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Model Elasto-plastic damper (EP) Oil damper (OD) 
Tf (s) 4.0, 5.0, 6.0, 7.0 

Y 0.01 ~ 0.10 @0.01  
heq  0.05 ~ 0.35 @0.05 

Table 3 Parameters of the isolation story 
Fig. 11 30-story base isolation model 

Fig. 12 Response contour plots calculated by GRSA (Max., EP) 
(a) Isolator displacement (b) Max. story drift ratio (c) Shear coeff. [Iso. layer] 

(a) Relative displacement (c) Shear coefficient (b) Story drift ratio 
Fig. 15 Seismic responses calculated by NLRHA (OD) 

El Centro NS, Initial  After GRSA 1st mode 2nd mode 3rd mode 
Natural period (s) 3.93  5.65 1.36  1.76 0.77  0.86 

Damping ratio 0.02  0.20 0.02  0.07 0.03  0.05 

Table 4 Modal properties (EP, Tf = 7.0 s, Y = 0.03) 
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Fig. 13 Response contour plots calculated by GRSA (Max., OD) 
(a) Isolator displacement (b) Max. story drift ratio (c) Shear coeff. [Iso. layer] 

(a) Relative displacement (c) Shear coefficient (EP ) (b) Story drift ratio (EP ) 
Fig. 14 Seismic responses calculated by NLRHA (EP) 

 El Centro NS Hachinohe NS JMA Kobe NS Taft EW
 Isolated  Fixed-base

Table 5 Modal properties (OD, Tf = 5.0 s, heq = 0.35) 
El Centro NS, Initial  After GRSA 1st mode 2nd mode 3rd mode 

Natural period (s) 5.74  5.87 1.69  1.73 0.83  0.85 
Damping ratio 0.22  0.16 0.22  0.16 0.17  0.12 

Isolation 
layer 
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Fig. 18 9 stories mid-story isolation model schematics 
Table 6 Parameters of the isolation story and damper braces 
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layer with no dampers in substructures (GRSA) 

(a) 2nd-story isolation (b) 5th-story isolation (c) 8th-story isolation 

 El Centro NS Hachinohe NS JMA Kobe NS Taft EW

Fig. 16 Comparison of GRSA and NLRHAs (El Centro NS, EP) 
(a) Relative displacement (b) Story drift ratio (c) Shear coefficient 

Fig. 17 Comparison of GRSA and NLRHAs (El Centro NS, OD) 
(a) Relative displacement (b) Story drift ratio (c) Shear coefficient 
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Fig. 20 Response contour plots calculated 
by GRSA (Max., EP) 

(c) 8th-story isolation ( Y = 0.03) 
Fig. 22 Comparison of GRSA and 
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Fig. 23 Response contour plots calculated 
by GRSA (Max., OD) 

(c) 8th-story isolation ( Y = 0.03) 
Fig. 25 Comparison of GRSA and 

NLRHA (El Centro NS, OD) 
Fig. 24 Comparison of NLRHA results with or without 

oil damper incorporated in substructure 

(a) 2nd-story isolation ( Y = 0.05) 

(b) 5th-story isolation (  = 0.7, heq = 0.10) 

(a) 2nd-story isolation (  = 0.3, heq = 0.10) 

(c) 8th-story isolation (  = 0.5, heq = 0.10) 

(a) 2nd-story isolation (  = 0.3, heq = 0.10) 

(b) 5th-story isolation (  = 0.7, heq = 0.10) 

(c) 8th-story isolation (  = 0.5, heq = 0.10) 

(b) 5th-story isolation ( Y = 0.03) 

 El Centro NS Hachinohe NS JMA Kobe NS Taft EW

 El Centro NS Hachinohe NS JMA Kobe NS Taft EW

─ 1192 ─



7/10 
 
 

1 s

heq Fig. 18

1 1 s heq

 = 1.0 (

kdi/kfi

kdi
”/kfi ) (

1/750rad p = 0.02 ADM )

EP

OD  

Fig. 19

GRSA -

Y 4

Y = 0.05 (2 ) Y = 0.03(5

8 )

 

Fig. 20 Fig. 23 GRSA

(1/100rad)

( )

 

Fig. 20  = 0.1

(Fig. 20 1

1 s) 13)

Fig. 23

 = 0.3~0.7

(Fig. 23 heq)

(Fig. 20 Fig. 23 )

1/150~1/200rad

 

Fig. 21

NLRHA Fig. 21(a)(c) 2

8 1

1/100rad 2 12.7 m/s2

9.0 m/s2 8 14.4 m/s2 8.2 m/s2

Fig. 21(b1)(b2) 5

15.0 m/s2 9.3 m/s2 Fig. 22

NLRHA GRSA

30% ( )  

Fig. 24

NLRHA Fig.24(a)~(c)

1 1/100rad

2 12.7 m/s2 8.7 m/s2 5

15.0 m/s2 12.8 m/s2 8 14.4 m/s2 8.7 

m/s2 Fig. 25

NLRHA GRSA

30%  

 

7) 5

 

Fig. 26 Table 7 Table 8

L = 150 m

Half subtended angle  (deg.) 30 
Span of the dome L (m) 150 

Radius of the dome R (m) 150 
Rise of the dome HR (m) 20.1 

Ridge member length l (m) 7.9 

 Mass (t) Stiffness (kN/mm) 
RF 6894  
3F 1253 4198 
2F 1395 6191 
1F 1395 8358 

Isolation layer 

Tf (s) 3.0 
T0 (s) 1.0 

Y 0.01 ~ 0.20 @0.01 

Sub-
structure 

Elasto-plastic 
damper (EP) 

Oil damper 
(OD) 

 0.1 ~ 1.0 @0.1 
1 s 0 ~ 0.20 @0.02  
heq  0 ~ 0.10 @0.01 

2nd mode
72.9% : 0.46 s

5th mode
16.3% : 0.35 s

44th mode
5.90% : 0.10 s

118th mode
1.44% : 0.05 s

2nd mode
68.1% : 1.08 s

22nd mode
13.3% : 0.18 s

20th mode
13.1% : 0.18 s

72nd mode
3.24% : 0.08 s

2nd mode
63.7% : 3.03 s

19th mode
31.0% : 0.20 s

72nd mode
3.93% : 0.08 s

136th mode
1.36% : 0.05 s

Kf

Isolator
Q

Elasto-plastic damper
Q

MSS model

Isolation
layer

Sub-
structure
3@6 m

Frame
stiffness

Amount of
added dampers

Elasto-plastic damper
Q

Oil damper
Q

or

609.6×32

914.4×22
965.2×28
1500×40

Input
direction

L

R

Dome member

Column

1 : Insert isolation layer
2 : Sofften substructure
3 : Add dampers to

substructure

Vibration control
damper

Vibration control
damper

Design process

kf 3 0.5kf 1

kf 1

kdi / kfi = const.
or

kdi / kfi = const.
kfi

”

O

E'

E

A

A'

Fig. 27 Predominant modes (effective mass ratio, natural period) 
(c) Tf = 3.0 s 

(a) Non-isolated (Tf = 0.001 s) 

(b) Tf = 1.0 s 

Table 7 Dome dimensions Table 8 Model properties 

Table 9 Parameters of seismically isolated lattice dome models 

Fig. 26 Seismically isolated lattice dome model schematics 
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Fig. 29 Ridge accelerations calculated by NLRHA Fig. 30 Comparison of GRSA and NLRHA (El Centro NS) 

Fig. 28 Relationship between Y and GRSA results 

(a) Horizontal acceleration (b) Vertical acceleration (a) Horizontal acceleration 

Fig. 31 Response contour plots calculated 
by GRSAs (a: EP, b: OD) 

Fig. 32 Comparison of NLRHA results with or without damper 
incorporated in substructure (a: EP, b: OD) 

Fig. 33 Comparison of GRSA and 
NLRHA (El Centro NS) 

(a1) Substructure acc. (a2) Story drift ratio 

(b1) Substructure acc. (b2) Story drift ratio 

(a2) Story drift ratio (a1) Shear coeff. 

(b2) Story drift ratio (b1) Shear coeff. 
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 El Centro NS Hachinohe NS JMA Kobe NS Taft EW

Roof 

Substructure 

Roof 

Sub- 
structure 

Roof 

Substructure 

Roof 

Substructure 

─ 1194 ─



9/10 
 
 

heq = 0.09

(a1)(a2)

(Fig. 31 )  

Fig. 32 NLRHA (b1)~(b3)

11.9m/s2 6.5~9.9 m/s2 (a1)~(a3)

Fig. 33

GRSA 30%  

5 6

 

 

 

1) 

(GRSA) ( + )

GRSA

+

2

(

MSS )

( GSM)  

2) MSS

T0 GSM

(ADM) 30%

ADM   1000

NL  0.6 GSM NL  0.7  

3) GRSA

 

4) 

 

GRSA

1

(

)

 

 

(2019

)  

1) AIJ: Design Recommendation for Seismically Isolated Buildings, 2016. 
2) Ministerial Notification No. 2009 of the Ministry of Construction, Japan, 2000. 

(in Japanese) 
2009 2000 

3) Ministerial Notification No. 631 of Ministry of Land, Infrastructure and 
Transport, Japan, 2005. (in Japanese) 

631 2005 
4) Kobayashi M. and Koh T.: Earthquake response prediction and rationalization 

of dynamic design of mid-story isolated buildings, Journal of Structural and 
Construction Engineering (Transactions of AIJ), No.592, pp.51-57, 2005.6 (in 
Japanese) 

5) Kaneko K.: Multipurpose passive control of mid-story isolation buildings 
designed to mitigate seismic response in substructure, Journal of Structural and 
Construction Engineering (Transactions of AIJ), Vol.80, No.718, 
pp.1869-1879, 2015.12 (in Japanese) 

6) Hirotani N. and Hata I.: A study on building mass damper system using mid-
story isolated system – A design method using the performance based design 
diagrams -, Journal of Structural and Construction Engineering (Transactions 
of AIJ), Vol.83, No.753, pp.1573-1582, 2018.11 (in Japanese) 

7) Takeuchi T., Takamatsu K., Kumagai. K. and Ogawa T.: Response evaluation 
of lattice domes supported by substructures with seismic isolation system, 
Journal of Structural and Construction Engineering (Transactions of AIJ), 
Vol.74, No.641, pp.1259-1266, 2009.7 (in Japanese) 

8) Nakamizo D. and Koitabashi Y.: Structural Design of Mid-Story Isolated High-
Rise Building – Roppongi Grand Tower, International Journal of High-Rise 
Building, Vol.7, No.3, pp.233-242, 2018.9. 

9) JSSI: MENSHIN, No.37, pp.3-8, 2002.8 (in Japanese) 
MENSHIN, No.37, pp.3-8, 2002.8 

10) Terazawa Y. and Takeuchi T.: Generalized Response Spectrum Analysis for 
Structures with Dampers, Earthquake Spectra, EERI, accessed 2020.5.19, DOI: 
https://doi.org/10.1193/092217EQS188M 

11) Terazawa Y. and Takeuchi T.: Optimal damper design strategy for braced 
structures based on generalized response spectrum analysis., Jpn Archit 
Rev., 2019:00:1-17., accessed 2020.5.19 
https://doi.org/10.1002/2475-8876.12122 

12) Sinha R. and Igusa T.: CQC and SRSS methods for non-classically damped 
structures, Earthquake Engineering & Structural Dynamics, Vol. 24, 
pp. 615-619, 1995. 

13) JSSI: Manual for Design and Construction of Passively-Controlled 
Buildings 3rd Edition, Daioh Co., Ltd, 2013 (in Japanese) 

3 2013 
14) Wada A. and Hirose K.: Elasto-plastic dynamic behaviors of the building frames 

subjected to bi-directional earthquake motion, Journal of Structural and 
Construction Engineering (Transactions of AIJ), No.399, pp.37-47, 1989.5 (in 
Japanese) 

15) Jacobsen, L. S.: Damping in composite structures, 2WCEE, 
pp. 1029-1043, 1960 

16) Newmark, N.M. and Rosenblueth, E.: Fundamentals of Earthquake Engineering, 
Prentice Hall Inc., 1971 

17) Building Research Institute: Evaluation of Design Earthquake Ground Motion 
for Buildings, Building Research data, No.83, 1994.11 (in Japanese) 

No. 83 1994.11 
18) Skinner R. I., Robinson W. H. and McVerry G. H.: An Introduction to Seismic 

─ 1195 ─



10/10 
 
 

Isolation, Wiley, 1993. 
19) Higashino, S. and Kitamura, H.: Energy-balance based seismic response 

prediction methods for seismic isolated buildings with rubber bearings and 
viscous dampers, Journal of Structural and Construction Engineering 
(Transactions of AIJ), No.588, pp.79-86, 2005.2 (in Japanese) 

20) Kasai, K., Chimamphant, S. and Matsuda, K.: Performance curves for base-
isolated buildings reflecting effect of superstructure vibration period, Journal of 
Structural and Construction Engineering (Transactions of AIJ), Vol.81, No.720, 
pp.239-249, 2016.2 (in Japanese) 

21) Yamashita, T., Mukai, Y. and Inoue, Y.: Evaluation and synthesis for aseismic 
responses of structural system with inter-story isolation devices, Journal of 
Structural and Construction Engineering (Transactions of AIJ), No.591, 
pp.35-42, 2005.5 (in Japanese) 
 

Fig. A1 + GSM
1

3
4 2.5

(0.0 NL 1.0)
 = 0.6

30% 3

 
 

Fig. A2
4

(Fig.16 )

Fig. A2

(
)

1
18)  

3 1 Fig. A3
( (3) 25 )

GRSA ( )
3

Fig. A4  
   

-0.09
-0.06
-0.03

0
0.03
0.06
0.09

-500 -250 0 250 500

Shear coefficient [Iso. layer]

Isolator displacement (mm)

-3

-2

-1

0

1

2

3

0 10 20 30 40

Acceleration [30F] (m/s2)

Time (s)

Max. (6.09 s)

-0.09
-0.06
-0.03

0
0.03
0.06
0.09

0 10 20 30 40

Shear coefficient [Isolation layer]

Time (s)

Max.
(29.415 s)

-1.8
-1.5
-1.2
-0.9
-0.6
-0.3

0
0.3
0.6
0.9
1.2
1.5
1.8

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Cons. (+)

Uncons. (-)

T
0
 = 0.1 s

T
0
 = 0.7 s

T
0
 = 1.0 s

T
0
 = 0.3 s

Linear Non-linearError

Non-linearity factor NL

Mod-GSM

-1.8
-1.5
-1.2
-0.9
-0.6
-0.3

0
0.3
0.6
0.9
1.2
1.5
1.8

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Cons. (+)

Uncons. (-)
T

0
 = 0.1 sT

0
 = 1.0 s

T
0
 = 0.7 s T

0
 = 0.3 s

Linear Non-linearError
ADM

Non-linearity factor NL

0 2 4 6 8 10 12
0

2

4

6

8

10

12

GRSA (m/s2)

NLRHA (m/s2)

Cons. (+)

U
nc

on
s. 

(-
)

+20%

-20%

0 0.3 0.6 0.9 1.2 1.5
0

0.3

0.6

0.9

1.2

1.5

GRSA

NLRHA

Cons. (+)

U
nc

on
s. 

(-
)

+20%

-20%

0 20 40 60 80 100
0

20

40

60

80

100

GRSA (cm)

NLRHA (cm)

Cons. (+)

U
nc

on
s. 

(-
)

+10%
-20%

(a3) Roof acceleration (a1) Isolator displacement (a2) Base shear coefficient 
(a) OD model series 

 El Centro NS Hachinohe NS JMA Kobe NS Taft EW

-1.8
-1.5
-1.2
-0.9
-0.6
-0.3

0
0.3
0.6
0.9
1.2
1.5
1.8

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Cons. (+)

Uncons. (-)
T

0
 = 0.1 s

T
0
 = 1.0 s

T
0
 = 0.7 s

T
0
 = 0.3 s

Linear Non-linearError
ADM

Non-linearity factor NL

-1.8
-1.5
-1.2
-0.9
-0.6
-0.3

0
0.3
0.6
0.9
1.2
1.5
1.8

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Cons. (+)

Uncons. (-)
T

0
 = 0.1 s

T
0
 = 0.7 s

T
0
 = 1.0 s

T
0
 = 0.3 s

Linear Non-linearError

Non-linearity factor NL

Mod-GSM

(b) EP model series (Isolator displacement) 
(b1) ADM (b2) Mod-GSM 

(c) EP model series (Roof acceleration) 
(c1) ADM (c2) Mod-GSM 

Fig. A3 Comparison of GRSAs and NLRHAs (observed seismic waves) 

Fig. A2 Load-deformation relationship of the isolation layer and time 
history of response acceleration on the 30–th floor and shear coefficient of 

the isolation layer 

0 2 4 6
0

2

4

6

RSA (m/s2)

NLRHA (m/s2)

Cons. (+)

U
nc

on
s. 

(-
)

+10%
-30%

-1.8
-1.5
-1.2
-0.9
-0.6
-0.3

0
0.3
0.6
0.9
1.2
1.5
1.8

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Cons. (+)

Uncons. (-)

T
0
 = 0.1 sT

0
 = 1.0 s

T
0
 = 0.7 s T

0
 = 0.3 s

Linear Non-linearError
ADM

-1.8
-1.5
-1.2
-0.9
-0.6
-0.3

0
0.3
0.6
0.9
1.2
1.5
1.8

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Cons. (+)

Uncons. (-)

T
0
 = 0.1 s

T
0
 = 0.7 s

T
0
 = 1.0 s

T
0
 = 0.3 s

Linear Non-linearError
Mod-GSM

(b) EP model series 
(b1) ADM (b2) Mod-GSM 

Non-linearity factor NL Non-linearity factor NL

(a) OD model series 

Fig. A4 Comparison of GRSAs and NLRHAs (roof acceleration) 

-1.8
-1.5
-1.2
-0.9
-0.6
-0.3

0
0.3
0.6
0.9
1.2
1.5
1.8

0.4 0.5 0.6 0.7 0.8 0.9 1

Error

 Reduction factor

Max.

Min.
Median

3rd Quartile

1st Quartile

Outliers

Fig.A1 Comparison of k in Modified-GSM (Isolator displacement) 

─ 1196 ─



11/11 
 
 

  

DESIGN METHOD OF SEISMICALLY ISOLATED STRUCTURES 
BASED ON GENERALIZED RESPONSE SPECTRUM ANALYSIS 

 

Yuki TERAZAWA*1, Wataru SANO*2 and Toru TAKEUCHI*3 
 

*1 Assist. Prof., Dept. of Arch. and Build. Eng., Tokyo Institute of Technology, Dr. Eng. 
*2 Former Grad. Student, Tokyo Institute of Technology, M. Eng. (NIKKEN SEKKEI LTD) 

*3 Professor, Dept. of Arch. and Build. Eng., Tokyo Institute of Technology, Dr. Eng. 
 

Seismic isolation is widely used in seismic areas of the world for their functions of securing both of human life and the property. 
While simple design methods for simple structures have been proposed by many researchers, these methods are generally limited 
to specific seismically isolated structural systems. Particularly in Japan, the number of challenging structural systems (e.g. a base 
isolation with tall buildings, mid-story isolation or roof isolation systems having substructures with dampers) where these 
methods cannot be applied are recently increasing. In practice, many projects require an iterative approach with time-consuming 
NLRHA to determine the isolation design. Therefore, this paper presents a design method for highly indeterminate seismically 
isolated structures utilizing generalized response spectrum analysis, which has been extended to simulate both of an elasto-plastic 
damper with isolator and a nonlinear oil damper. In section 2, the extension of generalized response spectrum analysis (GRSA) 
is described in detail. The design method of seismically isolated structures based on GRSA is proposed. In section 3, the 
fundamental accuracy of GRSA is verified using a series of numerical simulation of single-story isolated structure models. 
Moreover, the range in application of the parameter formulations of complex stiffness for complex multi shear spring element 
simulating elastoplastic dampers with isolator is discussed. In section 4, the design example of a tall building with base isolation 
based on GRSA is demonstrated. In section 5, the design example of a 9-story mid-story isolation building having substructure with 
dampers based on GRSA is demonstrated. In section 6, the design example of an isolated lattice dome building having substructure with 
dampers based on GRSA is demonstrated. 

In summary, the following results were obtained: 
1) GRSA is extended for highly indeterminate seismically isolated structures and their accuracy was verified in a series of comparison 

studies with non-linear response history analyses. 
2) While modified geometrical stiffness method (Mod-GSM) is suitable for seismically isolated structure with shorter initial 

natural period (T0 = 0.1 and 0.3,) average damping method (ADM) is suitable for seismically isolated structure with longer 
initial natural period (T0 = 0.7 and 1.0.) The range in application of ADM to keep the evaluation error within 30% is that 
ductility ratio is lower than 1000 and the nonlinear coefficient NL is lower than 0.6. The range in application of Mod-GSM to 
keep the evaluation error within 30% is that the nonlinear coefficient NL is lower than 0.7. 

3) A design method of seismically isolated structures based on the contour map of GRSA is proposed and the efficiency is 
demonstrated using a series of the design examples. 

4) When additional dampers are distributed in supporting substructures below the isolated layer of mid-story isolated structures 
or seismically isolated roof structures, the horizontal stiffness of the substructure incorporating elasto-plastic damper braces 
should be more reduced compared with that of the substructure incorporating oil damper braces for reducing the acceleration 
response of the substructure. However, the response acceleration of the substructure may not be reduced for the above 
seismically isolated systems having substructure with elasto-plastic damper braces. 
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