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Synopsis :

The statue of the *= Goddess of Mercy (Tendo-Hakui-Kannon)" is a reinforced concrete
structure with a height of 100 meters. To predict the elastic and plastic behavior of this
statue in a major earthquake, a basic design model was adopted in which a series of
ellipsoids approximates the configuration of the statue. Aseismic safety was also
examined with respect to the complex surfaces unique to the statue using structural
analysis models. As reported here, the aseismic design of the statue involved analysis

methods applicable to high-rise, free-form thin shell structures.
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Aseismic Design of High-Rise Thin Shell Structure—
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Synopsis:

The statue of the *“Goddess of Merey (Tendo-Hakui-Kannon)™’
is a reinforced concrete structure with a height of 100 meters. To
predict the elastic and plastic behavior of this statue in a major
earthquake, a basic design model was adopted in which a series of
ellipsoids approximates the configuration of the statue. Aseismic
safety was also examined with respect to the complex surfaces unigque
to the statue using structural analysis models. As reported here,
the aseismic design of the statue involved analysis methods applic-
able to high-rise, free-form thin shell structures.
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Photo 1 Archetype for the statue of Goddess of Mercy { Tendo-
Hakui-Kannon)
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Fig. 1 Sectional view of the statue
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Table 1 Seismic waves and maximum accelerations used in
earthquake response analysis

Max. acceleration (em/s?) D_urat}on
Name of seismic waves |- Llr?.'f er
Level 1%t ‘ Leve] 2%2 3(5515
EL CENTRO 1940 NS 955.4 |  510.8 20.0
TAFT 1552 EW 248.4 496 .8 20.0
SENDAIS( 1962 NS 413.5 831.0 13.98
THO30 1FL 1978 EW 183.7 | 367.4 20.0

#! Maximum velocity =25 cm/s
# Maximum velocity =50 cm/s
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Fig. 2 Basic model for the earthquake response analysis
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Fig. 3 Typical horizontal section of the statue {62.0 meters
high from ground level)
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Fig. 4 Maximum shear forces to seismic waves at intensity
level 1, Y {front-to-behind) direction
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Fig. 5 Maximum bending moment to seismic waves at intensity
level 1, Y {front-to-behind) direction
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Fig. 6 Maximum response bending moment on restoring force
curve calculated for each layer of the statue (intensity
level 2, Y direction)
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Table 2 List of structural analyses in aselsmic design of the

statue
Model | Degree
Model Analyzing purpose dimen- of
sion |freedom
- | To calcurate vibration mode and
FEM mode! | stresses under static force by 3 6
finite element method
Strain To analyze earthqualke response
energy | of model with stiffness equivalent 2 3
model | to FEM model in strain energy
Formin To analyze influence of stiffness
wall mgodel of non-load carrying (forming) 2 3
wall
Torsional To analyze torsional response of
3 6
effect model | structure
Vertlcaln To analyze effects of wvertical 2 3
resﬁgfﬂi] earthquake motion
Soil- To analyze effects of basement
structure | floor expanding from footing into 2 3
model | soil by finite element method

s

SR e .
2w AW a4V St e

=
e
S

==

2k

;

A

N7

7. oY

Perspective

Fig. 7 Mesh model for finite element method
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Fig. 8 Vibration mode of FEM model
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Fig. 9 Results of FEM analysis (¥-dir., horizontal load)

WRE L LCFEM =7 o ihif 2 AR R BER U RIS %
Totes

4.2.1 BHREFL

FEM = F A% AT 1 RER £ - Vol Ehed a8
BIE RN CEE N M OMREM EHa TR, BHOUT4H
=RAX -DHEEL, ChELOBCihafmOlMyERES e
HETE— 2 Y bODT =R AF S L EEE LS
ErRDBY,

4.2.2 HRIGERITER

5 (AL % 305 L FERI4E: & Hi L C Table 3 ioif, £FICERHE
Flth & 2 iEEiEE £ < —BLCW50, EReEMc s TS

Table 3 Comparison between bending stiffness of design model
and bending stiffness equivalent to FEM model

Bending stiffness (m?*)
Location in Ratio
the statue Design mode! | FEM equivalent A
I, model Iy
Head {C*!) 121.13 71.50 0.60
Neck (M*) 381.69 296.59 0.77
Body (J*1) 813.90 794.68 0.98

#L Symbols of layer are shown in Fig. 2.
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Table 4 Maximum response to SENDAI 501 earthquake at the lowest layer of the statue*

| Response to NS wave* | Response to UD wave*? | SRSS methods*s Response to NS & UD
Horizental force (t) 3974 160 3980 4041
Vertical force (t) 313 3429 3442 3505
Moment (t-m) 111 640 3848 — 112 480

*1 NS wave: Horizontal direction
*2 D wave: Verticul direction

#3 Square root of square sum from each response to NS wave and UD wave

#4 Analysis direction: Y (front-to-behind of the statue)
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Fig. 10 Soil-structure interaction model in FEM method
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Table 5 Comparison of response between case 1 (with basement floor) and case 2 (without basement floor)

Case 1 Case 2

Natural frequency, 1st mode {Hz) 1.17 1.17
Transfer function

Transmissibility 11.48 11.57

Acceleration (gal) 1266 1254
Maximum response at the top

Displacement (cm) 17.25 17.39

Shear force (t) 5530.1 5551.0
Maximum response at the foot

Bending moment (t-m) 275730 278 460

Ik s Vol. 20 No. 4 1988

g2 —



B> & i s BB SR SR AT B OR R

343

Tahle 6 Natural period from various response analyses (sec)
Direction & mode Design model FEM model Stra;;l;;:]?rgy Tersﬁgzlefﬁea Fornnljggervall Soilrrslérdtgiture
Ist 0.804 0.814 — 0.804 0.672 0.855
X 2nd 0.179 0.207 — 0.18¢ 0.150 0.186
3ud 0.096 — — 0.097 0.078 —
1st 1.071 1.165 1.072 1.072 0.900 —_
Y 2nd 0.234 0.304 0.236 0.235 (3.188 —
3rd 0.122 —_ 0.125 0.122 ¢.100 —
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