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Uplifted	Structure:	Limiting	earthquake	force
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Fixed Foundation Free	Joint	Foundation

Building	holding	on	
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“Unknown	random	vibration”	amplified	and	
acting	on	the	uplifted	structure



Subject:	Mechanism	of	Higher	Mode	Vibration
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• Uplifting
• Landing
• Grounding
• Detaching
• Uplifting	Ultimate	Moment
• Rocking	Stiffness

Restoring	force	of	Ground	

KR



Restoring	force	characteristics	
of	ground	spring	R
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• Detach	Phenomenon
• Landing	Detach	Phenomenon

Grounding
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Equation	of	rocking	motion	model
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Transposition	of	Non‐linear	Component
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exf及び
・・上部架構自由度 

・・ロッキング自由度 DOF	of	rocking

DOF	of	
superstructure
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can	be	expressed	as	multiplication	of	M	and	exf exx
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Rocking	reaction	force

Where

Transposition	of	Non‐linear	Component



Expresses	uplifting	and	grounding	behaviour of	a	structure

：Structural	response
：gravity	acceleration	vectorexx
x
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exxMKxxCxM  

s :Generalized	gravity	acceleration
s s :	Generalized	gravity

s s s s s s s sM y C y K y M    
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Modal	Decomposition



10

1,2,1  Nssss 0φKφM

  Arbitraryt :111

1

00

0





φ

011 1
 φφKtK

02 1111  KMhC

 111111  yMyM 

→1st	mode	is	rigid	rotation	mode
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→Generalized	Stiffness,	Damping	will	be	0

→1st mode	behaviour is	uniform	acceleration

Rigid	Rotation	1st Mode
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Sth mode	spring	pendulum	will	oscillate	
about	limited	equilibrium	position	and	will	
be	stopped	at after	fully	attenuated

Rotational	restoring	force	is	constant	
M	=	MUL at	uplifting	phase.
Hence,	generalized	gravity	and	
equilibrium	position	will	be	constant

Limited	Equilibrium	Position

Limited
Equilibrium
Position
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Natural
Position



1st 2nd 3rd 4th ・・・

Natural	Position

EQP

EQP
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η1
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η3 η4

Spring	Pendulum	of	each	mode	at	static	equilibrium	position
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Limited	Equilibrium	Position

EQP:	Equilibrium Position



Uplifting	Phase Change	in	the	direction	of	gravity	
on	each	mode

Spring	pendulum	of	each	mode
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Mechanism	of	Higher	Mode	Vibration
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For	Each	Mode
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Ltd	EQP	at Phase	A

Max.		of	Phase	B
when	Landing	
Detach	Phenomenon

Ltd EQP	at	Phase	B

Natural	position

Max.	of	Phase	A
when	
Detach	Phenomenon

Track	of	EQP

Grounding First	uplifting	 Second	uplifting Third	uplifting

Phase	A Phase	B

Mechanism	of	Higher	Mode	Vibration
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