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

SR U S 7. | ol I N -
Yuki TERAZAWA, Wataru SANO and Toru TAKEUCHI

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. This enables a more efficient design process
than trial-and-error approaches with non-linear response history analysis. The design example using the proposed method are demonstrated in a series

of studies using a base isolation system with a tall building and mid-story isolation or roof isolation systems having substructures with dampers.
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Fig. 1 Flowchart of an extended GRSA routine
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Fig. 7 Comparison of GRSAs and NLRHAs (EP)
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Fig. 10 Comparison of GRSAs and NLRHAs (OD)
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Fig. 12 Response contour plots calculated by GRSA (Max., EP)
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Fig. 11 30-story base isolation model
Table 3 Parameters of the isolation story
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Fig. 13 Response contour plots calculated by GRSA (Max., OD)
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Fig. 14 Seismic responses calculated by NLRHA (EP)
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Floor Floor Isola
30 /] ‘1/150 ‘1/75 .':0
25 Fixed-base
20 Fixed-base
15
10
5
Isolation Isolation Isolation
P layer O_- layer _ layer
300 600 900 1200 0 05 1 1.5 2 0 02 04 06 08

Relative disp. (mm) Story drift ratio (%rad) Shear coefficient
(a) Relative displacement (b) Story drift ratio (c) Shear coefficient

Fig. 15 Seismic responses calculated by NLRHA (OD)
Table 5 Modal properties (OD, 7;= 5.0 s, A, = 0.35)

El Centro NS, Initial — After GRSA 18 mode 27 mode 34 mode El Centro NS, Initial — After GRSA 15 mode 2" mode 34 mode
Natural period (s) 3.93 — 5.65 1.36 — 1.76 0.77 — 0.86 Natural period (s) 5.74 — 5.87 1.69 — 1.73 0.83 — 0.85
Damping ratio 0.02 — 0.20 0.02 — 0.07 0.03 — 0.05 Damping ratio 0.22 — 0.16 0.22 —0.16 0.17 — 0.12
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Fig. 16 Comparison of GRSA and NLRHAs (El Centro NS, EP)
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Fig. 17 Comparison of GRSA and NLRHAs (El Centro NS, OD)
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Fig. 18 9 stories mid-story isolation model schematics
Table 6 Parameters of the isolation story and damper braces

Isolation layer Sub- Elasto-plastic Oil damper
Siti structure damper (EP) (OD
The position of oF, SF, SF per ( ; )
isolation layer B 0.1~1.0@0.1
T/ (s) 4.0 105 0~ 0.20 @0.02
ay 0.01 ~0.20 @0.01 heg 0~0.10 @0.01
[ OEICentroNS <& Hachinohe NS 1 JMA Kobe NS ¥V Taft EW |

%h;ar coeff. [Iso. layer] %h}ear coeff. [Iso. layer] %h}ear coeff. [Iso. layer]

0

0.03

00 0.65 0‘.1 OA‘15 0.‘2 00 ‘OA‘OS 011 0.‘15 0‘.2 00 ‘OA‘OS 011 0.‘15 012
Yield shear coefficient a, Yield shear coefficient a, Yield shear coefficient a,
(a) 2nd-story isolation (b) 5th-story isolation (c) 8th-story isolation
Fig. 19 Relationship between ay and shear coefficient of isolation

layer with no dampers in substructures (GRSA)
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Fig. 20 Response contour plots calculated
by GRSA (Max., EP)
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Fig. 21 Comparison of NLRHA results with or without
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Fig. 22 Comparison of GRSA and
NLRHA (EI Centro NS, EP)
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Fig. 26 Seismically isolated lattice dome model schematics
Table 7 Dome dimensions Table 8 Model properties

Half subtended angle 0 (deg.) 30 Mass (t) Stiffness (kN/mm)
Span of the dome L (m) 150 RF 6894
Radius of the dome R (m) 150 3F 1253 4198
Rise of the dome Hx (m) 20.1 2F 1395 6191
Ridge member length / (m) 7.9 1F 1395 8358
Table 9 Parameters of seismically isolated lattice dome models
Isolation layer Sub- Elasto-plastic Oil damper
structure damper (EP) (OD)
Tr (s) 3.0 B 0.1 ~1.0 @0.1
To (s) 1.0 105 0~020@0.02 [ ___——
ay 0.01 ~0.20 @0.01 heq 0~0.10 @0.01

5th mode th mode 118th mode
72.9%:0.46 s 16.3%:0.35s 5.90%:0.10 s 1.44%:0.05 s
(a) Non-isolated (7y= 0.001 s)

2nd mode 22nd mode 20th mode 72nd mode
68.1%:1.08 s 13.3%:0.18 s 13.1%:0.18 s 3.24%:0.08 s
(b) Ty=1.0s

2nd mode 19th mode 72nd mode 136th mode
63.7%:3.03 s 31.0%:0.20 s 3.93%:0.08 s 1.36%:0.05 s
() Tr=3.0s

Fig. 27 Predominant modes (effective mass ratio, natural period)
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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 (7, = 0.1 and 0.3,) average damping method (ADM) is suitable for seismically isolated structure with longer
initial natural period (7o = 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.

(2020 42 2 H 7 HIsURS3E, 2020 42 5 H 18 HIRIHE)
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