion
(BIGM) has also captured attention in the recent times.
Mondal et al. [27, 28] have studied the response of
buildings isolated by lead-rubber bearing (N-Z system)
under BIGM. Further, the performance of a base isolation
system equipped with shape-memory alloy in protecting
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buildings under BIGM has been studied by Mondal et al.
[29]. Furthermore, the use of various base isolation
systems in protecting buildings against blast-induced
ground motions has been discussed by Mondal et al. [30].
The findings of the investigations reveal that base iso-
lation can be beneficial to control the vibration response
of buildings under blast-induced ground motions. The
performance of base isolation strategies for the vibration
response control of buildings under other nonseismic
hazards, such as train-induced vibrations, has also been
explored [31-33]. The available limited literature on the
implementation of base isolation for the vibration re-
sponse control of buildings under different types of ex-
citations indicate the potential benefit of the strategy in
mitigating the adverse effects of various types of hazards.
Notwithstanding the vibration protection potential of
base isolation systems, base-isolated buildings could be
influenced differently under distinct types of hazards.
Therefore, it is necessary to consider the multihazard
approach to satisfy safety and serviceability design re-
quirements for base-isolated buildings that are likely to
be subjected to different types of loading. However, there
are no studies which investigate the behavior of base-
isolated buildings subjected to both earthquakes and
blast-induced ground motions. In addition, the influence
of the key parameters of the base isolation systems on the
efficacy of the response mitigation under the multihazard
scenario of earthquake and BIGM has not been explored.

Therefore, it would be essential to investigate and unveil
the performance of buildings equipped with the laminated
rubber bearing (LRB), lead-rubber bearing (N-Z system),
pure friction (PF) system, friction pendulum system (FPS),
and resilient-friction base isolator (R-FBI) under the mul-
tihazard scenario of earthquake and blast-induced ground
motion. Consequently, the behavior of buildings equipped
with various base isolation systems is assessed under mul-
tihazard loading in this paper. The main objectives of this
study include the following: (a) to assess the performance of
base-isolated buildings under bidirectional near-fault (NF)
earthquake ground motions, far-fault (FF) earthquake
ground motions, and blast-induced ground motions
(BIGMs), (b) to evaluate the effect of the characteristic
parameters of the five base isolation systems, considered
herein, on the behavior of base-isolated buildings under
different hazards, and (c) to study the effect of the properties
of the superstructure on the multihazard response of base-
isolated buildings.

2. Modeling of a Base-Isolated Building under
Bidirectional Excitation

The schematic diagram and idealized model of the base-
isolated building considered in this investigation are
depicted in Figure 1. The three-dimensional model of the
base-isolated building portrayed in the figure shows the
orientation of the building, the location of the isolators,
the superstructure properties, and the base excitation.
The mathematical modeling of the base-isolated building
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under bidirectional base excitation is described as
follows.

2.1. Governing Equations of Motion. The governing equa-
tions of motion of the base-isolated building, subjected to
ground acceleration, are derived under the assumption that
the superstructure remains in the elastic range. Furthermore,
it is considered that the floors are infinitely rigid, the beams
and columns are axially inextensible, the building is sym-
metric in both X and Y directions, and the torsional response
of the building is neglected. Accordingly, two degrees of
freedom, lateral displacements in X and Y directions, at each
floor and base mass levels are considered in the formulation
of the equations of motion. The matrix form of the gov-
erning equations of motion of the base-isolated building
under bidirectional base excitation is given as

MX +C§+ﬁ+f:—ﬁfﬁg, (1)
where M, C, and K, respectively, are the mass, damping, and

stiffness matrices of the base-isolated building. These
structural property matrices are given as

rm, 0 0 0
_|o" M, 0" o0
M:
0 0 m 0
0" 0 o M,
[0 c,i” 0 0
0" ¢, 0" o
C= ,
0 0 0 ¢, (2)
0" 0 0 C,
0 kot 0 0
0" K, of o
K:
0 0 0k
0" 0 o K,
where M = diag[m;,m,,...,m;,...,my] is the super-

structure mass matrix of size N; N is the number of
stories ;m; is the mass of the j" floor; my, is the base mass;
C,, and K, respectively, are the damping and the
stiffness matrices of the superstructure in the X direction;
C,, and K, respectively, are the damping and the
stiffness matrices of the superstructure in the Y direction;
¢, and c;, are the damping constants of the first story of
the building in X and Y directions, respectively; k,, and
k,, are the stifinesses of the first story of the building in X
and Y directions, respectively; r’ = {1,0,0,...,0} is a row
vector of size N; 0 = {0,0,...,0} is a row Vector of size N;
and 0 is a null matrix of size N x N.
Furthermore, the vectors of displacements, velocities,
and accelerations of the base-isolated building, X, X, and X,

respectively, the vector of the restoring forces in the isolator,

f, the vector of ground accelerations, U 4> and the matrix of
influence coeflicients, ¥, are given as follows.

X = {xb, XZ, }’h> YZ}T>
_ T T
X= {xb’xs’yb’ } >
i {x Xs’yb’ T}T’
f= { Sox0:=f4,,0 }T7 (3)
U, = {0, (% + ), 5 (g + 50}
1 0 0 O
~|o" r 0" 0"
= ,
0 0 1 O
o' o' o' r

where x;, and y,, respectively, are the displacements of the base
mass relative to the ground in X and Y directions; x;, and y,,
respectively, are the velocities of the base mass relative to the
ground in X and Y directions; X, and y,, respectively, are the
accelerations of the base mass relative to the ground in X and Y
d1rect1ons, X, = {xpxy..oxy} and Y= {y, ...,
yurhs respectlvely, are the vectors of floor dlsplacements in X
and Y directions; X, and Y,, respectively, are the vectors of
floor velocities in X and Y directions; Xs and YS, respectively,
are the vectors of floor accelerations in X and Y directions; f,
and f,,, respectively, are the X and Y components of the force
acting on the base isolators; X, and y, are the ground ac-
celerations in X and Y directions, respectively; and
r={1,1,...,1}7 is a column vector of influence coefficients of
size N. The solution of the governing equations of motion is
obtained numerically using state-space formulation.

2.2. Mathematical Modeling of Base Isolators under Bidirec-
tional Excitation. In this study, the multihazard response of
multistory buildings isolated by elastomeric and sliding
bearings are studied. Two elastomeric bearings, the lami-
nated rubber bearing (LRB) and lead-rubber bearing (N-Z
system), are used; whereas, the three types of sliding bearings
investigated are the pure friction (PF) system, friction
pendulum system (FPS), and resilient-friction base isolator
(R-FBI). The mathematical modeling of the base isolation
bearings is realized by considering their characteristic pa-
rameters. The LRB is mathematically represented using the
isolation time period (T,) and the isolation damping ratio
(&), whereas the N-Z system is modeled using the isolation
time period (T),), the isolation damping ratio (£,), the yield
displacement (g), and normalized yield strength (F;). The
PF system is characterized using the friction coefficient (y,),
and the isolation time period (T',) and the friction coefficient
(4p,) are used to model the FPS. Furthermore, the isolation
time period (T,), the friction coefficient (4;,), and the
isolation damping ratio (&) are used to model the R-FBI.
The LRB is a linear isolation system, and the restoring forces
of the bearing in X and Y directions can be obtained as
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FIGURE 1: Base-isolated building subjected to bidirectional base excitation: (a) schematic diagram, (b) idealized model, and (c) blast-induced

ground motion (BIGM).

Sox = Xy + kyxy,

. (4)
Soy =y + kpyp

where ¢, = 2§, M,w, is the isolation damping coefficient;
k, = M, (27/T,)* is the isolation stiffness; w,, is the angular
frequency of the isolation system; and M, = m,, + Zﬁi  m; is
the total mass of the base-isolated building.

The N-Z system, PF system, FPS, and R-FBI are non-
linear isolators, and their force-deformation behaviors are
mathematically modeled with and without considering the
bidirectional interaction. The restoring forces in the isolation
system acting in X and Y directions, respectively, can be
obtained as

Sox = cpXp + akixy, + (1 - )F b, (5a)

fby = Cl’l)./b + (xkiyh + (1 - (X)Fyhy, (5b)

A~ sgn (&) |n " - 7lh

n
X

~Bsgn (x,)hy b " = hh,

where n=2 is a parameter used to characterize the
smoothness of the nonlinear force-deformation curve of the

where k; = F /q is the initial stiffness of the isolator and « =
ky/k; is the postyield to preyield stiffness ratio of the isolator.
Furthermore, the nondimensional hysteretic displacement
components, h, and h,, are evaluated using a set of non-
linear differential equations proposed by Wen [34, 35] and
Park et al. [36], respectively, for hysteretic behavior without
and with bidirectional interaction. Without accounting for
the bidirectional interaction, the values of , and h,, can be
obtained using the following equations:

ql:lx = Axh + ﬁ|‘x.:b|hx|hx|n_1 - T'x.:b|hxln’ (63)

ah, = Ay + Bl [ = )| (6b)

On the contrary, considering the bidirectional interac-

tion, h, and h, can be evaluated based on the following
equation:

—[35gn ()}b)hx'hyril - Thxhy

A — PBsgn (j/b)hy'hyril - T|]’1y

Xp

. (7)
Vb

isolation system, and sgn() represents the signum function.
The values of the dimensionless parameters A, 5, and 7,
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TaBLE 1: Properties of the superstructure and isolation systems of base-isolated buildings.

Component of base-isolated buildings Parameter Unit  Values/range of the parameter used in the study
Mass of each floor, m; kg 1,427,100
Base mass, m,, kg 1,427,100
Superstructure Damping ratio, & — 0.02-0.08
Fundamental time period, T* s 0.1, 0.2, 0.4, 0.6, and 0.8
Height of each story, H m 3.5
Isolation time period, T/, s 2.5
Isolation damping ratio, ¢, — 0.05-0.15
N-Z system Normalized yiefd sgtrength, %o — 0.025-0.2
Yield displacement, g cm 2.5
LRB Isolation time period, T, s 2,25,3,and 3.5
Isolation damping ratio, &, — 0.025-0.25
PF system Friction coeflicient, y, — 0.025-0.2
Base isolation system Yield displacement, g cm 0.025
Isolation time period, T/, s 2, 2.5, 3, and 3.5
FPS Friction coefficient, y, — 0.025-0.25
Yield displacement, g cm 0.025
Isolation time period, T, s 2.5
R-FBI Isolation damping ratio, &, — 0.05-0.15
Friction coeflicient, y, — 0.025-0.2
Yield displacement, g cm 0.025

“The values are given for the fixed-base models of 1, 2, 4, 6, and 8 story buildings, respectively.

respectively, are given as 1, 0.5, and 0.5 for the N-Z system
[37]; whereas, the values of A, f3, and 7, respectively, are given
as 1, 0.1, and 0.9 for the PF system, FPS, and R-FBI [38].
Also, the value of the yield displacement, g, is taken as 2.5 cm
for the N-Z system [39], whereas g=0.25mm is used for
sliding isolation systems. Additionally, the damping ratio of
the PF system, the postyield stiffness of the PF system, and
the damping ratio of the FPS are taken as 0. The yield
strength of the N-Z system is evaluated as F, = F,W, where
F, and W,, respectively, are the normalized yield strength of
the isolation bearing and the total weight of the base-isolated
building. The yield strength of the PF system, FPS, and R-FBI
is evaluated as F, = 4, W,, where y, is the friction coefficient
of the isolation system.

3. Numerical Study

Base-isolated buildings are studied under bidirectional
multihazard excitations. The buildings are isolated using five
types of base isolation systems, and the behavior of the
isolated buildings is assessed under near-fault (NF) earth-
quakes, far-fault (FF) earthquakes, and blast-induced
ground motion (BIGM). The schematic diagram and the
idealized model of the base-isolated building studied in this
paper are portrayed in Figures 1(a) and 1(b). The masses of
all the floors of the building and the base mass are considered
to be equal (m; = m;, = m). Also, the lateral stiffnesses of all
stories are equal for both X and Y directions. The Rayleigh
method is used to construct the damping matrix of the
superstructure where the damping ratio of the superstruc-
ture (&) is considered to be 5%. Five building models having
different number of stories are studied. The different values
of the number of stories of the five buildings are 1, 2, 4, 6, and
8; whereas the fundamental time period (T) values for fixed-
base buildings are 0.1s, 0.2s, 0.4s, 0.6s, and 0.8s,

respectively. Furthermore, the story height (H) of 3.5m is
considered for all the buildings. A summary of the properties
of the superstructure and five base isolation systems used in
this study is presented in Table 1.

In numerical investigations, the performances of the
buildings equipped with five base isolation systems are
assessed by studying different response quantities under NF
earthquakes, FF earthquakes, and BIGMs. The response
quantities, in X and Y directions, that are evaluated and
studied include the absolute top floor accelerations (X and
N respectively); top floor displacements (x5 and yy, re-
spectively), relative to the ground; isolator displacements (x;
and y,, respectively), relative to the ground; normalized base
shears (V7 and V'), respectively); total superstructure drift
ratio (Af, and A}, respectively); and maximum interstory
drift ratio (Max (A*) and Max(AJy- ), respectively). The total
superstructure drift ratio is obtained as the ratio of the total
drift of the superstructure to the total height of the super-
structure. Furthermore, the maximum interstory drift ratio
is obtained as the maximum of the peak values of the
interstory drift ratios of all the stories of the building. In
addition, resultant top floor acceleration (o), resultant top
floor displacement (o), resultant isolator displacement
(03,), resultant normalized base shear (V7), resultant total
superstructure drift ratio (Ay,,), and resultant maximum
interstory drift ratio (MaX(A;'-)) are also studied.

3.1. Bidirectional Multihazard Condition Considered in the
Study. The current study focuses on the investigation of the
multihazard behavior of base-isolated buildings under bi-
directional base excitations of different types. The near-fault
(NF) earthquake ground motions, far-fault (FF) earthquake
ground motions, and blast-induced ground motions
(BIGMs) are imparted on buildings isolated using various
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TaBLE 2: Details of the six bidirectional earthquake ground motions used in the study.
Sl no.  Earthquake event  Date of event Ry, (km) Record (NF/FF) Notation =~ Component  Direction PGA (g)
1 Imperial Valley ~ Oct 15, 1979 3.95 Array #5 (NF) V1979 1;1::1112 EI;)) }; gé;
2 Loma Prieta Oct 18, 1989 3.88 LGPC (NF) LP1989 I;;’rrﬁj 8:1)) }; (())Z
3 Northridge Jan 17, 1994 5.30 Sylmar (NF) NR1994 I;:gﬁi} 8;1)) )é 823
4 Imperial Valley ~ Oct 15, 1979 22.03 Delta (FF) IV1979F I;Izrrﬁj 85)) )é gég
5 Loma Prieta Oct 18, 1989 24.82 HDA (FF) LP1989F I;T:rrﬁj EI;I)) )é g;g
6 Northridge Jan 17, 1994 23.41 Century City (FF)  NR1994F 1;1::33 EI;)) ); g:;g

base isolation systems. Six recorded bidirectional earthquake
ground motion records are used in this investigation. Three
of the six earthquake ground motion records (a) the 1979
Imperial Valley with the closest distance to rupture plane,
Riyp» of 3.95km (IV1979); (b) the 1989 Loma Prieta, Ry =
3.88km (LP1989); and (c¢) the 1994 Northridge,
R, =5.3km (NR1994) are near-fault earthquake ground
motions. The remaining three earthquake ground motion

records (a) the 1979 Imperial Valley, R, =22.03km
(IV1979F); (b) the 1989 Loma Prieta, Ry =24.82km
(LP1989F); and (c) the 1994 Northridge, R, = 23.41km

(NR1994F) are far-fault earthquake ground motions. Table 2
provides the date of the event, the recording station, the
closest distance to rupture plane, the peak ground accel-
eration (PGA) in gravitation acceleration (g) unit, and other
relevant details of the earthquake ground motion data. In the
table, the two components of each of the six earthquake
events are presented, which are applied as base excitations in
the X direction (5c'g) and Y direction (y,) simultaneously.

The extent of ground vibration due to blast is influenced
by various parameters, such as the type of the explosive, the
weight of the explosive, the type of the ground medium, and
the distance to the charge. In this study, the blast-induced
ground motion is represented mathematically using the
function proposed by Carvalho and Battista [40]. The ex-
ponentially decaying BIGM acceleration, Ug (t), that is
imparted on the base-isolated buildings with an angle of
attack (0) measured from the X-axis (Figure 1(c)) can be

evaluated as
$ L\=
U, () = *(td)uge (1), )

where { is the time instant; t; = R/C,, is the arrival time; R is
the distance to the charge; L'tg =0.3607 (Q/V)
02872 (R/QU/) 1373 s the peak particle velocity (PPV) [41];
C, = \Elp is the velocity of wave propagation through the
soil medium; E and p, respectively, are Young’s modulus and
the average density of the soil medium; V is the charge
chamber volume in m?; and Q is the weight of the equivalent
trinitrotoluene (TNT) charge in kg.

The values of C , R, and V used in this study are 5280 m/s,
50m, and 1000m’, respectively, whereas the TNT charge

weight (Q) values of 50t, 75t, and 100t are considered to
evaluate BIGM acceleration. Additionally, the obtained
BIGM acceleration is applied to the base-isolated buildings
with angle of attack (6) values of 0°, 15°, 30°, and 45°. For
BIGM acceleration acting with an angle of attack 6 from the
X-axis, the X component of BIGM can be obtained as
Xy = ljg cos (6), whereas the Y component can be computed
as j/'g =U, sin(6). The time histories of the near-fault
earthquakes, far-fault earthquakes, and BIGMs used in the
study are presented in Figure 2, whereas the Fourier spectra of
the three types of excitations are given in Figure 3.

3.2. Effect of Bidirectional Interaction. The two components
of the considered earthquake ground motions and BIGMs
are applied to the building as base excitations acting in X and
Y directions simultaneously. The resultant response quantity
can then be evaluated as y, = \/y% + y2, where y, is the
resultant value of any response quantity, y is the value of
the response quantity in the X direction, and vy is the value
of the response quantity in the Y direction.

For the linear base isolation system, laminated rubber
bearing (LRB), the response of the building under bidi-
rectional excitations can be obtained by evaluating the re-
sponse of the building under the two components of the
excitations applied in X and Y directions without special
consideration of the bidirectional interaction at the isolation
level. However, this approach may lead to incorrect results
for the buildings isolated by nonlinear base isolation sys-
tems. When buildings isolated by nonlinear base isolators
are subjected to bidirectional excitations, the force that is
acting on the base isolators is derived from the excitations
acting in both X and Y directions. Therefore, when the
resultant force in the isolator equals the yield force, the
postyield behavior of the isolation system is activated.

The X and Y components of the yield strength of the isolator
are influenced by relative magnitudes of the isolator forces in X
and Y directions. The relationship between the normalized yield
strength (F), the normalized yield strength in the X direction
(F), and the normalized yield strength in the Y direction (F}))
is given as (Fy)* = (FX)* + (FY)*. The graphical representa-
tion of relationship between Fy, F¥, and F is depicted in
Figure 4, as a function of the angle (direction) of the resultant
isolator force measured from the X-axis (¢).
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X direction

Fourier amplitude (g)

Frequency (Hz)

— 1IV1979 (NF) --
--- LP1989 (NF)

NR199%4 (NF)

Fourier amplitude (g)

A MYt o,

25

Frequency (Hz)

— IV1979F (FF) ~ - NRI994F (FF)

- -~ LPI1989F (FF)
0.04 " T " T " T " T " -
c
L
o
2
g 0.02
«
3
—
3
o
29 = .
0.00 ) | ) | ) | ) | . B
0 50 100 150 200 250
Frequency (Hz)

— BIGM: Q=75t, 0 =30°
BIGM: Q = 75t, § = 45°

Shock and Vibration

Y direction
T T T T T T T
& 0.050
L
o
2
=
E 0.025
ko)
5
o
=9
0.000 "
Frequency (Hz)
—— 1V1979 (NF) ---- NR1994 (NF)
- -- LP1989 (NF)
0010 o i
29
L
kS|
2
g 0.005 -
«
ko)
=t
j=3
o Nl gl kAL
= 0.000 ot - "
15 20 25
Frequency (Hz)
— IV1979F (FF) - - NR1994F (FF)
——— LP1989F (FF)
004fF ~ v -~ T T T T T T 73
3
L
kS|
E N
g 002 4
«
ko)
=t
j=3
o
29 - -
0.00 ) | ) | ) | ] | ) 3
0 50 100 150 200 250
Frequency (Hz)

—— BIGM: Q=75t, 6 =30°
BIGM: Q = 75t, § = 45°

FIGURE 3: Fourier spectra of NF earthquakes, FF earthquakes, and BIGMs used in the study.

If the response of the building is evaluated inde-
pendently for excitations acting in X and Y directions, it
results in neglecting the effect of the bidirectional in-
teraction. For example, the response of a four-story
building with a fixed-base fundamental time period (T') of
0.4s and a superstructure damping ratio (£;) of 0.05
isolated by the FPS is presented in Figures 5 and 6. In
Figure 5, the time histories of the top floor acceleration of
the four-story building isolated by the FPS (T}, =2.5s and
U, =0.1) with and without the consideration of bidirec-
tional interaction are presented. Furthermore, the force-
deformation plots of the FPS, with and without the
consideration of bidirectional interaction under (a)
LP1989, (b) LP1989F, and (c) BIGM, Q=75t and 6=30°,
are shown in Figure 6. The time history plots and the
force-deformation behavior depicted in Figures 5 and 6

show that the response obtained with and without the
consideration of the bidirectional interaction are sig-
nificantly different.

Therefore, a detailed comparative study is conducted for
determining the degree to which the values of the different
response quantities of base-isolated buildings are influenced due
to the bidirectional interaction. The response quantities of the
buildings isolated by the N-Z system, PF system, FPS, and R-FBI
are studied under various bidirectional base excitations with and
without the consideration of the bidirectional interaction. The
percentage variation between the response quantities of the
building with and without the consideration of the bidirectional
interaction is evaluated as

AV, — (WInt B l//Nolnt) % 100, (9)

YNolnt
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F1GURE 4: The relationship between the normalized yield strength of the isolator (F,) and its components in X and Y directions (Fy and F?,
respectively) for different directions (angle, ¢, measured from the X-axis) of the resultant isolator force.

where Ay is the percentage difference in a response quantity;
Wnoint 18 the peak value of the resultant response quantity
when the bidirectional interaction is not considered; and vy,
is the peak value of the resultant response quantity when the
bidirectional interaction is considered.

The values of Ay corresponding to the resultant top floor
acceleration, resultant isolator displacement, and resultant base
shear of the four-story building equipped with four nonlinear
isolators under NF earthquakes, FF earthquakes, and BIGM:s are
presented in Figure 7. It is shown in the figure that, for all cases,
the resultant top floor acceleration and the resultant base shear
are overestimated if the bidirectional interaction is neglected.
On the contrary, the neglection of the bidirectional interaction is
observed to result in the underestimation of the resultant
isolator displacement response. The underestimation and
overestimation of the response quantities arise because of the
modeling approach that neglects the bidirectional interaction.
When the bidirectional interaction is neglected, the isolation
system is modeled in a way such that the postyield behavior is
exhibited at a larger value of the normalized resultant isolator
force than that of the case where the bidirectional interaction is
considered. This results in the modeling of the isolation system
with increased initial stiffness and reduced flexibility under
bidirectional excitations. Consequently, a smaller value of re-
sultant isolator displacement and larger values of resultant top
floor acceleration and resultant base shear are obtained for the
case where the bidirectional interaction is not considered.

The extent of the overestimation and underestimation of
the response quantities varies depending on the excitation
and the isolation system. For NF earthquake ground mo-
tions, the neglection of the bidirectional interaction results
in the overestimation of the resultant top floor acceleration

and the resultant base shear by up to 44.5% and 31.9%,
respectively. On the contrary, the resultant isolator dis-
placement is underestimated by up to 32%. For FF earth-
quakes, the neglection of the bidirectional interaction
resulted in the overestimation of the resultant top floor
acceleration and the resultant base shear by up to 31.6% and
33.5%, respectively. Also, the resultant isolator displacement
is underestimated by up to 81.2%. The resultant top floor
acceleration and the resultant base shear are overestimated
by up to 29.3% due to the neglection of the bidirectional
interaction for the base-isolated buildings exposed to
BIGMs. Furthermore, the resultant isolator displacement is
underestimated by up to 27.6%. Consequently, it can be
concluded that, when the bidirectional interaction is
neglected, the resultant top floor acceleration and resultant
base shear are overestimated, and the resultant isolator
displacement is underestimated considerably under all three
types of excitations. This influences the multihazard re-
sponse of the base-isolated buildings significantly. Therefore,
the bidirectional interaction should be considered to capture
the behavior of base-isolated buildings under bidirectional
NF earthquakes, FF earthquakes, and BIGMs with adequate
accuracy.

3.3. Multihazard Response of Base-Isolated Buildings under
Bidirectional Excitations. Four-story base-isolated buildings
are studied under NF earthquakes, FF earthquakes, and
BIGMs to understand the effect of the various base isolation
systems on the behavior of the buildings under multihazard
loading. The base-isolated buildings are subjected to bidi-
rectional excitations, and their response quantities in X and



—
(=)

'S
Ll

Ll M Ll
T=0.4s,£=0.05 ]

(=]

|
S

" LP1989

Top floor acceleration in
the X direction, Xy (m/s?)

Time (s)
Peak values:
— 361 —— With bidirectional interaction

------ Without bidirectional interaction

'S
Ll
1

(=}
T

|
i

-LP19$9F 1 " 1 " 1 " 1
0 5 10 15 20
Time (s)

Top floor acceleration in
the X direction, ¥y (m/s?)

Peak values:
—— 3.43 —— With bidirectional interaction

------ Without bidirectional interaction

'S

|
NS
T

[BIGM, Q = 75t, 6= 30°

1 R 1 R 1
0 1 2 3 4
Time (s)

Top floor acceleration in
the X direction, Xy (m/s?)
o

Peak values:
— 3.64 —— With bidirectional interaction

------ Without bidirectional interaction

Shock and Vibration

o~

|
ES

Top floor acceleration in
the Y direction, jiy (m/s?)
S

0 5 10 15 20
Time (s)

Peak values:

— 4.87 —— With bidirectional interaction

------ 5.51 «----« Without bidirectional interaction

-~

|
i

Top floor acceleration in
the Y direction, jy (m/s?)
o

1 1 " 1 " 1
0 5 10 15 20
Time (s)
Peak values:
—— 4.05 —— With bidirectional interaction
------ 5.21 ------ Without bidirectional interaction
(=N
£
§E 4r
22 E
g 2
88 o
sE 0
= O 5
Q =
S8 2t -
o> o 1 1 1 1
o L 4
) 1 2 3 4
Time (s)
Peak values:
— 2.10 —— With bidirectional interaction
------ 3.85 ------ Without bidirectional interaction

FiGure 5: Top floor acceleration response history of a four-story base-isolated building with and without the consideration of bidirectional

interaction.

Y directions and the resultant response quantities are in-
vestigated considering the bidirectional interaction.

3.3.1. Response of the Building Isolated by the N-Z System.
The trends of the peak values of the X component, Y
component, and resultant response quantities (top floor
acceleration and isolator displacement) of a four-story
building equipped with the N-Z system are presented in
Figure 8. The fixed-base fundamental time period (T) of the
four-story building used in this investigation is 0.4 s, whereas
a superstructure damping ratio (&;) of 0.05 is considered.
The isolation time period (T),) of 2.5s, yield displacement
(q) of 2.5 cm, and isolation damping ratio (§,) of 0.075 are
used. Moreover, the normalized yield strength (F,) of the
N-Z system varied from 0.025 to 0.2.

The results presented in Figure 8 depict the influence of
the normalized yield strength (F,) of the N-Z system on the
response quantities of the base-isolated building under NF
earthquakes, FF earthquakes, and BIGMs. For NF earth-
quakes and FF earthquakes, the average trends of the

absolute top floor acceleration and the isolator displacement
are also presented in the figure. The values of the response
quantities for the fixed-base building are also presented for
comparison. For all three types of excitations, the absolute
top floor acceleration response of the building in X, Y, and
resultant directions show a considerable reduction as
compared to the fixed-base response (FBR). This reduction
highlights the benefit of base isolation in suppressing the
undesirable effect of NF earthquakes, FF earthquakes, and
BIGMs.

The bidirectional response of the base-isolated
building under BIGMs with different values of equivalent
TNT charge weight (Q) and the angle of attack (6) is also
presented. The influence of Q on the response quantities
is observed from the results obtained for BIGMs with a
30° angle of attack and equivalent TNT charge weight (Q)
values of 50t, 75t, and 100t. As expected, the response
quantities are observed to be more for the higher value of
TNT charge weight. In addition, the influence of the angle
of attack is studied by taking BIGMs with 75t equivalent
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FIGURE 6: Force-deformation curve of the FPS system with and without the consideration of bidirectional interaction.

TNT charge weight and angle of attack () values of 0°, 15°,
30°, and 45°. As the angle of attack increases, the response
in the Y direction is observed to be increasing and the
same in the X direction is observed to be decreasing. This
is primarily because the building is symmetrical about X
and Y axes, and the component of BIGM along the Y
direction increases with an increasing angle of attack. The
results presented in Figure 8 show that the top floor
acceleration and isolator displacement response

quantities show a similar trend for different values of
equivalent the TNT charge weight and angle of attack.
Also, for the four-story building with similar properties
in the X and Y directions, the resultant value of the re-
sponse quantities under BIGMs having different values of
the angle of attack are found to be the same. In addition,
an increase in the normalized yield strength results in a
decreasing trend of the resultant isolator displacement
for the base-isolated buildings under all three types of
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Figure 7: The effect of bidirectional interaction on the top floor acceleration, isolator displacement, and base shear response under

earthquake and blast-induced ground motions.

excitations. On the contrary, the resultant top floor ac-
celeration increases with the normalized yield strength
for the base-isolated buildings under FF earthquake and
BIGM. Furthermore, NF earthquakes result in an initial
reduction of the resultant top floor acceleration, up to a
certain value of the normalized yield strength of the
isolator, and further increment of the normalized yield
strength results in an increasing trend of the top floor
acceleration.

To investigate the behavior of the base-isolated buildings
further, under the multihazard scenario of earthquake and
BIGM, the top floor acceleration, top floor displacement,
isolator displacement, normalized base shear, total super-
structure drift ratio, and maximum interstory drift ratio are
evaluated under bidirectional NF earthquakes, FF earth-
quakes, and BIGMs. The X, Y, and resultant components of
the response quantities are assessed for the buildings
equipped with the N-Z system, LRB, PF system, FPS, and
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FIGURE 8: The response of a four-story building isolated by the N-Z system under NF earthquakes, FF earthquakes, and BIGMs.

R-FBI under multiple hazards. The average values of the
response quantities obtained under IV1979, LP1989, and
NR1994 earthquake ground motions are taken to obtain
representative trends for the NF earthquake case. Similarly,
the average values of the response quantities obtained under
IV1979F, LP1989F, and NR1994F earthquake ground mo-
tions are taken to obtain representative trends for the FF
earthquake case. The average response trends are obtained
for the buildings isolated by the five base isolation systems
under NF and FF earthquakes, which are then compared
with the response trends obtained for the base-isolated
buildings subjected to BIGM.

The comparison of the performance of the N-Z system
(I'y=2.5s and g=2.5cm) under NF earthquake, FF earth-
quake, and BIGM is depicted in Figure 9 for the four-story
building (T=0.4s and &, =0.05). The effect of the normalized
yield strength (F) of the N-Z system on the resultant top floor
acceleration (G, ), resultant top floor displacement (oy), re-
sultant isolator displacement (0;,), resultant normalized base
shear (V7), resultant total superstructure drift ratio (A7, ), and
resultant maximum interstory drift ratio (Max(A‘]?)) is pre-
sented. The trends of the six response quantities obtained for the
N-Z system with different isolation damping ratio (£,) values
are similar. For all three types of excitations, the resultant top
floor displacement and resultant isolator displacement are
observed to show reduction as the value of the normalized yield
strength of the N-Z system (F)) increases. On the contrary, the
influence of the normalized yield strength on the resultant top
floor acceleration, resultant normalized base shear, resultant
total superstructure drift ratio, and resultant maximum inter-
story drift ratio is found to be different under NF earthquakes,
FF earthquakes, and BIGMs. For the base-isolated building
under NF earthquakes, an increase in the normalized yield
strength of the N-Z system results in an initial reduction of the
four response quantities. However, an increase in F,, beyond the

value of about 0.13 results in an upsurge of the values of the
resultant top floor acceleration, resultant normalized base shear,
resultant total superstructure drift ratio, and resultant maxi-
mum interstory drift ratio. For the base-isolated building
subjected to FF earthquake ground motions, an increase in the
F, typically results in an increment of ¢y, V%, A7, and
Max (A7), except for a relatively flat trend for small values of F,
(up to 0.065) with isolation damping ratio, &, of 0.05 and 0.075.
Furthermore, BIGM results in consistent increasing trends of

on> VI, Ay and Max(A‘]?) for an increase in F,,.

3.3.2. Response of the Building Isolated by LRB. The behavior
of the building isolated by LRB under the three types of
excitations is assessed considering different values of the
isolation time period (T,) and isolation damping ratio (&,).
The isolation damping ratio varied from 0.025 to 0.25,
whereas four different values of the isolation time period (2's,
2.5s, 3s, and 3.5s) are considered. The influence of the
isolation damping ratio on the response quantities of the
four-story base-isolated building for the three types of ex-
citations is depicted in Figure 10. The trends of the resultant
top floor acceleration, resultant top floor displacement,
resultant isolator displacement, resultant normalized base
shear, resultant total superstructure drift ratio, and resultant
maximum interstory drift ratio observed under earthquake
excitation, for an increase in the isolation damping ratio, are
similar. The values of the six response quantities reduce with
an increase in the isolation damping ratio both under NF
and FF earthquakes. For the building subjected to BIGM, the
resultant normalized base shear, resultant total super-
structure drift ratio, and resultant maximum interstory drift
ratio show a relatively flat trend with an increase in the
isolation damping ratio. On the contrary, an increase in the
isolation damping ratio results in the reduction of the
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FIGURE 9: The effect of the normalized yield strength (F) and the isolation damping ratio (£,) on the response of a four-story building

isolated by the N-Z system under earthquake and BIGM.

resultant top floor displacement and resultant isolator dis-
placement, whereas the resultant top floor acceleration in-
creases with an increase in the isolation damping ratio.

3.3.3. Response of the Building Isolated by the PF System.
The performance of the PF system under NF earthquake,
FF earthquake, and BIGM is evaluated by varying the
friction coefficient of the isolation system (y;) from 0.025
to 0.25. The influence of the friction coefficient of the
isolation system on the response quantities of the four-
story base-isolated building under the three types of
excitations is presented in Figure 11. The results plotted

in the figure show that the trends of the six response
quantities are similar for NF earthquakes, FF earth-
quakes, and BIGMs. For all the three types of excitations,
the top floor displacement and isolator displacement
show a decreasing trend for an increase in the friction
coeflicient. Moreover, as the friction coefficient of the PF
system increases, the top floor acceleration, base shear,
total superstructure drift ratio, and maximum interstory
drift ratio increase. Also, the comparison of the residual
resultant isolator displacements of the building equipped
with the PF system to that of the other isolation systems is
presented in Table 3. Because the pure friction system
lacks restoring capacity, the building isolated by the PF
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F1GURE 10: The effect of the isolation damping ratio (£,) and the isolation time period (T',) on the response of a four-story building isolated

by LRB under earthquake and BIGM.

system is observed to be prone to large residual dis-
placements under the three types of excitations.

3.3.4. Response of the Building Isolated by the FPS. The
behavior of the four-story building isolated by the FPS
under the independent multihazard scenario of earth-
quake and BIGM is presented in Figure 12. The isolation
time period (T},) values of 2s, 2.5s, 3s, and 3.5s are
considered for the FPS, whereas the coefficient of friction
of the isolation system () is varied from 0.025 to 0.25.
For small values of the friction coefficient of the FPS (i.e.,
approximately up to u,=0.075), the resultant top floor
acceleration shows small reduction for an increase in g,
under NF earthquakes, whereas the resultant top floor
acceleration exhibits an increasing trend for an increase

in the friction coefficient of the FPS beyond 0.075. Under
FF earthquake and BIGM, the resultant top floor accel-
eration shows a steady increase with an increase in y;,. An
increase in the friction coeflicient of the FPS affects the
resultant top floor displacement and resultant isolator
displacement similarly. Both the response quantities
reduce with an increase in the friction coefficient under
NF earthquake, FF earthquake, and BIGM. Under NF
earthquake, the resultant normalized base shear, resul-
tant total superstructure drift ratio, and resultant max-
imum interstory drift ratio initially reduce with an
increase in the friction coefficient of the isolator, and after
a certain value of y, the three response quantities start to
show an increasing trend. For FF earthquake, the three
response quantities show a small reduction for small
values of the friction coefficient of the FPS (4, <0.05). For
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FIGURE 11: The response of a four-story building T=0.4 s; £ =0.05 isolated by the PF system under NF earthquake, FF earthquake, and

BIGM.

friction coeflicient values beyond 0.05, the trends are
reversed, and the three response quantities increase with
an increase in y;,. Moreover, an increase in y, results in a
consistent increment of the resultant normalized base
shear, resultant total superstructure drift ratio, and
resultant maximum interstory drift ratio of the
base-isolated building under BIGM.

3.3.5. Response of the Building Isolated by the R-FBI. The
performance of the four-story building equipped with the R-FBI
under NF earthquake, FF earthquake, and BIGM is portrayed in
Figure 13. The isolation time period (T},) of the R-FBI is taken
as 2.5s; the isolation damping ratio (&,) values of 0.05, 0.075,
0.1, 0.125, and 0.15 are considered; and the coefficient of friction
of the isolation system (y,) is varied from 0.025 to 0.2. The
overall behavior of the building isolated by the R-FBI is similar
to that of the building equipped with the FPS, except for a small
difference in the trends of the resultant normalized base shear,
resultant total superstructure drift ratio, and resultant

maximum interstory drift ratio under FF earthquakes. For the
building equipped with the R-FBI subjected to FF earthquakes,
an increase in the friction coefficient of the isolation system
results in a consistent increment of the resultant normalized
base shear, resultant total superstructure drift ratio, and re-
sultant maximum interstory drift ratio.

For the building subjected to NF earthquakes, the top
floor displacement, isolator displacement, normalized
base shear, total superstructure drift ratio, and maximum
interstory drift ratio are influenced significantly by the
damping ratio of the R-FBI. For small values of the
friction coeflicient of the isolator, a larger isolation
damping ratio results in smaller values of the five re-
sponse quantities. However, as the friction coefficient of
the R-FBI increases, the influence of the damping ratio of
the isolation system diminishes. Moreover, the effect of
the damping ratio of the R-FBI on the top floor accel-
eration is less under NF earthquakes, irrespective of the
value of the friction coefficient. Under FF earthquakes,
the top floor acceleration, normalized base shear, total
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TaBLE 3: Residual resultant isolator displacements of four-story base-isolated buildings under NF earthquakes, FF earthquakes, and BIGMs.

Residual resultant isolator displacement for buildings (T,;=0.4s, & =0.05)
equipped with different isolation systems (cm)

Excitation
LRB (T, =2s and N-Z (T, =2s, F;=0.05, PF FPS (T, =2sand R-FBI (T}, =2s, y, =0.05,
& =0.1) and &,=0.1) (4 =0.05) 1y =0.05) and & =0.1)
NE 1V1979 1.24 0.61 102.50 0.41 0.56
carthquake LP1989 1.21 0.91 41.74 0.24 0.23
! NR1994 0.48 0.19 16.98 0.38 0.13
FF IV1979F 0.62 0.12 11.63 0.62 0.60
carthquake LP1989F 2.82 0.59 33.89 0.07 0.10
! NR199%4F 0.66 0.51 5.19 0.55 0.53
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F1GURE 12: The effect of the friction coefficient of the isolator (y;,) and the isolation time period (T',) on the response of a four-story building
isolated by the FPS under earthquake and BIGM.
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F1GURE 13: The effect of the friction coefficient of the isolator (y;,) and the isolation damping ratio (§,) on the response of a four-story

building isolated by the R-FBI system under earthquake and BIGM.

superstructure drift ratio, and maximum interstory drift
ratio are not influenced significantly by the damping ratio
of the R-FBI. Similarly, the influence of the isolation
damping on the normalized base shear and the maximum
interstory drift ratio is small for the base-isolated
building under BIGM. For the base-isolated building with
small values of the friction coeflicient of the R-FBI that is
subjected to FF earthquakes and BIGMs, the top floor
displacement and isolator displacement reduce as the
damping ratio of the isolation system increase. On the
contrary, the top floor acceleration and total super-
structure drift ratio increase as the damping ratio in-
creases for the base-isolated building under BIGM.

3.4. Influence of Superstructure Characteristics on Perfor-
mance under Multihazard Scenario. The behavior of base-
isolated buildings can be influenced by the characteristics of

the superstructure, such as the flexibility and damping of the
superstructure. Therefore, the effect of the characteristics of
the superstructure on the response of base-isolated buildings
is assessed under NF earthquake, FF earthquake, and BIGM
considering the bidirectional interaction. The influence of
the flexibility of the superstructure is studied by quantifying
the different response quantities of base-isolated buildings
with different number of stories (N), i.e., 1, 2, 4, 6, and 8
stories. The values of the fundamental time period (T) for the
fixed-base models of the buildings with 1, 2, 4, 6, and 8
stories, respectively, are considered as 0.1's,0.2s, 0.4, 0.6 s,
and 0.8's, whereas the superstructure damping ratio for all
the building models is considered to be 0.05. Five types of
base isolation systems, the LRB (T}, =2.5s), N-Z system
(T,=2.5s, £,=0.05, and g=2.5cm), PF, FPS (T, =2.55s),
and R-FBI (T}, =2.5s and £, =0.05), are used to isolate the
buildings having different number of stories. The effect of
the number of stories on the trends of the resultant top floor



Shock and Vibration

20
10 PR ~ 7 10FNZg=25cm
G {T,=25s Ty =2.558,= 005,
E SM * Py
:L-;Z
o LNFearthquake | oL , ., .,
100 FNF o™ 100 100 — e T 00 T

0, (cm)

Oy (m/s?)

a;, (cm)

| BI

45 FBIGM, Q = 75t
E 30 |
5
15k . . 4 15 . . . , 0k . . . I N . . 4 15 . . . h
0.05 0.10 0.15 0.20 0.05 0.10 0.15 0.20 0.05 0.10 0.15 0.20 0.05 0.10 0.15 0.20 0.05 0.10 0.15 0.20
&, F, Uy Wy I
—— N=1 —— N=6
—o— N=2 —%— N=8
—o— N=4

FIGURE 14: The effect of the number of stories on the top floor acceleration and isolator displacement of base-isolated buildings under NF

earthquake, FF earthquake, and BIGM.

acceleration and resultant isolator displacement of the base-
isolated buildings under NF earthquake, FF earthquake, and
BIGM is presented in Figure 14. Under the three types of
excitations, the trends of the resultant isolator displacements
of the buildings equipped with five base isolators are ob-
served to be identical for buildings having different number
of stories. Additionally, similar trends of the resultant top
floor acceleration are exhibited by base-isolated buildings
having different number of stories. Though, the number of
stories of the base-isolated buildings significantly influ-
ences the value of the top floor acceleration of the building
under NF earthquake, FF earthquake, and BIGM. For all
base-isolated buildings under all three types of excitations,
the top floor acceleration increases with an increase in the
number of stories. Moreover, the influence of the number
of stories on the top floor acceleration is found to be
prominent for larger values of the damping ratio of LRB,
larger values of the normalized yield strength of the N-Z
system, and larger values of the friction coeflicients of the
PF system, FPS, and R-FBI. On the contrary, it is observed
that the number of stories of the building typically has less

influence on the values of the isolator displacements of the
buildings isolated by the LRB, N-Z system, PF system, FPS,
and R-FBI under three types of excitations.

The influence of the relative flexibility of the super-
structure in X and Y directions is also studied. The ratio of
the lateral stiffness of the columns of each story of the
building in the Y direction to that of the X direction
(kjylk;x) values of 1, 1.2, 1.4, 1.6, and 1.8 is considered. A
four-story base-isolated building with a fixed-base funda-
mental time period of 0.4, in the X direction, is studied by
using the different values of k; y /k ; ., under the multihazard
scenario of earthquakes (NF earthquake and FF earthquake)
and BIGMs. The trends of the resultant top floor acceleration
and resultant isolator displacement of four-story base-iso-
lated buildings with different values of k; y /k;  are depicted
in Figure 15. The figure shows that the values of the resultant
isolator displacements are not influenced significantly by
k;y/k;x for the buildings isolated by the LRB, N-Z system,
PF system, FPS, and R-FBI under three types of excitations.
Also, a larger value of k;y/k; x is observed to result in a
reduced value of resultant top floor acceleration, especially
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Fieure 15: The effect of k;y/k; x on the response of four-story base-isolated buildings under NF earthquake, FF earthquake, and BIGM.

for the buildings subjected to BIGM. However, the trends of
the resultant top floor acceleration and the resultant isolator
displacement obtained for different values of k;  /k; y are the
same. Therefore, it can be concluded that the relative flex-
ibility of the superstructure in X and Y directions does not
influence the behavior of the symmetrical building under NF
earthquakes, FF earthquakes, and BIGMs.

The effect of the damping of the superstructure is
evaluated by investigating the response of the four-story
base-isolated building considering &; values of 2%, 3.5%,
5%, 6.5%, and 8%. It may be worth mentioning that small
structural damping ratio (i.e., 2% or 3.5%) may not be
feasible for fixed-base multistory buildings when nonlinear
deformation is considered. However, for base-isolated
buildings, small values of superstructure damping can
reasonably be considered because the superstructure is

prominently expected to behave elastically. The resultant
top floor acceleration and resultant isolator displacement
of the building isolated by the LRB, N-Z system, PF system,
FPS, and R-FBI, under NF earthquake, FF earthquake, and
BIGM, are obtained, and the trends are plotted in Figure 16.
It is observed that superstructure damping does not affect
the trends of the resultant top floor acceleration and re-
sultant isolator displacement of the buildings isolated by
four base isolation systems. Additionally, it is observed that
the superstructure damping ratio does not influence the
value of the isolator displacement for the buildings isolated
by five base isolation systems under all three types of
dynamic base excitations. However, although the trends of
the top floor acceleration are the same, the results presented
in Figure 16 show that a larger superstructure damping
ratio typically results in a smaller value of top floor
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FiGure 16: The effect of the superstructure damping on the response of the four-story base-isolated buildings under NF earthquake, FF

earthquake, and BIGM.

acceleration. Therefore, based on the observations, it can be
concluded that the superstructure characteristics have less
influence on the behavior of the base-isolated buildings
under the multihazard loading scenario of earthquakes (NF
earthquakes and FF earthquakes) and BIGMs, as compared
to the properties of the base isolators.

4. Conclusions

This study presents an investigation of the behavior of multi-
story buildings isolated by various types of elastomeric and
sliding base isolation systems under multihazard loading. The
multihazard scenario of earthquakes (near-fault and far-fault
earthquake) and blast-induced ground motion (BIGM) is
considered, wherein the bidirectional effects of the hazards are
taken into account. The influence of the selection of different
values of the parameters of isolators on the key response
quantities of the buildings, such as the top floor acceleration, top
floor displacement, isolator displacement, base shear, interstory
drift ratio, and total superstructure drift ratio, are assessed under
the multihazard scenario. Furthermore, the influence of the

properties of the superstructure (superstructure flexibility and
superstructure damping ratio) on the behavior of the base-
isolated buildings under multihazard loading is assessed. Based
on the findings of the extensive numerical studies, it is con-
cluded that base-isolated buildings behave differently under the
near-fault earthquake, far-fault earthquake, and blast-induced
ground motion. Consequently, the design of the isolation
systems and the selection of suitable parameters thereof shall be
done cautiously, accounting for the effects of both types of
hazards considered on the buildings. The specific conclusions of
the study are listed as follows:

(1) Although the base isolation technology can help in
protecting buildings from three types of dynamic
base excitations (NF earthquakes, FF earthquakes,
and BIGMs), the base-isolated buildings behave
differently under different multiple hazards.

(2) The response quantities of the base-isolated build-
ings obtained with and without the consideration of
bidirectional interaction are significantly different.
The  resultant  isolator  displacement  is
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underestimated, and the resultant top floor accel-
eration and resultant base shear are overestimated
when the bidirectional interaction is neglected.

(3) For the building isolated by LRB, an increase in &,
results in the reduction of all the six response
quantities of the building under NF and FF earth-
quakes. However, the acceleration response increases
with &, for the building subjected to BIGM.

(4) For the N-Z system, an increase in F, results in an
initial reduction followed by an increase in the top
floor acceleration, base shear, interstory drift, and
total superstructure drift of the base-isolated
building under NF earthquakes. On the contrary, all
the four response quantities consistently increase
with F, for BIGM.

(5) The trends of the response quantities of the building
isolated by the PF system observed under NF
earthquakes, FF earthquakes, and BIGMs are similar.

(6) For the buildings isolated by the FPS and R-FBI, the
trends of the top floor displacement and the isolator
displacement show a reducing trend for an increase
in the value of y, under NF earthquakes, FF
earthquakes, and BIGMs. However, the influence of
the friction coeflicient of the FPS on the trends of the
top floor acceleration, base shear, interstory drift,
and total superstructure drift is different for the three
types of excitations.

(7) Under NF earthquakes, FF earthquakes, and BIGMs,
the trends of the top floor acceleration and the
isolator displacement are similar for the base-iso-
lated buildings with different number of stories (i.e.,
N=1, 2, 4, 6, 8). Furthermore, the relative flexibility
of the superstructure in X and Y directions does not
influence the behavior of the building for all three
types of dynamic base excitations, NF earthquakes,
FF earthquakes, and BIGMs.

(8) Superstructure damping does not influence the
trends of the top floor acceleration and the isolator
displacement under NF earthquakes, FF earth-
quakes, and BIGMs, for the considered range of
isolator parameters.

(9) The behavior of base-isolated buildings, under
multihazard loading scenario of earthquakes and
BIGMs, is influenced more by the properties of base
isolators as compared to that of the superstructure.
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The data used to support the findings of this study are
available from the corresponding author upon request.
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