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New strong motion data from 
Japan and empirical relations

Yoshi. FUKUSHIMA
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Introduction



Fault trace of 
the 1995 
Hyogo-ken 
Nanbu 
earthquake

サンデー毎日臨時増刊2/4, 1995



Broken wall by the fault displacement



stripes on the fault plane 
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Estimation of strong ground motion
Theoretical Semi-empirical Empirical

Dislocation in elastic 
medium simulating by 

kinematics

Large motion is 
synthesized using 

small records.

Attenuation relation is 
determined by 

regression analysis of 
SMDB.

2003 Bam, Iran earthquake
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Fukushima et al. (2001). Semi-empirical 
estimation of ground motion using observed 
records at a site in Shikoku, Japan, J. Seismology, 
5, pp.63-72. 

Small event



Synthesized wave

Spectral comparison 
between design and 
synthesized waves for 
homogeneous and 
heterogeneous fault 
model





Dynamic
Kinematics

Semi-empirical Green’s function

Attenuation relation

Reflecting characteristics 
of observed strong motion

Modeling

Empirical

Acquisition of accurate 
parameters is required.

Large amount of data 
exists already.

(NIED etc.)

Hybrid

Physical 
knowledge

Confirmation of 
derived result

Stress
3-D geology
etc.



PGA





Relation between distance and magnitude of classical database







Attenuation relation of PGA for individual events (thin lines), determined 
by ordinary (chained) and 2 step regression (thick) analysis
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i-th event; j-th site

Distance correction along 
the model:
Error distribution is 
assumed to be Gaussian.

average

am
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de

Model function

distance distance

Magnitude correction 
along the model:
Error distribution is 
assumed to be Gaussian 
with 0 average value.



k is expressed as power of source or M

Geometrical spreading
Energy of spherical wave from 
point source attenuates in 
proportion to 1/R geometrically.

Intrinsic attenuation
Energy is absorbed in medium constantly for each 
cycles, if plane wave propagates along a ray.

Model of attenuation relation

The regression coefficient b can be converted to Q with velocity and predominant period.



Data distribution used by Fukushima and Tanaka (1990) attenuation relation of PGA



Comparison between predicted PGA by the attenuation relation and data observed 
during the 1995 Hyogo-ken Nanbu earthquake.



Ratio between observed and predicted PGA by Fukushima & Tanaka (1990)



Damaged pier during the 1995 Hyogo-ken Nanbu earthquake



Vertical array of strong 
motion observation in 
Port island Kobe



Records of the array



Ratio of vertical/horizontal peak acceleration







Relation between predicted 
PHA and ratio of 
observed/predicted PHA



Distribution of rock, diluvium (consolidated), alluvium and reclaimed ground near Kobe



Corrected distribution of predicted PGA by Fukushima & Tanaka (1990)



Incline building due to liquefaction during the Kocaeli earthquake



Sand boiling near the incline building



PGV



Requirement from national project

Advantage
• Corresponding to intensity
• Corresponding to structural damages
Disadvantage
• Less data than PGA
• Confusing frequency component
• Only next attenuation was available
(Si & Midorikawa, 1999 in Japanese local journal)



Total 394 data

Data used in Si&Midorikawa(1999)



Fault distance (km)

Mw

8

7

6

High cut 10Hz ; 
Maximum of 2 horizontal components

Step like truncation



Matsuoka&Midorikawa (1994)PGVcor=PGVorg/ARV

600m/s

Where AVS is average shear 
wave velocity from surface to 
depth of 30m, ARV is 
amplification factor : ratio 
between ARV of AVS=600 
and that of other AVS  

Observed PGV is converted 
to PGV for Vs=600m/s



logA=b-log(X+c)-kX
Where A is peak horizontal velocity, X is closest distance from fault plane to site (if 
the plane is unknown, hypocentral distance), and b, c and k are coefficients.

Distance coefficient ‘k’ is hypothesized to 
be 0.002.

c=c110c2Mw

C2 is hypothesized to be 0.5.

C1 is determined from 5 
events including the 1985 
Chile earthquake. 



logA=b-log(X+c)-kX

Where D is focal depth, S is source type, 
e is a coefficient and is error.  a and h 
are coefficients.  di is Kronecher's Delta 
indicating 3 source types of crustal, 
inter- and intra-plate events.  

b=aMw+hD+ΣdiSi+e+ε

‘a’ is decided just by try&error scheme.
C

oe
ffi
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Mw



Weighting

X ≤25km: ×8
25<X<50km: ×4
50<x<100km: ×2

A: ×3
B: ×2
C: ×1

Not uniform like Campbell (1981)

Larger weight for larger number of recordings
(opposite of Campbell, 1981)

Residual consideration
Without any residual plot for individual parameters, just indicated 0.23 of standard error



Spectral Acceleration



Damaged building in Kobe







Attenuation relation for west Eurasia determined with recent 
near-fault records from California, Japan and Turkey 

Yoshimitsu Fukushima, (Shimizu Corp.) Japan
Catherine Berge-Thierry, (IRSN) France
Philippe Volant, (IRSN) France
Daphné-Anne Griot-Pommera, (Hémisphères) France
Fabrice Cotton, (Université Joseph Fourier) France

J. Earthq Eng., 7(3), pp.1-26. 



Resume

• An attenuation relation for west Eurasia (mainly in Europe)
• Adding an near fault amplitude saturation term in the 

regression model
• West Eurasian strong-motions recorded plus near fault 

records of California, USA, the 1995 Hyogo-ken Nanbu
(Kobe), Japan and the 1999 Kocaeli (Izmit), Turkey 

• An Iterative regression procedure is applied for non-linear 
model.



• In France, an empirical attenuation 
model has been recently developed 
to support the French Safety Rule 
for nuclear power plants [Berge-
Thierry et al., 2003]. 

• However it was without near fault 
saturation term

• Therefore, negative Q values were 
determined.

• Near fault saturation term may 
constrain Q in positive.

without 
near fault term

with near fault term

Q<0

Q>0

EC data

CA, Kobe, Izmit data

Distance

Amplitude

Object
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Regression Model: log Sa(f)=a(f)M - log(R+d(f)*10e(f)M)+b(f)R+Σcj(f)δ j

where Sa(f) is the spectral acceleration with 5% damping in cm/s2. 
Coefficients a, b, cj, d, and e (functions of frequency f (Hz)) are the 
regression coefficients. The suffix j is 1 for rock sites and 2 for soil sites. 
Variable δj is a dummy variable related to the quality of the soil; δ1 is 
equal to 1 for rock and δ2 is equal to 1 for soil.

At 0 km distance, this model converges to {a(f)+e(f)}M-log d(f)+Σcj(f)δj. 

At far distance (R>> d(f)*10e(f)M), the model converges to 
a(f)M-logR+b(f)R+Σcj(f)δj, the body wave attenuation model.

Two-step regression analysis: Fukushima & Tanaka (1990, BSSA) 



The differences between recorded and predicted values are:

εi= log Sa(f)i - {a(f)Mi - log(Ri+d(f)*10e(f)Mi)-b(f)Ri+Σcj(f)δj}

where i indicates individual data points. The total error, which should be 
minimized, is

ε=Σε i2

The error becomes a minimum when

∂ε/∂d(f)=0

d(f) is derived iteratively using an initial value of d(f)1=0:

d(f)k+1=d(f) k -{∂ε/∂d(f) k}/{∂2ε/∂d(f) k2}

When the difference between d(f)k+1 and d(f) k falls below 0.1%, iteration is 
stopped. With this computed value of d(f), two-step regression analysis is 
repeated until the standard error is minimized. 
Because of instability, we ultimately fixed e(f) at 0.42 [Fukushima et al., 2002].
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(a) M coefficient a(f)

(c) site coefficients c1(f) and 
c2(f) for rock and soil sites

(b) distance coefficient b(f)

(d) saturation coefficient d(f)
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Fig. 3(a)

PGA

-σ1

+σ1

Berge-Thierry et al. [2003]

residuals between observed and predicted 
accelerations as function of distance. 

Squares, crosses, circles, and triangles 
indicate the Hyogo-ken Nanbu, U.S., west 
Eurasian, and Kocaeli data, respectively

Comparison between predicted spectral 
acceleration by derived attenuation relation and 
observed spectral acceleration at M7.0. 

Observed data points are normalized to M7.0 
and soil site. 
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Comparison between predicted spectral 
acceleration by derived attenuation relation and 
observed spectral acceleration at M7.0. 

Observed data points are normalized to M7.0 
and soil site. 
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Berge-Thierry et al. [2003]
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Attenuation curves considering soil site conditions for different earthquake 
magnitudes:  M 5 and 8 are outside magnitude range of the dataset

(a) PGA (b) 0.5Hz



Comparison between predicted spectral accelerations for M 6 and M 7 at a distance of 
10 km using results by Berge-Thierry et al. [2003] (thin lines) and this study (thick lines)
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The 2003 BAM Iran earthquake

before

after



Aftershock distribution

By Temporal High-Sensitive-
Seismograph Network

Red points are epicenters of 
aftershocks, Yellow triangles are 
the observation stations and Green 
triangle is the strong motion station 
of Bam.

Ref.:
Suzuki et al. (2004). Japan Earth 
Planetary Science Joint Meeting



Comparison of PGA predicted by 
Fukushima et al. (2003) and observed 
PGA from the 2003 Bam, Iran 
earthquake.  The distance of Bam site 
(1km) came from personal 
communication with Dr. Zare, IIEES, 
Iran, otherwise from Yagi’s source 
model 



With same procedure, Kanno et al., 2006 
will come soon in BSSA

• 91,731 records from 4,967 events in Japan and 788 records 
from 12 events in abroad are acquired.  About 12,000 
records from 200 events are selected. 

• Following two models are adopted to shallow and deep 
events individually.

( )1
1 1 1 1 1log log 10 we M

wpre a M b X X d c σ= + − + ⋅ + +

( ) 2222 loglog σ++−+= cXXbMapre w

(D ≤ 30 km) 

(D > 30 km) 

where pre is the predicted PGA (cm/sec2), PGV (cm/sec), or 5 % damped acceleration 
response spectra (cm/sec2), D is the focal depth (km), and a1, b1, c1, d1, a2, b2, and c2 are 
the regression coefficients. e1 = 0.5 was selected from another study. σ is error. 





Relation between residual and AVS30 for PGA and PGV. 
Other relations for individual Sa are determined as well.



Comparison of attenuation curves 
with normalized data to Mw = 7.0, D 
= 10 km and AVS30 = 300 m/sec
(soil) for shallow events. Solid and 
broken lines are the new attenuation 
curves and standard deviations.

Relations between residuals and 
predicted amplitude. "Error" in these 
figures means total error between 
observed and predicted values.

See detail  in future BSSA

We need more precise 
consideration for uncertainty.



Uncertainty



Truncate above and below 3*σ

Assumed to be amplitude dependent: lower dispersion for higher amplitude (really?)

Hypothesized value

Standard error of Si&Midorikawa
σ 
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PGV at Vs=600m/s



A priori weighting scheme
X≦25km 6times

25<X ≦ 50 3times
50<X ≦ 75 1.5times

These weights are indicated in another paper,
And the residuals discussed in this separate paper.

With this weight, data in short distance constrains large amplitude of the relation. 

I shall indiate residual plots.

Horizontal axis should be logarithmic scale.



Ej Si
Dij

Aleatoric uncertainty of strong 
motion record of high density 
observation network in JapanN events were occurred 

in a limited area. 

Strong motion records from these 
events were observed at several sites. 

Site coefficient is expressed: ( ){ }
1

log log ,
N

i ij j ij
j

S O P M D N
=

⎡ ⎤⎡ ⎤= −⎣ ⎦ ⎣ ⎦∑
Where, Mj is moment magnitude of j-th event Ej, Dij is closest distance from Ej to i-th site Si, P(Mj, Dij) is predicted 
amplitude for Mj and Dij, and Oij is strong motion record from Ej at Si. Dij constant for all events at i-th site.

Epistemic uncertainties of
source effect was reduced by using only events from a limited area,
path effect was reduced by using only records from the limited area at specific sites,
and

site effect was reduced by using averaged error at the specific site.

( )log , logj ij i ijP M D S O⎡ ⎤ ⎡ ⎤+ − ≅⎣ ⎦⎣ ⎦

≅

Aleatoric uncertainty



Several events in narrow region
At least 5 records at a station

Averaging residual between observed 
and predicted at the station

Data selection

Station correction

Reduce the station correction 
then estimate the residual again

Removing epistemic uncertainty

Circles are epicenters and triangles are stations



Residuals for individual periods 
and peak values in each areas Relation between residuals and predicted amplitudes

Intra event errors are less than 0.2.
However, amplitude dependence 
is opposite to Midorikawa&Otake.



Source and site effects



Zhao, J. X., J. Zhang, A. Asano, Y. Ohno, T. Oouchi, T. Takahashi, H. Ogawa, 
K. Irikura, H. K. Thio, P. G. Somerville, Y. Fukushima and Y. Fukushima

Attenuation Relations of Strong Ground Motion in Japan 
Using Site Classification Based on Predominant Period

Bull. Seism. Soc. Am. (in press)
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Functional form of the attenuation Functional form of the attenuation 
models used in the present studymodels used in the present study

The functional form of attenuation models for PGA and Sa of 5% damping

i – earthquake number
j – station number
M – moment magnitude
x – closest distance to source
h – focal depth
hc – depth constant (15km)
δh – dummy variable

SR – reverse fault term for crustal events
SI – interface event term
SS – Slab event term
SSL – path dependent term for Slab event 
ξ – intra-event error      
η – inter-event error
Sk – site term

ln[yi,j(T)]=aM+bxi,j-ln(ri,j)+e(h-hc) δh +SR+SI+SS+SSLln(xi,j)+Sk+ ξi,j + η i

ri,j=xi,j+c exp(dMj)



Comparison of normalized Comparison of normalized 
peak ground accelerationspeak ground accelerations

Crustal and interface 
records

Subduction slab records



InterInter--event residuals for event residuals for crustalcrustal earthquakes at earthquakes at 
(a) 0.05 and (b) 4.0s spectral period(a) 0.05 and (b) 4.0s spectral period



for slab earthquakes at 
0.05s spectral period

for interface earthquakes at 
4.0s spectral period

InterInter--event residualsevent residuals



where subscript st equals c for crustal, i for interface and s for slab events.

correction term due to the effect of magnitude-squared term



Site class definitions used in the present study and the Site class definitions used in the present study and the 
approximately corresponding NEHRP site classes approximately corresponding NEHRP site classes 

EV30 ≤ 200 m/sTG ³ 0.6sSC IV: (Soft soil)
D200 m/s < V30 ≤ 300 m/s0.4s ≤ TG < 0.6sSC III: (Medium soil)
C300 m/s < V30 ≤600 m/s0.2s ≤ TG < 0.4sSC II: ( Hard soil)

A+BV30 > 600 m/sTG < 0.2sSC I:  (Rock/stiff soil)

NEHRP 
class

Average shear-wave 
velocity

Site natural 
period (s)

Site class

Site natural period - four times the S wave travel time (1-D)



site classification index

Where, k - site class number, n - the total number of periods, Φ( ) – normal cumulative 
distribution function, μi - the mean H/V ratio for the site of interest for the ith period, μki - mean 
H/V ratio for the kth site class averaged over all sites of the data base for the ith period.



Error rates of classification scheme using the shape of H/V spectral ratios
(inspected for K-net site)



H/V scheme applied for Italian data



IJMA 
(Intensity of Japan Meteorological Agency)



Attenuation relation of JMA Seismic Intensity Applicable 
to Near Source Region

MATSUSAKI, S., Y. HISADA and Y. FUKUSHIMA

Japanese local Journal of AIJ in Press



-First screaming: 273,217 records of 51962 events from 93,154 events

-Second screaming: 27,531 records of 554 events
(Mj≥5, depth≤200km, events with more than 10 records, truncated far distance)

2002, CD-ROM was published by JMA
Added representative events after 2003

After 1996 April, all Ijma is calculated from instrumental records.

Data base

Result

Ijma = 1.36Mj – 4.03･log(X + 0.00675･100.5Mj) + 0.0155･h + 2.05

Where  Ijma is JMA intensity, Mj is JMA magnitude, X is distance from fault plane 
to site if available otherwise hypocentral distance and h is focal depth in km.

Total standard error is 0.7, Inter and intra event errors are 0.36 and 0.60 respectively.
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Recent extreme data



2004 Chuetsu, Niigata, Japan





From Prof. Koketsu,  ERI, Tokyo Univ.





Mark of exploded mud water were found on bridge columns, 
where Sinkan-sen super express was derailed.  Right: zoom 



Surface break Buried

Energy is released 
from surface.

Energy is trapped 
in sediment.



http://unit.aist.go.jp/actfault/niigata/report/04.11.30/photo1_5.html



Extreme strong motion from aftershock event.  

http://www.seisvol.kishou.go.jp/eq/2004_10_23_niigata/event.html



2004 Sumatra



Attenuation relation (Fukushima and Tanaka)  
correlates well with the recorded data.
By Nanyang Technological University, Singapore
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(Courtesy of Darren Whiteside-Reuters) 

Every thing was carried away by TSUNAMI.



Conclusion

• Quality and quantity of database of strong motion
• Regression model based on seismological 

background
• Appropriate statistical analysis

After a large earthquake, particularly one that has been especially 
destructive, the derived attenuation relation should be confirmed by 
comparing it with the observed strong motion data.




