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ABSTRACT : 

This paper discusses ground motion attenuation and site amplification using a series of long-period earthquakes
that occurred in 2004 near the epicenter of the 1944 Tonankai earthquake (MJMA = 7.9). A comparison of the 
observed ground motions and the attenuation relationships indicates that peak ground acceleration (PGA) and peak 
ground velocity (PGV) of the long-period ground motions are smaller than the attenuation equations, whereas peak 
ground displacement shows good fits with the attenuation relationship. The long-period motions are less amplified 
than earthquakes of ordinary frequency characteristics. The tendency is confirmed by one dimensional wave 
propagation analysis. Relationships between site amplification factors and predominant periods of ground motion
indicate that site amplification becomes smaller with longer period ground motions. Application of attenuation 
relationships and site amplification equations based on a database of seismic motions of ordinary frequency 
characteristics may lead to overestimation of ground motions. 
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1. INTRODUCTION 
 
There is a 50% chance that a Nankai earthquake will occur within the next 30 years and is foreseen to engender 
serious damage in a wide area of western Japan. The earthquake is an inter-plate earthquake and it is of magnitude 
8 or greater occurring periodically at every 100 to 150 years. Unfortunately, there is no recording that is observed
in the vicinity of the source area of the previous Nankai earthquake occurred in 1946. According to personal 
testimonies, the 1946 Nankai earthquake consisted of very long-period ground motions. 
 
A series of long-period earthquakes occurred in 2004 near the 1944 Tonankai earthquake. According to Yamanaka
(2004), the 2004 earthquakes are intra-plate earthquakes whereas the 1944 earthquake was an inter-plate 
earthquake. The long-period ground motions were observed at K-NET and KiK-net sites (nationwide Japanese 
strong-motion observation system by NIED) in a large area of western Japan. 
 
Attenuation relationships and site amplification equations are often used to predict the seismic intensity of the 
ground motion associated with regional disaster prevention. These empirical estimations reflect the database used 
when they were established. Long-period earthquakes are unique, hence, it is questionable whether the empirical 
relationships can represent the attenuation and site amplification for long-period earthquakes. 
 
We analyze attenuation and site amplification of long-period ground motions, comparing the results with empirical
relationships developed in the past. The results are also compared with theoretical results by one dimensional wave 
propagation theory. 
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2. LONG-PERIOD GROUND MOTIONS OCCURRED AT OFF THE KII PENINSULA 
 
Long-period earthquakes occurred in 2004 off the Kii Peninsula. The first one (MJMA = 6.9) is considered to be a 
foreshock of the subsequent main shock (MJMA = 7.4) followed by two aftershocks (MJMA = 6.4, 6.2) which 
occurred in the following few days. The epicenters were located in the Nankai trough neighboring the source 
region of the 1944 Tonankai earthquake (MJMA = 7.9). Table 1 lists the specifications of the earthquakes. As 
aforementioned, 2004 earthquakes are intra-plate earthquakes whereas 1944 earthquake was inter-plate one.
Ground motions from these earthquakes have been observed at K-NET and KiK-net sites in a wide area of western 
Japan. Fig. 1 shows an acceleration time history of the main shock observed at 100 m deep at KiK-net Tokushima. 
The long-period wave train appears after the S-wave train. Fig. 2 shows the acceleration Fourier spectrum of the
record. The predominant frequency is approximately estimated as 0.17 Hz which corresponds to a 5 to 6 second
period. 
 
KiK-net seismometers within soil are usually instrumented at GL-100m deep in which shear wave velocities range
from 730 m/sec to 3500 m/sec. We used the recordings from 76 KiK-net sites for the analysis. Focal distances
range from 80 km to 417 km. 
 
 
 

Table 1 Parameters of long-period earthquakes used in this study 
 

Event 1 2 3 4
Date 09/05/2004 09/05/2004 09/07/2004 09/08/2004

Origin time 19:07 23:57 8:29 23:58
N 33.03 N 33.14 N 33.21 N 33.11
E 136.8 E 137.14 E 137.3 E 137.29

Depth(km) 38 44 41 36
MJMA (MW) 6.9 (7.3) 7.4 (7.4) 6.4 (6.6) 6.2 (6.5)

Note foreshock main shock aftershock aftershock

Epicenter
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Figure 1 Acceleration time history observed at 
KiK-net Tokushima during the main shock 

Figure 2 Fourier spectrum of the main shock 
(KiK-net Tokushima) 
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3. ATTENUATION RELATIONSHIP OF GROUND MOTION 
 
 
3.1 Attenuation Relationship 
 
Si and Midorikawa (1999) developed attenuation relationships as shown in Eqns. 3.1 to 3.3 by regression analyses 
of recorded strong motion databases developed from data of 21 earthquakes which occurred in Japan from 1968 to 
1997. 
 

 ( ) kXcXlogbAlog −+−=  (3.1)
 ε++++= ∑ eSdhDaMb iiw  (3.2) 

  (3.3) w2Mc
110cc =

 
where A is peak horizontal ground motion, X is fault distance in km,  is moment magnitude, D is focal depth 
in km, e is constant term, 

wM
ε  is standard deviation,  is fault type, and a, h, , c and k are coefficients oiS id f 

regression analyses. We utilized Annaka’s (2005) equation for the attenuation relationship for peak displacement. 
 
 
3.2 Comparison of Observed PGA/PGV with the Attenuation Relationship 
 
The abovementioned attenuation relationship defines PGA on the ground surface and PGV on a stiff ground. Since 
KiK-net sites are usually located on a stiff ground, we assumed that the PGA/PGV from attenuation comes in
between motions at KiK-net surface and at KiK-net within ground. Thus, we showed PGA/PGV of KiK-net by a 2 
point segment graph (bar chart). 
 
Figs. 3 and 4 show observed PGAs and PGVs with respect to focal distances, shown together with the attenuation 
relationships. The observed PGAs/PGVs are lower than the attenuation relationships for long-period ground 
motions. Fig. 5 compares peak ground displacements. In this case, the observed data and attenuation coincides
fairly good. This indicates that long-period components of the ground motions are predominant. 
 
For reference, the PGA from another earthquake (shown in Fig. 6) which has a predominant frequency of 
approximately 1 Hz in the Shikoku area is compared with the attenuation relationship in Fig. 8. The data shows a 
good fit with the empirical estimation in this case. 
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Figure 4 Observed PGVs (main shock) and 
attenuation relationship 

Figure 3 Observed PGAs (main shock) and 
attenuation relationship 
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Thus, we conclude that an attenuation relationship developed based on ground motions of ordinary frequency 
characteristics may lead to overestimation of PGA/PGV for long-period earthquakes. 
 
 
4. SITE AMPLIFICATION EFFECT FOR LONG-PERIOD GROUND MOTIONS 
 
 
4.1 Empirical Expression of Site Amplification 
 
Midorikawa et al. (1994) developed the site amplification equation shown in Eqn. 4.1 by regression analyses of
recorded strong motion databases compiled during the 1987 Chibaken-Toho-Oki, Japan earthquake. 
 

 16.030AVSlog66.083.1ARVlog ±−=  (4.1) 
150030AVS100 <<  

 
where ARV is an amplification factor of peak velocity and AVS30 is the average shear-wave velocity from ground 
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Figure 6 Acceleration time history observed at 
KiK-net Tokushima during an earthquake occurred 
at eastern Ehime

Figure 5 Observed peak ground displacements 
(main shock) and attenuation relationship  
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Figure 7 Fourier spectrum of the earthquake at 
eastern Ehime (KiK-net Tokushima) 

Figure 8 Observed PGAs with attenuation 
relationship (an earthquake at eastern Ehime) 
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surface to a depth of 30 m in m/s. 
Fig. 9 shows a Fourier spectrum of an acceleration record observed at GL-40m at the Chiba Experimental Station, 
Institute of Industrial Science, University of Tokyo during the 1987 Chibaken-Toho-Oki earthquake (Association 
for Earthquake Disaster Prevention, 1992). The predominant frequency is approximately estimated as 3 Hz which 
corresponds to a 0.3 to 0.4 second period. 
 
 
4.2 Comparison of Site Amplification Estimated from Recordings of Different Frequency Characteristics 
 
Seismometers are installed at the surface for K-NET sites, and at both the surface and within the ground for 
KiK-net sites. The ratio of PGV observed near the surface at K-NET/KiK-net sites to PGV observed at the level of 
seismic instrumentation within the ground at the nearest KiK-net site is regarded as a site amplification factor in 
this study. Shear wave velocities of soil at the level of instrumentation within the ground are usually larger than 
the Vs of the base layer defined by Midoriwaka’s equation (Vs = 600 m/sec). Thus, site amplification factors for 
PGV are modified so that the Vs of the instrumented ground becomes equivalent to 600 m/sec. If the Vs of the 
instrumented ground is larger than 1500 m/sec, it is assumed as 1500 m/sec referring to a study by Fujimoto and 
Midorikawa (2003). Results are shown in Fig. 10. Midorikawa’s empirical equation is also shown in the Figure as 
a reference. Comparing (a) with (b), it is clear that long-period ground motions are less amplified compared with 
other ground motions. 
 
In Table 2, site amplification factors are compared site by site for the 2004 off the Kii Peninsula earthquake (main 
shock) and two other earthquakes (MJMA = 4.7, 5.3) that occurred during the last three years in western Japan. For 
every site, amplification factors are approximately 1.0 to 1.5 for the long-period earthquake, however, much larger 
for the other two earthquakes. 
 
 
4.3 Comparison Site Amplification between Observed Records and Multi-Reflection Theory 
 
Fig. 11 shows the comparison of site amplification factors from data with the calculated results for both 
long-period ground motions and other ground motions. Soil density is assumed to be 1.8 t/m3 and damping ratio 
0.05. In both cases, the theoretical results show high correlation with the data. Hence, it is understood that this 
phenomenon is not a unique one, but can be physically explained. 
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Figure 9 Fourier spectrum of a record observed at GL-40m (Chiba Experimental Station, Inst. 
Industrial Science, The University of Tokyo) during the 1987 Chibaken Toho-Oki earthquake 
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4.4 Relationship between Site Amplification Factors and Predominant Periods 
 
So far, we confirmed that long-period ground motions are less amplified compared with other ground motions, and 
the phenomenon was confirmed theoretically. However, we still do not clarify the relationships between site 
amplification and predominant period. Fig. 12 shows the results. In this case, the predominant period was 
calculated from the Fourier spectrum of velocity. The result indicates that site amplification becomes smaller for
longer period ground motions and they are almost linear in relationship. 
 
 
5. CONCLUDING REMARKS 
 
This paper discussed ground motion attenuation and site amplification using a series of long-period earthquakes
that occurred in 2004 near the epicenter of the 1944 Tonankai earthquake (MJMA = 7.9). A comparison of the 
observed ground motions with attenuation relationships indicates that peak ground accelerations as well as peak 
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Figure 10 Site amplification factors for peak velocity 

Table 2 Site amplification factors and predominant periods site by site for 2004 off the Kii Peninsula 
earthquake (main shock) and two other earthquakes 

VS of 
2004 Kii 2005 2007 2004 Kii 2005 2007 base layer
Peninsula MJMA =4.7 MJMA =5.3 Peninsula MJMA =4.7 MJMA =5.3 (m/s) (m/s)

Tanbara 1.063 1.912 5.958 20.480 254 750
Ikata 1.163 2.651 6.302 1.057 267 2780

Ayakami 1.127 2.731 5.851 0.519 255 1287
Mino 1.435 3.162 5.554 0.958 185 1603
Ouchi 1.035 1.101 1.897 5.958 0.900 0.926 407 1760
Suzaki 1.027 1.433 1.968 6.068 0.993 0.592 385 1950

Tosashimizu 0.998 0.857 0.899 5.650 16.384 1.064 608 2050
Geisei 1.327 2.140 1.364 5.554 0.766 1.050 496 1870

Tokushima 1.215 2.041 1.567 5.851 54.613 0.745 475 1880
Kainan 1.462 1.845 5.749 1.018 380 1740

Predominant period (sec)
Name

AVS30ARV
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ground velocities of the long-period ground motions became smaller than the estimation by the attenuation 
equations, whereas peak ground displacements demonstrated good fits with the attenuation relationship. 
 
For the site amplification, the long-period motions were less amplified compared with other earthquakes of 
ordinary frequency characteristics. The difference of the ground motion amplification due to different frequency 
characteristics of the ground motions was confirmed by using the one dimensional wave propagation theory. 
 
Relationships between site amplification factors and predominant periods of the ground motion indicated that site 
amplifications became smaller as periods of ground motion became longer. Results indicate that application of 
attenuation relationships and site amplification equations developed based on a database of seismic motions of 
ordinary frequency characteristics may lead to overestimation of long-period ground motions. 
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Figure 11 Comparisons of site amplification between observed records and multi-reflection theory 

0 5 10 15 20
0

1

2

3

4
 

A
m

pl
ifi

ca
tio

n 
Fa

ct
or

Predominant Period of Velocity (sec)

Figure 12 Relationship between site amplification factors and predominant periods 



The 14
th  

World Conference on Earthquake Engineering    
October 12-17, 2008, Beijing, China  
 
 

Prevention for the strong motion data. This research was partially funded by Shikoku Kensetsu Kosaikai. The 
authors thank Dr. Tsutomu Sawada, Professor emeritus of The University of Tokyo for his suggestions and Mr. 
Jungo Shigeta for his support in data processing.  
 
 
REFERENCES 
 
Yamanaka, Y. (2004). EIC Seismological Note No.152.  
http://www.eri.u-tokyo.ac.jp/sanchu/Seismo_Note/2004/EIC152.html, [In Japanese].  
Mikami, A., Saito, T., Sawada, T., Shigeta, J. and Nakano, S. (2007). Attenuation and site amplification for
long-period earthquakes in the Shikoku region. Journal of Earthquake Engineering. Vol.29. 3-11. 178-186 [In 
Japanese].  
Si, H. and Midorikawa, S. (1999). New attenuation relationships for peak ground acceleration and velocity 
considering effects of fault type and site condition. J. Struct. Constr. Eng., AIJ, No.523, 63-70 [In Japanese].  
Annaka, T., Morioka, M., Aikyou, Y., Harada, M. (2005). An attenuation model for 5% damped acceleration
response spectra considering the effect of earthquake type. The 28th JSCE Earthquake Engineering Symposium
CD-ROM, No.101 [In Japanese].  
Midorikawa, S., Matsuoka, M. and Sakugawa, K. (1994). Site effects on strong-motion records observed during 
the 1987 Chiba-ken-toho-oki, Japan earthquake. The 9th Japan Earthquake Engineering Symposium, E-085 -
E-090.  
Association for Earthquake Disaster Prevention. (1992). Strong motion array record database. Vol.A01.  
Fujimoto, K. and Midorikawa, S. (2003). Average shear-wave velocity mapping throughout Japan using the digital 
national land information. Journal of Japan Association for Earthquake Engineering, Vol. 3, No. 3, 13-27 [In 
Japanese].  
 
 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <FEFFd5a5c0c1b41c0020c778c1c40020d488c9c8c7440020c5bbae300020c704d5740020ace0d574c0c1b3c4c7580020c774bbf8c9c0b97c0020c0acc6a9d558c5ec00200050004400460020bb38c11cb97c0020b9ccb4e4b824ba740020c7740020c124c815c7440020c0acc6a9d558c2edc2dcc624002e0020c7740020c124c815c7440020c0acc6a9d558c5ec0020b9ccb4e000200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee563d09ad8625353708d2891cf30028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f003002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c4fbf65bc63d066075217537054c18cea3002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


