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Earthquake motions for structure 
design

• Using observed motion
• Stochastic model of amplitude and phase 

spectra
• Based on the dynamics of elastic body
• Empirical simulation model
• Design response spectrum compatible EM
• EM phase using nonlinear structural design

Introduction of Fourier analysis 
and stochastic modeling of 

earthquake motions

Modeling of amplitude and phase

Introduction of Fourier analysis

• Using inverse Fourier transformation
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Fourier Inverse Transform
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Taking into account the facts that the amplitude 
spectrum  is symmetric and the phase spectrum is 
asymmetric with respect to , we can get
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Discretization

It is necessary for numerical analyses to use 
finite sampling function given by 
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And considering the following formula

Discretization

Substituting these formula into the inverse 
transformation formula we can obtain
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Any time histories can be approximated  by a 
finite sum of cosine time functions

Amplitude and phase spectra of 
earthquake motion
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Simple case examples
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Complicated example

• Amplitude is defined by normal distribution 
with mean=0 and standard deviation=5gal

• In the phase             ,         is assumed to 
be expressed by uniform random number 
between 0 to 1

• Number of summation terms is change 
from 10 to 1000

• Time interval is 0.01 sec and duration is 10 
sec

nntfπ2 nntf

Sample 3

Shape function

MagnitudeEarthquakeM
TTa

TMT
TMT

T

cd

dc

db

M
d

:
)/()1.0ln(

))7(04.050.0(
))7(04.012.0(

10 774.031.0

−−=
−−=
−−=

= −

( )
( )
( )
( ) 1.0

))(exp(
1

)/(0 2

=<
−−=≤<

=≤<
=≤≤

tEtT
TtatETtT

tETtT
TttETt

d

cdc

cb

bb

Stationary and Non-stationary time 
history of accelerations



4

Introduction of simulation of 
earthquake motions based on 

elasto dynamics

Similarity law and derived simple formula

Based on the dynamics of elastic 
body

• Partial differential equation controlling 
wave propagation in elastic medium

• Green function of this equation

P=1

Displacement G(y,x)

x

y

Displacement u(t) at y for a given time 
history of force P(t)  at  x  is calculated by 
u(t)=G(y,x)P(t)

Mechanism of wave propagation

Pass effect
Site effect

Amplified EQ motionDamplified EA motion

Source 
mechanism

Near source 
motion

EQM=SM x PE x SE

Source mechanism

Small earthquake
Large earthquake

Small movement of 
a  small area

Large movement 
of a large area

Green function



5

Similarity Law
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Simulation of earthquake motion for
a large event

• Calculate Green function based of wave 
propagation equation in elastic medium

• Sum  up Green function taking into 
account similarity rule between the samll
event and a large event

• Difficult to obtain Green function taking 
into account complex path and local site 
effect 

Simulation of earthquake motion 
using observed small event motion
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Concept of Seismic Design 

For the case of Elastic design

Introduction of seismic design  

• Concept of response spectra
• How to use response spectra for 

earthquake proof design of structures
• Concept of yield strength demand 

spectrum
• How to use the yield strength demand 

spectrum for earthquake proof design of 
structures

Concept of Response Spectrum

Absolute Maximum Acc.

Time
Time history of EQ motion
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Concept of aseismic design for
a linear structure
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Earthquake data and calculated acceleration response 
spectra for near source region

Table1. Near-source seismic records from recent 
earthquakes

Design response spectrum for intra-
plate earthquake

Fig.2 Comparison of acceleration response spectra, design spectrum, average spectrum and spectrum 
with 90% non-exceedance probability

Simulation of Design Spectrum 
Compatible

Earthquake Motions

Inter and intra plate design spectra
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◆◆◆◆◆◆ Method to simulate spectrum compatible EM

T(sec)

SA(T,h=0.05)

SV(T,h=0.0)≒A0(T)

SA(T,h=0.0)SA
Modification for  damping factor

Kawashima et.al (1983)

T(sec)

SV

Initial Fourier 
amplitude

Simulate a time history of earthquake motion
using this initial Fourier amplitude and 
a simulated sample phase spectrum

Calculate acceleration response spectrum

◆◆◆◆◆◆ Method to simulate spectrum compatible EM

T(sec)

SA(T,h=0.05)SA

T(sec)

A

Modified Fourier 
amplitude 

Calculated response spectrum from the time history

SA(T,h=0.05)

( )T

Calculate ratio r(T) = SA /SA

Modified initial Fourier
amplitude spectrum A(T) = r(T) ・A0(T)

Initial Fourier 
amplitude

A0(T)

A(T)

Calculate a new time history of E.M. using the same phase spectrum

T

T

◆◆◆◆◆◆ Design acceleration response spectrum
(Design standard of Japan Railway) 
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SpectrumⅠ

SpectrumⅡ

●SpectrumⅠ： Inter plate earthquake
●SpectrumⅡ： Intra plate active fault

Kobe Record(1995)

Time history of
acceleration

Amplitude
spectrum

Phase
spectrum
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For the case of Kobe Record

Original time history

Response spectrum
compatible TH

Comparison between
target and recalculated
response spectrum 

Kushiro Record(1994)

Time history of
acceleration

Amplitude
spectrum

Phase
spectrum

For the case of Kushiro Record

Original time history

Response spectrum
compatible TH

Comparison between
target and recalculated
response spectrum 

Modeling of Phase Spectra 
for Simulation of 

Design Earthquake Motions

Single Source Assumption
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Effect of phase on
earthquake ground motion
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EQ record at KOBE JMA
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Fourier phase; KOBE JMA

Record at Kushiro JMA

Same phase

Same amplitude

◆◆ Definition of group delay time (GDT)

Group delay time

- Mean value : Arrival time of energy of E.M.
- Standard deviation : Duration of E.M. 

Modeling of GDT is easier than the direct modeling of 
phase spectrum φ(ω)
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Wavelet decomposed time history

Mean group delay time and its standard 
deviation  - Using Mayer Wavelet -
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Decompositon of GDT into source, 
path and local site effects
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M: Earthquake magnitude
R: Hypocenter distance                
H: Depth of surface ground

◆◆◆◆◆◆ Number of data used for analysis Regression coefficients
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Stochastic characteristics of GDT
- Probabilistic density function -
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◆◆◆◆◆◆ Design acceleration response spectrum
(Design standard of Japan Railway) 
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●SpectrumⅠ： Inter plate earthquake
●SpectrumⅡ： Intra plate active fault

EM compatible with RS
effect of magnitude

EM compatible with RS
effect of hypocenter distance
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EM compatible with RS
effect of surface deposit (depth)

◆◆◆◆◆◆ Spectrum compatible EM –Spectrum I-
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Concept of Seismic Design 

For the case of nonlinear design

Introduction of seismic design  

• Concept of response spectra
• How to use response spectra for 

earthquake proof design of structures
• Concept of yield strength demand 

spectrum
• How to use the yield strength demand 

spectrum for earthquake proof design of 
structures
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Definition of yield acceleration and 
displacement as well as ductility 

factor 

ueuy１uy２

g(t)

Ae =fe/m

A2 = f2 /m

A１ = f1/m

u1 u2

Ductrity factor
μ＝u / uy
Yield Acc.

A=f / m

Concept of aseismic design for 
a nonlinear structure
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Strength demand spectra
Earthquake Phase Spectrum 

used for Nonlinear 
Structural Design 

Concept of worst earthquake phase
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Yield
Back bone curve

Load

Displacement

Clough model

Hysteresis

Clough Hysteresis Model Response spectrum used for calculation
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Response spectrum compatible 
earthquake motions

図１
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Nonlinear response spectra
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Asperity distribution used for parameter studies
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Positions to simulate earthquake motions
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Example of simulated earthquake motions
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Nonlinear response spectra using 
simulated earthquake motion’s phases
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細線：観測波の位相を用いた非線形スペクトル

Comparison with nonlinear response spectra
with those of observed earthquake motion phases  

Thin line: nonlinear response spectra using observed phases

Phase defined in the code

Thank you very much for your attention

Port Island Campus of Kobegakuin University


