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Abstract 

In general, isolators and dampers used in seismically isolated buildings are designed to be isotropic in any horizontal 
direction. However, in the case of buildings with plan irregularities, their nonlinear responses depend on the direction 
of seismic loading. To discuss the influence of the angle of seismic incidence (ASI) on the nonlinear response of irregular 
building structures, it is important to define the angle of the critical axis of the horizontal ground motion. One possible 
choice is the “principal axis of ground motion” proposed by Arias (1970). However, because this principal axis is 
independent of the natural period of a structure, it could be complicated to use for seismically isolated structures with 
long natural periods. In this study, the influence of the ASI of long-period pulse-like seismic input on an irregular base-
isolated building is investigated. First, the angle of the principal axis of ground motion is defined in terms of the 
cumulative energy input. Then, a nonlinear time-history analysis of a five-story irregular base-isolated building is 
performed using 10 long-period pulse-like ground motion records considering various ASIs. The results show that, 
compared with the principal axis of ground motion proposed by Arias, defining the principal axis of ground motion in 
terms of the cumulative energy input is more suitable for discussions concerning the influence of the ASI on the response 
of an irregular base-isolated building. 
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1 Introduction 

A seismically isolated structure is a structure in which an isolation layer is installed at the foundation level or at an 
intermediate story level of the building (AIJ, 2016; Charleson and Guisasola, 2017). Seismic isolation has been applied 
to newly constructed buildings and in the seismic rehabilitation of existing buildings in earthquake-prone countries 
(e.g., Seki et al., 2000; Kashima et al., 2008; Cardone and Gesualdi, 2014; D’Amato et al., 2019; Terenzi et al., 2020). 
Installing an isolation layer reduces the risk of structural and nonstructural damage during large earthquakes. 
Accordingly, an isolation layer requires the following important abilities: (a) to support the vertical load of the 
superstructure at all times; (b) to be horizontally flexible to ensure large relative movements of the superstructure 
during earthquakes; (c) to ensure that the superstructure returns to its original position just after an earthquake; and (d) 
to absorb most of the seismic energy input. An isolation layer consists of several types of isolation devices (isolators and 
dampers) to fulfill these requirements. For example, natural rubber bearings (NRBs), used as isolators, fulfill functions 
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(a), (b), and (c), while elastic sliding bearings (ESBs), also used as isolators, fulfill functions (a), (c), and (d). Steel dampers 
fulfill function (d). 
In general, the isolators and dampers used in an isolation layer are designed to be isotropic in any horizontal direction. 
NRBs and ESBs with circular-shaped sections are commonly used as isolators (e.g., Bridgestone, 2017). Steel dampers 
are designed to minimize the dependence of their properties on the horizontal loading direction. However, in the case 
of seismically isolated buildings with plan irregularities, their nonlinear responses depend on the direction of seismic 
loading. In addition, near-fault pulse-like ground motions observed in past earthquakes have been characterized by 
large directivity (e.g., Somerville et al., 1997; Bray and Rodriguez-Marek, 2004; Baker, 2007; Huang et al., 2008; Shahi 
and Baker, 2014). Because some near-fault pulse-like ground motions may cause large responses in structures with long 
periods (e.g., Hall et al., 1995; Güneş and Ulucan, 2019), the influence of the direction of incidence of such pulse-like 
ground motions to the response of seismically isolated irregular structures is an important issue. 
Many researchers have studied the issue of the influence of the angle of seismic incidence (ASI) on the structural 
response. One important issue concern how to identify the ASI that produces the maximum response. The critical ASI 
is the ASI at which the maximum response is produced; this angle depends on the response quantities of interest. Wilson 
et al. (Wilson et al., 1995) and López and Torres (López and Torres, 1997) have formulated an equation to calculate the 
critical ASI and the maximum response based on a linear response spectrum analysis method. In these studies, the two 
horizontal ground motion components are assumed to be uncorrelated: in other words, their formulations are based on 
the principal directions of the ground motions, as proposed in independent studies by Arias (Arias, 1970) and Penzien 
and Watabe (Penzien and Watabe, 1975). Athanatopoulou formulated equations for calculating the critical ASI from the 
time-history response of a linear elastic structure subjected to unidirectional excitation (Athanatopoulou, 2005). The 
influence of the ASI on the nonlinear responses of symmetric and asymmetric building structures has been studied by 
several researchers (e.g., Rigato and Medina, 2007; Fontara et al., 2012; Kostinakis et al., 2013; Magliulo et al., 2014; Reyes 
and Kalkan, 2015; Kalkan and Reyes, 2015; Faggella et al., 2018; Bugueño et al., 2022). Most of these studies have shown 
that the critical ASI depends not only on the response quantities of interest and the shape of the elastic response 
spectrum of the ground motions but also on the intensity of the ground motions. Therefore, it is likely that preliminary 
assessment methods of the critical ASI based on linear and nonlinear static analyses are also useful. Skoulidou and 
Romao proposed an assessment method for the critical ASI based on a lateral force analysis (Skoulidou and Romao, 
2017). Ruggieri and Uva studied the influence of the loading direction on the nonlinear behavior of regular and irregular 
buildings based on pushover analysis (Ruggieri and Uva, 2020). The influence of the ASI on the probabilistic seismic 
assessment results has also been studied by Lagaros (Lagaros, 2010) and Skoulidou and Romao (Skoulidou and Romao, 
2020; Skoulidou and Romao, 2021). Even though their numbers are limited, there are some studies concerning the 
influence of the ASI on the nonlinear responses of base-isolated buildings (e.g., Laguardia et al., 2019; Cavdar and 
Ozdemir, 2020; Cavdar and Ozdemir, 2022; Lin et al., 2022). 
To discuss the influence of the ASI on the nonlinear responses of irregular building structures, it is necessary to define 
the angle of the critical axis of the horizontal ground motion. Research concerning near-fault ground motions suggests 
that the horizontal component of the fault-normal/fault-parallel (FN/FP) directions is critical to structures (e.g., 
Somerville et al., 1997). However, Kalkan and Kwong showed that rotating the ground motions to the FN/FP directions 
does not always provide the maximum responses at all angles (Kalkan and Kwong, 2013). Güneş and Ulucan analyzed 
a 40-story reinforced concrete tall building model subjected to near-fault pulse-like ground motions (Güneş and Ulucan, 
2019). In their study, the direction of the maximum pseudo-velocity spectrum was used instead of the FN direction 
because large velocity pulses were observed in the FP direction in the Yarimca records of the 1999 Kocaeli earthquake. 
Therefore, the FN/FP directions cannot likely be used as the critical axis of the horizontal ground motion. Another 
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possible choice as the critical axis of ground motion is the “principal axis of ground motion” proposed by Arias (Arias 
1970). However, because this principal axis is independent of the natural period of a structure, it may not be appropriate 
for seismically isolated structures with long natural periods: e.g., the author has shown that the direction of the peak 
displacement of isotropic linear one-mass two-degree-of-freedom model with long natural period (4.0 seconds) was 
close to minor axis by Arias in case of Yarimca records of the 1999 Kocaeli earthquake (Fujii and Murakami 2020). 
Therefore, the principal axis proposed by Arias may not be appropriate for structures with long natural periods, 
although it would be suitable for structures with short natural periods. 
The aim of this study is to discuss the influence of the ASI on the nonlinear response of an irregular base-isolated 
building in terms of the seismic energy input. The concept of energy input was introduced by Akiyama in the 1980s 
(Akiyama, 1985) and is implemented in the design recommendations for seismically isolated buildings presented by 
the Architectural Institute of Japan (AIJ, 2016). According to Akiyama, the total input energy is a suitable seismic 
intensity parameter related to the cumulative response of a structure. Instead of the total input energy, Hori and Inoue 
have proposed the maximum momentary input energy as an intensity parameter related to the peak response of a 
structure (Hori and Inoue, 2002). Following their work, the concept of the momentary input energy is extended here to 
consider bidirectional excitation (Fujii and Murakami, 2020; Fujii, 2021). The concept of bidirectional momentary energy 
input is implemented in a pushover-based procedure to predict the largest peak responses of an irregular base-isolated 
building subjected to bidirectional ground motions (Fujii and Masuda, 2021). In addition, the influence of the ASI on 
the nonlinear response of an irregular building is investigated in terms of the momentary energy input (Fujii, 2022). It 
is likely that an energy-based definition of the critical axis of ground motion will be suitable to discuss the influence of 
the ASI on the nonlinear responses of a structure. Based on the above discussion, the following questions are addressed 
in this paper. 

 Which axis of the ground motion is suitable to discuss the influence of the ASI on the nonlinear response of an 
irregular base-isolated building: the period-independent principal axis proposed by Arias (Arias, 1970) or a period-
dependent axis defined in terms of the cumulative energy? 

 How will the responses of an irregular base-isolated building change with respect to the ASI? 
 How can the influence of the ASI on the response of an irregular base-isolated building be explained given the 

characteristics of the building and the ground motions? 

In this article, the influence of the ASI of long-period pulse-like seismic input on an irregular base-isolated building is 
investigated. First, the angle of the critical axis of ground motion is defined in terms of the cumulative energy input. 
Then, a nonlinear time-history analysis of a five-story irregular base-isolated building is performed using 10 long-period 
pulse-like ground motion records considering various incident angles of the seismic input. 
This article consists of five sections, and the rest of the article is organized as follows. Section 2 presents the formulation 
of the principal axis of the horizontal ground motion. In this section, the cumulative energy-based principal axis of 
ground motion is formulated and compared with the principal axis proposed by Arias (Arias, 1970). Section 3 briefly 
presents a retrofitted building model using the base-isolation technique; this is the same building model examined in a 
previous study (Fujii and Masuda, 2021). The ground motion data used in the nonlinear time-history analysis are then 
presented. Next, the scaling of the ground motions in terms of the maximum momentary input energy and the analysis 
methods are presented. The analysis results are discussed in Section 4. In this section, the influence of the ASI on the 
peak and cumulative responses of an irregular base-isolated building is presented. Conclusions and future directions 
of study are discussed in Section 5. 
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2 Formulation of the Principal Axis of the Horizontal Ground Motion 

2.1 Definition of the Input Energy under Bidirectional Excitation 

Consider an isotropic linear one-mass two-degree-of-freedom model subjected to bidirectional ground motion as shown 

in Figure 1. In this model, m , ( )0 X YT T T= = , ( )X Yh h h= = , and ( )X Yβ β β= =  indicate the mass, the natural 

period, and the viscous and complex damping of the model, respectively. It is assumed that the discrete ground motion 

vector, ( )tga , which is defined within the range [ ]0, dt , can be expressed as a Fourier series: 

 ( ) ( )
( ) ( ),

,

exp
N

X ngX
n

n N Y ngY

ca t
t i t

ca t
ω

=−

    = =   
    

∑ga , (1) 

 where ( )2n dn n tω ω π= ∆ = . (2) 

In Equation (1), the coefficients ,X nc  and ,Y nc  are the n th complex Fourier coefficients of the X- and Y-directions, 

respectively, and nω  is the circular frequency of the n th harmonic. It is assumed that both ,0Xc  and ,0Yc  are zero. 

The response velocity vector of the model is 

 ( ) ( )
( )

( )
( ) ( ) ( ),

,

exp
N

X nX
CVV n n

n N Y nY

cv t x tdt H i i t
cv t y tdt

ω ω
=−

        = = = −     
        

∑v , (3) 

 where ( ) ( )CVV n n CVD nH i i H iω ω ω= , (4) 

 ( ) ( ){ }2 2
0 0 0

1
2 sgnCVD n

n n n

H i
h i

ω
ω ω ω ω βω ω

=
− + +

, (5) 

 ( )
1 : 1

sgn
1 : 1

n
n

n

ω
ω

ω
>

= − <
. (6) 

In Equations (3)–(6), ( )CVV nH iω  and ( )CVD nH iω  are the velocity and displacement transfer functions, respectively, 

( )0 02 Tω π=  is the natural circular frequency of the model, and ( )1i = −  is the imaginary unit. The total 

(cumulative) input energy resulting from bidirectional ground motion, IE , is defined as 

 ( ){ } ( )
0

dt

IE m t t dt= − ∫
T

gv a . (7) 
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The momentary input energy ( BIE∆ ) is defined as the energy input during a half cycle of the structural response (from 

t  to t t+ ∆ ): 

 ( ){ } ( )
t t

BI
t

E m t t dt
+∆

∆ = − ∫
T

gv a . (8) 

In Equation (8), t∆  is the duration of a half cycle of the structural response. The maximum momentary input energy 

for bidirectional excitation ( ,maxBIE∆ ) is defined as the maximum value of BIE∆  over the course of a seismic event 

(Fujii and Murakami, 2020; Fujii 2021). 

It is convenient to define the equivalent velocities of the total input energy ( IV ) and the maximum momentary input 

energy ( EV∆ ) as 

 ,max2 , 2I I E BIV E m V E m∆= = ∆ . (9) 

Next, we consider the cumulative energy input in each orthogonal ground motion component (the ξ - and ς -axes 

shown in Figure 1) to the total input energy. The cumulative input energies in the ξ - and ς -directions, IE ξ  and 

IE ς , respectively, are defined as 

 
( ) ( )

( ) ( )

0

0

d

d

t

I g

t

I g

E m v t a t dt

E m v t a t dt

ξ ξ ξ

ζ ζ ζ


= −



 = −


∫

∫
, (10) 

 where 
( )
( )

( )
( )

cos sin
sin cos

XE E

E E Y

v t v t

v t v t
ξ

ζ

ψ ψ
ψ ψ

   −    =    
       

, (11) 

 and 
( )
( )

( )
( )

cos sin
sin cos

g gXE E

E Eg gY

a t a t

a t a t
ξ

ζ

ψ ψ
ψ ψ

   −    =    
       

. (12) 

Using Equations (11) and (12), Equation (10) can be rewritten as 

 
2 2

2 2

cos 2 sin cos sin

sin 2 sin cos cos
I IXX E IXY E E IYY E

I IXX E IXY E E IYY E

E E E E

E E E E
ξ

ζ

ψ ψ ψ ψ

ψ ψ ψ ψ

 = − +


= + +
, (13) 
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 where 

( ) ( )

( ) ( ) ( ) ( ){ }

( ) ( )

0

0

0

1
2

d

d

d

t

IXX X gX

t

IXY X gY Y gX

t

IYY Y gY

E m v t a t dt

E m v t a t v t a t dt

E m v t a t dt


= −


 = − +


 = −


∫

∫

∫

. (14) 

It is evident from Equation (13) that the following relationship can be obtained: 

 I I IXX IYY IE E E E Eξ ζ+ = + = . (15) 

Equation (15) indicates that the sum of the cumulative input energies in each orthogonal direction is independent of 

the angle Eψ  and equals the total input energy IE . 

Substituting Equations (1) and (3) into Equation (7), the total input energy IE  can be expressed as 

 ( ){ }{ }2 2
, ,

1
2 Re

N

I d CVV n X n Y n
n

E mt H i c cω
=

= +∑ . (16) 

Similarly, IXXE , IXYE , and IYYE  can be expressed as 

 

( ){ }

( ){ } ( )

( ){ }

2
,

1

, ,
1

2
,

1

2 Re

2 Re Re

2 Re

N

IXX d CVV n X n
n
N

IXY d CVV n X n Y n
n
N

IYY d CVV n Y n
n

E mt H i c

E mt H i c c

E mt H i c

ω

ω

ω

=

−
=

=

 =



= ⋅



=


∑

∑

∑

. (17) 

Therefore, all cumulative energy quantities defined in Equations (7) and (14) can be calculated from the Fourier 
complex coefficients of the ground motion sets. 

2.2 Principal Axis of the Horizontal Ground Motion Based on the Cumulative Energy Input 

Next, we consider the case in which the cumulative input energy ξ -axis reaches its maximum. In such a case, the angle 

Eψ  can be determined from the following equation: 

 ( )2 2cos 2 sin cos sin 0I
IXX E IXY E E IYY E

E E

dE d E E E
d d

ξ ψ ψ ψ ψ
ψ ψ

= − + = . (18) 

From Equation (18), the angle Eψ  can be easily obtained as 
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 11 2Tan
2

IXY
E

IXX IYY

E
E E

ψ −  
= −  − 

. (19) 

In this case, IE ξ  and IE ς  can be calculated as 

 

2
2

2
2

2 2

2 2

IXX IYY IXX IYY
I IXY

IXX IYY IXX IYY
I IXY

E E E EE E

E E E EE E

ξ

ζ

 + −  = + +   

 + − = − +  

 

. (20) 

In the following discussion, the ξ - and ς -axes denote the principal major and minor axes, respectively, of the 

horizontal ground motion based on the cumulative energy input. From Equations (19) and (20), Equation (13) can be 
expressed in the form 

 
0 cos sin cos sin

0 sin cos sin cos
I E E IXX IXY E E

I E E IXY IYY E E

E E E
E E E

ξ

ζ

ψ ψ ψ ψ
ψ ψ ψ ψ

−       
=       −      

. (21) 

Equation (21) indicates that the principal axes of the horizontal ground motion based on the cumulative energy input 

can be obtained from an eigenvalue analysis of the matrix XYE  defined as 

 IXX IXY

IXY IYY

E E
E E
 

=  
 

XYE . (22) 

It is also convenient to define the equivalent velocities of the cumulative energies in the major (ξ ) and minor (ς ) 

directions ( IE ξ  and IE ς ), respectively, as 

 2 , 2I I I IV E m V E mξ ξ ς ς= = . (23) 

The ratio of the equivalent velocity of the cumulative energies in the ξ - and ς -directions ( EIR ) is defined 

as 

 EI I IR V Vς ξ= . (24) 

The range of the ratio EIR  is 0 to 1. If EIR  is smaller than 1 2 , the cumulative input energy in the minor direction 

( IE ς ) is less than half of that in the major direction ( IE ξ ). 

2.3 Comparisons with the Principal Axis of Ground Motion Proposed by Arias and the Cumulative 
Energy-Based Principal Axis 
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According to work by Arias (Arias, 1970), the principal axis of the horizontal ground motion is defined as the 

eigenvector of the matrix AXYI : 

 AXX AXY

AXY AYY

I I
I I
 

=  
 

AXYI , (25) 

 where 

( ){ }

( ){ } ( ){ }

( ){ }

2

0

0

2

0

2

2

2

d

d

d

t

AXX gX

t

AXY gX gY

t

AYY gY

I a t dt
g

I a t a t dt
g

I a t dt
g

π

π

π


=


 =


 =


∫

∫

∫

. (26) 

In Equation (26), g  is the gravitational acceleration. Figure 1 shows the principal axes of the horizontal ground 
motion according to Arias (the 1- and 2-axes). The angle of the 1-axis with respect to the X-axis, ψ , can be obtained 

from 

 11 2Tan
2

AXY

AXX AYY

I
I I

ψ −  
= −  − 

. (27) 

The Arias intensities of the horizontal major and minor components, 1AI  and 2AI , respectively, can be calculated as 

 

2
2

1

2
2

2

2 2

2 2

AXX AYY AXX AYY
A AXY

AXX AYY AXX AYY
A AXY

I I I II I

I I I II I

 + −  = + +   

 + − = − +  

 

. (28) 

The following discussion focuses on how the difference between ψ  and Eψ  arises. By substituting Equation (1) into 

Equation (26), each component of the matrix AXYI  can be calculated such that 

 ( )

2
,

1

, ,
1

2
,

1

Re

N
d

AXX X n
n

N
d

AXY X n Y n
n

N
d

AYY Y n
n

tI c
g
tI c c
g
tI c
g

π

π

π

=

−
=

=


=




= ⋅



=


∑

∑

∑

. (29) 

The angle ψ  can be obtained as 
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( )

( )
, ,

1 1

2 2
, ,

1

2 Re
1 Tan
2

N

X n Y n
n

N

X n Y n
n

c c

c c
ψ

−
− =

=

 ⋅  = −  
 −
  

∑

∑
. (30) 

In addition, the angle Eψ  can be obtained from Equations (17) and (19) such that 

 
( ){ } ( )

( ){ }( )
, ,

1 1

2 2
, ,

1

2 Re Re
1 Tan
2 Re

N

CVV n X n Y n
n

E N

CVV n X n Y n
n

H i c c

H i c c

ω
ψ

ω

−
− =

=

 ⋅ 
 = −
 −  

∑

∑
. (31) 

Comparisons of Equations (30) and (31) indicate that the difference between the two angles Eψ  and ψ  is that the 

angle Eψ  depends on the properties of the linear system (e.g., the natural circular frequency 0ω , complex damping 

ratio β , and viscous damping ratio h ) while the angle ψ  depends only on the Fourier complex coefficients ,X nc  

and ,Y nc . 

Even though the angles Eψ  and ψ  are different, there are special cases in which Eψ  equals ψ . One example of 

such a case is shown by Igarashi and Gigyu (Igarashi and Gigyu, 2015). They proposed a procedure to synthesize 
spectrum-matched bidirectional accelerograms with specified values of the elliptical component of the polarization 
applicable to seismic performance assessments. Following their work, consider the case in which the Fourier complex 
coefficient in the Y-direction satisfies the following condition: 

 , , , ,,Y n X n Y n X nc i c c i cγ γ− −= − ⋅ = ⋅ . (32) 

Here, γ  (0 ≤ γ  ≤ 1) is the coefficient. From Equation (32), the following terms can be calculated: 

 ( ) ( )2
, , ,Re Re 0X n Y n X nc c i cγ−⋅ = = . (33) 

Consider the case in which γ  is smaller than one. The angle ψ  can be easily calculated as 
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∑

∑
. (34) 

Similarly, the angle Eψ  becomes zero when Equation (32) is satisfied. In such a case, the principal axis of the 

horizontal ground motion defined in terms of the cumulative energy input (ξ -axis) coincides with the principal axis 
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defined by Arias (1-axis). In this case, the ratio EIR  is independent of the natural period of the linear system and equals 

γ . 
In the following discussions, the difference angle between the ξ - and 1-axes, α  shown in Figure 1, is defined as 

 Eα ψ ψ= − . (35) 

As discussed above, the angle α  depends on the properties of the linear system. 

3 Building and Ground Motion Data 

3.1 Building Data 

The building model analyzed in this study is a base-isolated building model (Model-Tf44) that was used in a previous 
study (Fujii and Masuda, 2021). Figure 2 shows a simplified structural plan and the elevation of the main building of 
the former Uto City Hall (Fujii, 2019). The layout of the isolators and dampers in the isolation layer below level 0 are 
shown in Figure 3. The isolation layer comprises NRBs, ESBs, and steel dampers. As shown in the figures, the steel 
dampers were placed at the perimeter frames to provide torsional resistance. The point G shown in this figure is the 
center of mass of the superstructure, point S0 is the center of stiffness of the isolation layer calculated according to the 
initial stiffness of the isolators and dampers, while point S1 is the center of stiffness of the isolation layer calculated 
according to the secant stiffness of the isolators and dampers considering their displacement of 0.30 m. The eccentricity 

indices (BCJ, 2016) of this model, calculated according to initial stiffnesses in the X and Y directions, were eXR  = 0.155 

and eYR  = 0.126, respectively, while those calculated according to the secant stiffnesses in the X and Y directions were 

eXR  = 0.228 and eYR  = 0.015, respectively. 

Figure 4 shows the structural modeling. The shear behavior of the NRBs was assumed to be linear elastic, while that of 
the ESBs and dampers was assumed to be normal bilinear. The vertical behavior of the NRBs and ESBs was assumed to 
be linear elastic. The shear behavior of the NRBs, ESBs, and steel dampers was modeled using a multi-shear spring 
model (Wada and Hirose, 1989). As in the previous study, the foundation compliance and kinematic soil-structure 
interaction were not considered for the simplicity of the analysis. Details concerning the original building and retrofitted 
building model can be found in previous studies (Fujii, 2019; Fujii and Masuda, 2021). 

3.2 Preliminary Pushover Analysis of a Base-isolated Building Model 

To understand the fundamental nonlinear behavior of the base-isolated building model, a pushover analysis was 
performed and then the nonlinear parameters were calculated. Here, the U-axis is the principal axis of the first modal 
response, while the V-axis is the axis perpendicular to the U-axis, following previous studies (Fujii, 2011; Fujii, 2015). In 
this study, the Displacement-Based Mode-Adaptive Pushover (DB-MAP) analysis presented in previous studies (Fujii, 
2014; Fujii, 2016) was adopted. 
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Figure 5 shows the modal parameters calculated from the pushover analysis results. Here, *
1UD  and *

1UA  are the 

equivalent displacement and acceleration of the first modal response, respectively; 1effT  is the effective period of the 

first modal response; and *
1E UV µ∆  is the effective velocity of the hysteretic dissipated energy in a half cycle of the first 

modal response. In addition, kψ  is the angle of the principal axis of the kth modal response; kRρ  is the torsional 

index of the kth mode; and *
n km  is the kth effective modal mass ratio with respect to the principal axis of the kth modal 

response. The equations for calculating the above modal parameters are shown in the Appendix. 

As shown in the upper left panel of Figure 5, the *
1UA – *

1UD  curve is idealized as bilinear to calculate the effective 

period ( 1effT ) and the equivalent velocity of the hysteretic dissipated energy in a half cycle ( *
1E UV µ∆ ). In this study, the 

sets of ground motions are scaled such that the expected largest peak equivalent displacement of the first modal 

response ( *
1 maxUD ) considering all possible ASIs is 0.30 m as described later. Therefore, each parameter corresponding 

to *
1UD  = 0.30 m is of interest. As shown in the upper middle panel of Figure 5, 1effT  corresponding to *

1UD  = 0.30 

m is 3.31 s; meanwhile, *
1E UV µ∆  corresponding to *

1UD  = 0.30 m is 0.645 m/s, as shown in the upper right panel of 

Figure 5. The two parameters, 1effT  and *
1E UV µ∆ , are used for the scaling of the ground motion sets later in this section. 

The lower left panel of Figure 5 shows the change in the angle kψ  in terms of the equivalent displacement *
1UD . The 

difference between the two angles 1ψ  and 2ψ  is close to 90°, while the angle 3ψ  is very close to 1ψ ; the values of 

1ψ  and 2ψ  corresponding to *
1UD  = 0.30 m are −44.0° and 45.5°, respectively. The lower middle panel of Figure 5 

shows the change in the torsional indices of the first three modes ( kRρ ). As shown here, 1Rρ  is smaller than 1, 2Rρ  

is close to 0, and 3Rρ  is larger than 1; the values of 1Rρ , 2Rρ , and 3Rρ  corresponding to *
1UD  = 0.30 m are 0.582, 

0.014, and 1.615, respectively. The lower right panel of Figure 5 shows the change in the effective modal mass ratios of 

the first three modes ( *
km ). As shown here, *

1m  is larger than 0.7, *
2m  is close to 1, and *

3m  is smaller than 0.3; the 

values of *
1m , *

2m , and *
3m  corresponding to *

1UD  = 0.30 m are 0.738, 0.999, and 0.261, respectively. 
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As discussed in previous studies (Fujii, 2016; Fujii, 2018), the first and second modes are predominantly translational 

( 1 2, 1R Rρ ρ < ), while the third mode is predominantly torsional ( 3 1Rρ > ). Therefore, this base-isolated building model 

is classified as being torsionally stiff (TS) in both orthogonal directions. 

Figure 6 shows the first mode shape corresponding to *
1UD  = 0.30 m. As shown here, the superstructure behaves as a 

rigid body in the first mode. In addition, when the first modal response is predominant, the corner at which the largest 
horizontal displacement is expected is X1AY6. Note that, in a case in which there is unidirectional seismic input acting in 
an arbitrary direction, the largest first modal response occurs when the direction of the seismic input coincides with the 
principal axis of the first modal response (U-axis), according to shaking table tests of an elastic multi-story building 
model (Fujii and Ikeda, 2012). This finding has been supported in the nonlinear case examined in previous studies (e.g., 

Fujii, 2015; Fujii, 2016). Therefore, the angle 1ψ  (−44.0°) is an important structural parameter for discussing the 

influence of the ASI on the response of a structure. 

3.3 Ground Motion Data 

In this study, 10 horizontal ground motion sets from the NGA-West2 ground motion database of the Pacific Earthquake 

Engineering Research Center were used. Table 1 presents a list of the ground motion groups. Here, WM  is the moment 

magnitude, rupR  is the closest distance from the rupture plane, pT  is the pulse period (Shahi and Baker, 2014), and 

30SV  is the time-averaged shear-wave velocity in the top 30 m at the recording sites. These values were taken from the 

NGA-West2 ground motion database. As shown in Table 1, the range of WM  is from 6.2 to 7.6, the range of rupR  is 

from 0.89 km to 19.83 km, the range of pT  is from 4.82 s to 10.40 s, and the range of 30SV  is from 206 m/s to 811 m/s. 

Figure 7 shows the total input energy spectrum of the unscaled ground motion sets. For the calculation of the spectrum 
shown in Figure 7, the viscous damping ( h ) was set to 0.0 and the complex damping ( β ) was set to 0.10, based on a 

previous study (Fujii and Masuda, 2021). The variation of the angle ( )Tα  is also shown. All ground motion sets used 

in this study satisfy the following condition: 

 ( ) ( ) ( )1 1 1 0.7EI eff I eff I effR T V T V Tς ξ= < . (36) 

This condition was chosen to pick ground motion sets with significant directivity effects. As shown in Figure 7, the 

values of ( )IV Tξ  and ( )IV Tς  are well separated around the effective period of the first modal response ( 1effT ). 

The angle ( )Tα  shown here varies from zero; in other words, the principal axis of the horizontal ground motion 

based on the cumulative energy input (ξ -axis) is different from that proposed by Arias (1-axis). In addition, tendency 

of the angle ( )Tα  depends on the ground motion set. The variation of ( )Tα  is relatively stable near 2–4 s in some 
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sets (e.g., 1999TCU075, 1999TCU128, 2010WES, and 2011PRPC), while notable variations are observed in other sets (e.g., 
1999YPT and 1999TCU087). 

3.4 Analysis Method 

The scaling method of the ground motion sets for the nonlinear time-history analysis is described as follows. According 
to a previous study (Fujii and Masuda, 2021), the largest peak equivalent displacement of the first modal response 

( *
1 maxUD ) is predicted from the condition 

 ( ) ( )*
1 1 1E U eff E effV T V Tµ∆ ∆= . (37) 

From Equation (37), the scaling factor λ  can be calculated such that 

 ( ) ( )*
1 1 1, ,O E eff E U effV T h V Tµλ β∆ ∆= . (38) 

Here, ( )1 , ,O E effV T h β∆  is the equivalent velocity of the maximum momentary input energy of the unscaled ground 

motion sets calculated for a linear isotropic system (natural period 1effT T= , viscous damping h , and complex 

damping β ). The value of ( )1 , ,O E effV T h β∆  is calculated using a time-varying function of the momentary energy 

input formulated in previous studies (Fujii and Murakami, 2020; Fujii 2021). 

Recall that the equivalent velocity of the hysteretic dissipated energy in a half cycle ( *
1E UV µ∆ ) is calculated from the 

pushover analysis result and that its value is 0.645 m/s as shown in Figure 5. The calculated scaling factor λ  for each 
ground motion set assuming h  = 0 and β  = 0.10 is given in Table 1. The maximum momentary input energy 

spectrum of the scaled ground motion sets is shown in Figure 8. 
In this study, all unscaled ground motion sets are converted from the as-provided datasets to the horizontal major and 
minor components defined by Arias. In each nonlinear time-history analysis, the ASI (ψ ) is defined as the angle 

between the 1-axis (the horizontal major axis of Arias) and the X-axis, as shown in Figure 2. The value of the ASI was 
set from −75° to 90° with an interval of 15°. 
After the nonlinear time-history analysis is performed, the first and second modal responses are calculated using the 
method presented in a previous study (Fujii and Masuda, 2021). From this calculation, the time-history of the equivalent 

displacement of the first and second modal responses ( ( )*
1UD t  and ( )*

2VD t ) and the first mode vector corresponding 

to ( ){ }* *
1 max 1maxU UD D t=  ( 1UΓ 1φ ) can be obtained. Then, the momentary input energy of the first modal response 

per unit mass is calculated such that 

 ( ) ( )
*

*1
1*

1

t t
U

U gU
U t

E d D t a t dt
M dt

+∆∆  = −  
 ∫ . (39) 
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Here, ( )gUa t  is the ground motion component of the U-axis (the principal axis of the first modal response 

corresponding to *
1 maxUD  and calculated using 1UΓ 1φ ) and t∆  is the duration of a half cycle of the first modal 

response. The equivalent velocity of the maximum momentary input energy of the first modal response ( *
1E UV∆ ) is 

calculated such that 

 * * *
1 1 max 12E U U UV E M∆ = ∆ . (40) 

Here, * *
1 max 1U UE M∆  is the maximum momentary input energy of the first modal response per unit mass; it is also 

the maximum value of * *
1 1U UE M∆  calculated using Equation (39) over the course of the seismic event. Similarly, 

the cumulative input energy of the first modal response is calculated such that 

 ( ) ( )* * *
1 1 1

0

dt

I U U U gU
dE M D t a t dt
dt

 = −  
 ∫ . (41) 

Here, *
1UM  is the effective modal mass of the first mode and is assumed to be the value corresponding to *

1 maxUD  for 

simplicity of calculation. Because the variation of *
1UM  in terms of the equivalent displacement *

1UD  is relatively 

stable, as shown in Figure 5, it is likely that this approximation will not cause severe problems. 

4 Analysis Results and Discussion 

4.1 Peak Response 

In the following discussion, the peak response parameters focused on are (a) the maximum equivalent displacement of 

the first modal response ( *
1 maxUD ), (b) the equivalent velocity of the maximum momentary input energy of the first 

modal response ( *
1E UV∆ ), (c) the maximum equivalent displacement of the second modal response ( *

2 maxVD ), (d) the 

peak displacement of the frame Y6 at level 5 (the roof), (e) the peak displacement of the frame X1A at level 5, (f) the peak 
drift of column A3B3 at the second story, and (g) the peak resultant displacement of isolator X1AY6. 
Figure 9 shows the relationship of the peak response and the ASI defined in terms of the principal axis of Arias (ψ ). As 

shown in this figure, in general, the ASI that produces the largest response depends not only on the response quantities 
but also on the ground motion sets. For example, if we compare two cases, 1999YPT and 1999TCU075, the following 
observations can be made. 

 For 1999YPT, the largest *
1 maxUD  and *

1E UV∆  occur when the angle ψ  is 45°. Meanwhile, for 1999TCU075, 

the largest *
1 maxUD  and *

1E UV∆  occur when ψ  is −45°. 
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 For 1999YPT, the largest *
2 maxVD  occurs when ψ  is −60°. Meanwhile, for 1999TCU075, the largest *

2 maxVD  

occurs when ψ  is 45°. 
 According to the peak displacement of the frame Y6 at level 5, the largest response occurs when ψ  is 75° for 

1999YPT. Meanwhile, for 1999TCU075, the largest response occurs when ψ  is −15°. 
 According to the peak displacement of the frame X1A at level 5, the largest response occurs when ψ  is 0° for 

1999YPT. Meanwhile, for 1999TCU075, the largest response occurs when ψ  is −75°. 
 According to the peak drift of column A3B3 at the second story, the largest response occurs when ψ  is −15° for 

1999YPT. Meanwhile, for 1999TCU075, the largest response occurs when ψ  is 90°. 
 According to the peak resultant displacement of isolator X1AY6, the largest response occurs when ψ  is 45° for 

1999YPT. Meanwhile, for 1999TCU075, the largest response occurs when ψ  is −45°. 

Next, the relationship between the peak response and the ASI defined in terms of the principal axis based on the 

cumulative energy input ( Eψ ) is shown in Figure 10. In this figure, the angle Eψ  is calculated such that 

 ( )1E effTψ α ψ= + . (42) 

As shown Figure 10, the angles Eψ  that produce the largest response parameters are much closer in each ground 

motion set than those shown in Figure 9. The largest *
1 maxUD  and *

1E UV∆  occur when the angle Eψ  is close to −45° 

in most cases. Meanwhile, the largest *
2 maxVD  occurs when the angle Eψ  is close to 45° in most cases. According to 

the local response quantities, the peak displacement of the frame Y6 becomes larger when the angle Eψ  is close to 0°, 

while that of the frame X1A becomes larger when the angle Eψ  is close to ±90°. The peak story drift at column A3B3 at 

the second story becomes larger when the angle Eψ  is close to −75°, even though differences are observed for some 

ground motion sets. The peak resultant displacement of isolator X1AY6 becomes larger when the angle Eψ  is close to 

−45°. 

4.2 Cumulative Response 

Next, we examine the relationship between the cumulative response and the ASI defined in terms of the principal axis 

based on the cumulative energy input ( Eψ ). The response parameters focused on are (a) the total input energy ( IE ), 

(b) the cumulative input energy of the first modal response ( *
1I UE ), (c) the cumulative energy of damper No. 3, and (d) 

the cumulative energy of damper No. 9. The locations of dampers No. 3 and 9 are shown in Figure 3. 
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Figure 11 shows the relationship between the cumulative response and the angle Eψ . This figure indicates that the 

variation of IE  as a result of the different ASI values is small. Conversely, the variations of *
1I UE  and the cumulative 

energy of the two dampers as a result of the different ASI values is significant. To see the changes in the three parameters 
as a result of different ASI values clearly, graphs in which these three parameters are normalized according to the total 

input energy are also shown. We see that the normalized cumulative input energy of the first modal response ( *
1I U IE E ) 

becomes largest when Eψ  is close to −45° in most cases. The normalized cumulative energy of damper No. 3 becomes 

largest when Eψ  is close to 45°, while that of damper No. 9 becomes largest when Eψ  is close to −45° in most cases. 

4.3 Difference in the First Modal Response as a result of the Incident Angle 

To understand the influence of the ASI on the first modal response, the hysteresis and time-history of the energy input 
were investigated. Figure 12 shows the hysteresis of the first modal response and the time-history of the energy input 

for two cases. The input ground motion set is 1999TCU075 and two ASIs are chosen: the first case has ψ  = −45° ( Eψ  

= −51.1°) and the second case has ψ  = 45° ( Eψ  = 38.9°). The following observations can be made based on Figure 12. 

 When ψ  = −45° ( Eψ  = −51.1°), the hysteresis of the first modal response is very regular. The final cumulative 

input energy of the first modal response ( *
1I UE ) is 68.5 % of the total input energy ( IE ). In addition, the maximum 

momentary input energy of the first modal response ( *
1 maxUE∆ ) is 57.6 % of *

1I UE . 

 When ψ  = 45° ( Eψ  = 38.9°), the hysteresis of the first modal response is irregular as a result of the nonlinear 

interactions of the other modes. The value of *
1I UE  is only 11.9 % of IE . In addition, *

1 maxUE∆  is 27.3 % of 

*
1I UE . 

 In both cases, the peak response occurs at the end of the half cycle of the first modal response when the maximum 

momentary input energy of the first modal response ( *
1 maxUE∆ ) occurs. 

Next, the relationship between the first modal response and the local response is investigated. Figure 13 shows the 
displacement orbit of the four isolates at the corners for the ψ  = −45° and 45° cases. The input ground motion set is 

1999TCU075, which is the same as that for the results shown in Figure 12. In Figure 13, the orbits obtained from the 
pushover (DB-MAP) analysis are also shown. The following observations can be made. 
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 For the ψ  = −45° ( Eψ  = −51.1°) case, the directions of the displacement of the isolators that occurred from 

28.36 s to 29.90 s are close to the pushover analysis results, except for isolator X6AY1. The maximum resultant 
displacement of the four isolators occurs from 28.36 s to 29.90 s. The largest maximum resultant displacement is 
observed at isolator X1AY6. 

 For the ψ  = 45° ( Eψ  = 38.9°) case, the directions of the displacements of the isolators that occurred from 30.92 

s to 32.52 s are different from the pushover analysis results. 

Note that, in the ψ  = −45° ( Eψ  = −51.1°) case, the maximum resultant displacement of the four isolators occurs during 

the half cycle when the maximum momentary input energy of the first modal response occurs. This observation is 

different in the ψ  = 45° ( Eψ  = 38.9°) case. 

Figure 14 shows the peak drift of the three columns A1B1, A3B1, and A3B3. The input ground motion set is 1999TCU075, 
which is the same as that for the results shown in Figures 12 and 13. In this figure, the maximum and minimum values 
of all ASIs and the values of two ASIs (ψ  = −45° and ψ  = 45°, respectively) are shown. The following observations 

can be made. 

 The maximum peak drift of the three columns is less than 0.10 %. Therefore, only minor damage is expected in 
the superstructure. 

 The peak drift of the two ASIs (ψ  = −45° and ψ  = 45°) are smaller than the maximum value. The critical ASI 
which produces the largest peak drift of the three columns are different from the ASI which produces the largest 

*
1 maxUD , *

1E UV∆ , and *
1I UE . 

The reason why the critical ASI which produces the largest peak drift of the three columns are different from the ASI 

which produces the largest *
1 maxUD , *

1E UV∆ , and *
1I UE  may be explained as follows. In the first mode, the 

superstructure behaves as a rigid body. Therefore, the contribution of the first modal response to the deformation of 
the superstructure is small. The deformation of the superstructure is significantly affected by the higher modal response.  

4.4 Discussion 

As previously noted, defining the angle of the critical axis of ground motion is essential to discuss the influence of the 
ASI on the nonlinear response of an irregular building structure. According to the results shown here, it is difficult to 
discuss this problem using an ASI based on the principal axis of ground motion proposed by Arias; as shown in Figure 
9, the critical ASI of each response quantity differs notably depending on the ground motion set. 
Conversely, the ASI based on the principal axis defined in terms of the cumulative energy input is more suitable to 

discuss this problem. As shown in Figures 10 and 11, *
1 maxUD , *

1E UV∆ , and *
1I UE  are largest when the angle Eψ  is 

close to the angle of the principal axis of the first modal response ( 1ψ ). Conversely, *
2 maxVD  is smallest when Eψ  is 
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close to 1ψ  in most cases. Therefore, there is no ASI value that produces both the largest *
1 maxUD  and the largest 

*
2 maxVD  simultaneously. This explains why the critical ASI differs depending on the response parameters: the critical 

ASI of each response parameter depends on the contributions of each modal response. For example, the peak resultant 

displacement of isolator X1AY6 becomes largest when Eψ  is close to 1ψ  in most cases because the contribution of the 

first modal response to the response of isolator X1AY6 is predominant. Similarly, the cumulative strain energy of damper 

No. 3 becomes largest when Eψ  is 45° because the contribution of the second modal response to the response of 

damper No. 3 is predominant while that of the first modal response is small. In addition, the critical ASI of the peak 
drift of three columns are different from that of the first modal response, as shown in Figure 14. This is because the 
deformation of the superstructure is significantly affected by the higher modal response. 
Based on the discussions above, the author recommends to use the energy-based principal axis of horizontal ground 
motion as the reference axis of horizontal ground motion set for discussions concerning the influence of ASI on the 
response of an irregular base-isolated buildings. It enables to reduce the difference of the critical ASI depending on the 
ground motion set.  

5 Conclusions 

This study investigated the influence of the ASI values of long-period pulse-like seismic inputs on an irregular base-
isolated building. The main conclusions and results are as follows. 

 Compared with the principal axis of ground motion proposed by Arias (Arias, 1970), the principal axis of ground 
motion defined in terms of the cumulative energy input is more suitable for discussions concerning the influence 
of the ASI on the response of an irregular base-isolated building. 

 The influence of the ASI of long-period pulse-like ground motions on the irregular base-isolated building studied 
here depends on the response parameters. The peak horizontal displacement of the top floor along the structural 
axes indicates that the peak displacement is notably affected by the ASI. Conversely, the variation in the total 
input energy as a result of different ASI values is very small. 

 The angles of the principal major axis of ground motion in terms of the cumulative energy input ( Eψ ) and the 

principal axis of the first modal response ( 1ψ ) are key parameters to explain the influence of the ASI on the 

response of the irregular base-isolated building studied here. The peak equivalent displacement and the 

cumulative input energy of the first modal response are largest when the angle Eψ  is close to 1ψ . In such a 

case, the contribution of the first modal response to the whole response becomes larger. For local response 

quantities in which the contribution of the first modal response is predominant, the critical ASI is close to 1ψ . 

Conversely, for local response quantities in which the contribution of the second modal response is predominant, 
the critical ASI differs by nearly 90°. 
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The principal axis of ground motion in terms of the cumulative energy input investigated here has the following 
advantages: (i) it can be directly calculated from the complex Fourier coefficients of the ground motion components 
without knowing the time-history of the ground motion; (ii) the dependence of the dynamic properties of the structure 
are considered when calculating the principal axis; and (iii) this is directly related to the cumulative response of the 
building. Note that the results shown in this study are, so far, valid only for an irregular base-isolated building model 
subjected to the 10 selected bidirectional ground motion sets. Therefore, apart from further verifications using 
additional building models and ground motion sets, the following questions remain. 

 The significance of the influence of the ASI on the nonlinear response of a base-isolated building depends on the 
degree of the irregularity of the building because, in most cases, isolators and dampers used in an isolation layer 
are designed to be isotropic in any horizontal direction. Therefore, the influence of the ASI on the nonlinear 
response of a base-isolated building may be increasingly pronounced as its structural irregularity increases (e.g., 
large eccentricity or insufficient torsional resistance in an isolation layer). How will the degree of irregularity of a 
base-isolated building affect the variation in the structural responses caused by changes in the ASI? 

 In this study, the ratio of the equivalent velocities of the cumulative energy input in the major and minor directions 

( EI I IR V Vς ξ= ) was considered to select horizontal ground motion sets with a notable directivity effect. It is 

expected that variations in the response parameters will be larger when EIR  is close to 0, while variations will 

be smaller when EIR  is close to 1. What is the relationship between the ratio EIR  and the variation in the 

structural response parameters? 
 All the horizontal ground motion sets used in this study had long pulse periods as defined by Shahi and Baker 

(Shahi and Baker, 2014). In the case of ground motion sets with shorter pulse periods, the influence of the ASI on 
the nonlinear response of a base-isolated building will be different from the results found here. It is expected that 
the contributions of higher modal responses will be significant in such cases. Are the findings shown in this study 
still valid in such cases? 

 The principal axis of the horizontal ground motion set is defined in terms of the cumulative energy input over the 
course of a seismic event. Even though this definition is directly related to the cumulative response, it is uncertain 
as to whether this definition is suitable for the peak response. This definition of the principal axis may be useful 
for ground motion sets that are characterized by a small number of pulses in the same or similar directions. What 
if the direction of the predominant energy input changes during a seismic event? In such a case, the principal axis 
of the horizontal ground motion sets should be determined in terms of the energy input during a short time; this 
will allow the influence of the ASI on the peak response of the base-isolated building to be discussed rather than 
the principal axis determined in terms of the cumulative energy input over the course of the entire seismic input. 

The above questions will be investigated in subsequent studies; however, they do not constitute a comprehensive list of 
all the issues remaining for further related studies. 
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Appendix 

Equations for Calculating the Modal Parameters of the Model (Figure 5) from the Pushover Analysis 
Results 
In this appendix, the equations for calculating the nonlinear parameters of the model shown in Figure 5 are summarized 
based on formulations given in previous studies (Fujii, 2014; Fujii, 2018; Fujii and Masuda, 2021). Consider an N-story 

base-isolated building model. The number of degrees of freedom is ( )3 1N + . The mass matrix ( M ) and the 

displacement and restoring force vectors obtained from the pushover analysis at the nth loading step ( nd  and n Rf , 

respectively) are expressed as 
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Here, jm  and jI  are the mass and mass moment of inertia of the jth floor, respectively. Assuming that the first mode 

vector at step n  ( 1n UΓ n 1φ ) is similar to the displacement vector ( nd ), the equivalent displacement ( *
1n UD ) and 

acceleration ( *
1n UA ) of the first modal response can be calculated such that 
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The bilinear idealization of the *
1n UA – *

1n UD  curve is made as follows. Let point P1 ( )* *
1 010 1 010,U UD A  and P2

( )* *
1 040 1 040,U UD A  be points on the *

1n UA – *
1n UD  curve. Here, *

1 010UA  is the equivalent acceleration corresponding 

to *
1 010UD  = 0.10 m, while *

1 040UA  is the equivalent acceleration corresponding to *
1 040UA  = 0.40 m. The idealized 

*
1n UA – *

1n UD  curve is expressed as 
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The effective period of the first modal response corresponding to *
1UD  is calculated as 

 ( ) ( )* *
1 1 12eff U eff UT D Dπ κ= . (A7) 

Here, ( )*
1eff UDκ  is the effective slope corresponding to *

1UD . Meanwhile, the effective velocity of the hysteretic 

dissipated energy in a half cycle corresponding to *
1UD  is 
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When * *
1 1U U yD D≤ , both effκ  and * *

1 1U UE Mµ∆  can be calculated as 
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Meanwhile, when * *
1 1U U yD D> , both effκ  and * *

1 1U UE Mµ∆  can be calculated as 
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Next, the calculation of the angle of the principal axis of the modal response ( n kψ , 1,2,3k = ), the torsional index of 

the kth mode ( n kRρ ), and the kth effective modal mass ratio with respect to the principal axis of the kth modal response 
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( *
n km ) corresponding to *

1n UD  is described. First, the kth mode vectors of the first three modes corresponding to 

*
1n UD  are calculated as 
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Here, n kφ  is the kth mode vector at the nth loading step. Note that the kth mode vector at the first loading step ( 1 kφ ) 

corresponds to the kth mode vector in the elastic range. Then, the angle of the principal axis of the modal response at 

the nth loading step ( n kψ ) is calculated such that 
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The torsional index of the kth mode at the nth loading step ( n kRρ ) is 
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Finally, the kth effective modal mass ratio with respect to the principal axis of the kth modal response ( *
n km ) is 
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Tables 
Table 1. List of the ground motion groups investigated in the present study. 
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Ground 
Motion ID 

Earthquake Year MW Station Rrup (km) Tp (s) 
VS30 

(m/s) 
Scale 

Factor 

1999GBZ Kocaeli 1999 7.5 Gebze 10.92 5.99 792 1.037 
1999IZT Kocaeli 1999 7.5 Izmit 7.21 5.37 811 1.084 
1999YPT Kocaeli 1999 7.5 Yarimca 4.83 4.95 297 0.464 

1999TCU036 Chi-Chi 1999 7.6 TCU036 19.83 5.38 478 0.854 
1999TCU075 Chi-Chi 1999 7.6 TCU075 0.89 5.00 573 0.461 
1999TCU087 Chi-Chi 1999 7.6 TCU087 6.98 10.40 539 0.896 
1999TCU103 Chi-Chi 1999 7.6 TCU103 6.08 8.69 494 0.876 
1999TCU128 Chi-Chi 1999 7.6 TCU128 13.13 9.02 600 0.547 

2010WES 
El Mayor-
Cucapah 

2010 7.2 
Westside 

Elementary 
School 

11.44 7.08 242 0.451 

2011PRPC Christchurch 2011 6.2 
Pages Road 

Pumping 
Station 

1.98 4.82 206 0.832 
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Figures 

 
Figure 1. Definition of the principal axes of the horizontal ground motion. 
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Figure 2. Simplified structural plan and elevation of the former Uto City Hall (Fujii, 2016). 
 

 (Revised) 
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Figure 3. Layout of the isolators and dampers in the isolation layer (Fujii, 2021). 

 
Figure 4. Structural modeling overview (Fujii, 2021). 

 

Figure 5. Modal parameters of the base-isolated model calculated from the pushover analysis results. 
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Figure 6. First mode shape corresponding to D1U* = 0.30 m. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 29 September 2022                   doi:10.20944/preprints202209.0030.v2

https://doi.org/10.20944/preprints202209.0030.v2


 32 of 38 
 

 

 

Figure 7. Total input energy spectra of the unscaled ground motion sets. 
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Figure 8. Maximum momentary input energy spectra of the scaled ground motion sets. 
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Figure 9. Relationship between the peak response and the angle of seismic incidence (ASI) defined in terms of the 
principal axis of Arias. Note that the plot at −90° is added to consider the symmetricity: the plots at −90° and 90° are the 
same. The black circled plots indicate the largest responses for the 1999YPT and 1999TCU075 cases. 

 

Figure 10. Relationship between the peak response and the ASI defined in terms of the principal axis based on the 
cumulative energy input. 
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Figure 11. Relationship between the cumulative response and the ASI defined in terms of the principal axis based on 
the cumulative energy input. 
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Figure 12. Hysteresis of the first modal response and the time-history of the energy input. 
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Figure 13. Displacement orbit of the four isolates at the corners. 
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Figure 14. Peak drift of the three columns A1B1, A3B1, and A3B3 (1999TCU075). 
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