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ABSTRACT 
 
We develop a method for estimating average shear-wave velocity in the upper 30 m (VS30) at a strong-
motion station by using recorded motions at a pair of stations located closely each other.  Specifically, 
an estimate of VS30 value at one of the stations, where the soil condition is unknown, is derived mainly 
from VS30 at another station where the shear-wave velocity data is available and relative amplification 
factor between these stations.  Application of this method to the ground motion recordings of the JMA, 
K-NET and KiK-net strong-motion networks provides the estimates of VS30 at 49 recording sites in 
the JMA network in Kanto region, Japan.  The VS30 estimated from the recordings of station pair are 
compared to those inferred from boring log data obtained in the vicinity of the JMA station.  The 
result indicates that the method proposed in this study can predict the VS30 values at a strong-motion 
station with an accuracy of approximately +/- 50 m/s.   
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INTRODUCTION 
 
Nationwide strong-motion seismograph networks, e.g., the K-NET and KiK-net of the National 
Research Institute for Earth Science and Disaster Prevention (NIED) and the 95-type seismometer 
network of the Japan Meteorological Agency (JMA) have been operated in Japan.  Borehole shear-
wave velocity logs are available at all of the K-NET and KiK-net stations, while the soil condition at 
the JMA station is not investigated.  Therefore, it is difficult to analyze the strong-motion recordings 
obtained at the JMA station considering the local site condition.   
 
To classify the local site condition, average shear-wave velocity to a certain depth of the ground has 
been widely used (Borcherdt, 1978).  Especially, average shear-wave velocity in the upper 30 m 
(VS30) is mostly in practical use in classification of surface geological unit, which is utilized in the 
National Seismic Hazard Mapping Project of Japan (Fujiwara et al., 2004) and in U.S. building codes 
(Borcherdt, 1994).   
 
The VS30 at a site can be computed from geotechnical data, such as velocity logging and boring log, or 
estimated from microtremor array observations (Konno and Kataoka, 2000).  To obtain these data over 
a wide area, much time and labor are required because the data necessitate on-site drilling or 
measurement.  The estimate of VS30 is also obtained from surface geology in the nationwide 
geomorphologic database, the Digital National Land Information by using empirical equations 
(Fujimoto and Midorikawa, 2004; Matsuoka et al., 2006).  Since the mesh size used in the database is 
1km by 1km, the VS30 estimated from such mapped geology may differ from actual VS30 at a site.   
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We develop a method for estimating VS30 at a strong-motion station mainly from peak ground motions 
recorded at a pair of stations located closely each other.  By applying the method to the recordings 
obtained at the K-NET, KiK-net and JMA networks in Kanto region, Japan, VS30 at the JMA strong-
motion station is estimated.  The VS30 estimated from the recordings of station pair are compared to 
those inferred from boring data obtained in the vicinity of the JMA station to examine the estimation 
accuracy of the VS30.   
 
 

METHODS AND DATASET 
 
Methods 
Figure 1 shows a schematic diagram of the method developed in this study.  For a pair of strong-
motion stations located closely each other, shear-wave velocity data is available at one of the stations.  
This station is called “known station”, and average shear-wave velocity in the upper 30 m at the 
station is referred to as VS30k.  For a certain earthquake, peak ground motion (i.e., PGA or PGV) 
recorded at the known station and hypocentral distance to the station are referred to as PGMk and Xk, 
respectively.  Similarly, ground motion parameter and hypocentral distance at another station, where 
the shear-wave velocity data is not obtained (“unknown station”), are referred to as PGMu and Xu.  
Relative amplification factor (AF’) between the known-unknown station pair is defined as a ratio of 
peak ground motions corrected by the reciprocal ratio of hypocentral distances as follows:   
 

))(( kuku XXPGMPGMAF =’                                                        (1) 
 
Suppose that the AF’ with respect to the known station increases (or decreases) monotonically with a 
decrease (or increase) in VS30 at a rate of slope b (see Figure 1b), average shear-wave velocity at the 
unknown station (VS30u) can be expressed by Equation (2).   
 

bAFVV kSuS ’log30log30log +=                                                        (2) 
 
Mean of the slope b were obtained from the analysis for the ground motion records of nearby station 
pair composed of the K-NET and KiK-net stations (Fujimoto and Midorikawa, 2006).  Therefore, the 
VS30u can be estimated by substituting average shear-wave velocity at known station (VS30k), relative 
amplification factor between known-unknown station pair (AF’), and mean slope b into Equation (2).   
 

Dataset 
As for the JMA, K-NET and KiK-net strong-motion network, intervals of station spacing are several 
tens of kilometers.  Combination of these strong-motion networks offers the opportunity to pair nearby 
strong-motion stations.  The K-NET and KiK-net stations were chosen as the known station because 
borehole shear-wave velocity logs are available at all of these stations.  Average shear-wave velocity 
in the upper 30 m at the K-NET and KiK-net stations was computed as VS30k.  Among the nationwide 
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Figure 1. Schematic diagram of prediction method 



JMA strong-motion network, 49 stations located in Kanto region were selected as the unknown 
station.  Figure 2 shows the location of the JMA stations (closed circle), and the K-NET and KiK-net 
stations (triangle).  In order to pair the JMA station (as unknown station) with the K-NET or KiK-net 
stations (as known stations), station-to-station distances from the JMA station to all of the K-
NET/KiK-net stations were calculated, and then each JMA station was paired with the K-NET or KiK-
net station with shortest distance.  Since the propagation path effect is considered to be not negligible 
for the station pair with station distance greater than about 30 km (Borcherdt, 2002), the JMA 
Tateyama [E58] with the shortest station distance of 36 km was excluded.   
 
For 48 known-unknown station pairs, ground motion recordings of the earthquakes occurred up until 
December, 2003 with peak ground accelerations less than 100 gal were collected.  Common 
recordings obtained at both the known and unknown stations are necessary to compute the AF’,  
however such recordings were not available at four station pairs: JMA Tomioka [51A], Maebashi 
[E28], Hatoyama [907] and Utsunomiya [E1F].  Therefore, the four pairs were not used in the 
subsequent analysis.   

  
Figure 2. Strong-motion stations of JMA (closed circle) and K-NET/KiK-net (triangle) 
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Figure 3. Histogram of number of recordings       Figure 4. Histogram of station pair distance



A histogram showing the number of common recordings obtained at a total of 44 known-unknown 
pairs is shown in Figure 3.  Station pairs with common recordings from less than 10 earthquakes 
account for about 70% of the total pairs.  Figure 4 shows the histogram of the distance between the 
known and unknown stations.  Station pair distance ranges 300 m (JMA Kisarazu [522]-K-NET 
Kisarazu [CHB015] pair) to about 20 km (JMA Kamogawa [524]-K-NET Katsuura [CHB018] pair).  
Station pairs with station-to-station distance less than 5 km and 10 km make up about 40% and 70 % 
of all the pairs, respectively.   
 
 

RESULTS 
 
For 44 known-unknown station pairs, relative amplification factors (AF’) are estimated by substituting 
peak ground velocities (PGV) and hypocentral distances into Equation (1).  The PGV is adopted as the 
ground motion parameter (PGM) in Equation (1) because this parameter shows better correlation with 
VS30 than does PGA.  The AF’ is defined as the largest value of the corresponding quantity computed 
from the two horizontal components obtained at each station pair.   
 
Figure 5 shows the relation between AF’ and magnitude (M) for station pair with common recordings 
from more than 10 earthquakes.  Stable estimate of AF’ are obtained at most of the station pairs, 
however a large variation in AF’ is found at the station pair with the recordings from the earthquake of 
magnitudes 5.0 or less, e.g., the JMA Kuki [51E] and Mashiko [902].  The PGV, which is used to 
compute the AF’ in Equation (1), correlates better with ground motion over a mid-period band (0.5-2.0 
s) (Kobayashi and Nagahashi, 1978), however mid-period motions are less dominant in the recordings 
from the earthquakes with smaller magnitude than are short-period motion.  Therefore, the variance of 
AF’ may increase as magnitude of the earthquake becomes smaller.   
 
Estimates of average shear-wave velocity at unknown station (VS30u) were computed by substituting 
average relative amplification factor (AF’) from recordings with M > 5.0, average shear-wave velocity 
at known station (VS30k), and mean slope b specified as -0.852 (Fujimoto and Midorikawa, 2006) into 
Equation (2).  To examine the estimation accuracy of VS30u, boring logs with SPT N-value located 
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Figure 5. Magnitude (M) vs. relative amplification factor (AF’) 



within 200 m of the JMA station were collected.  The boring logs with a drilling depth of 30 m or 
more were obtained at six sites near the JMA stations: Kisarazu [522], Togane [523], Tako [909], 
Chiba Chuo [E62], Hadano [52C], and Tokyo Edogawa [525].  Geologic conditions for the six JMA 
stations were compared with those for the corresponding adjacent boring sites by using geological map 
on a scale of 1:25,000.  Except for the JMA Tako [909], the other JMA stations are located on same 
geological conditions for the adjacent boring sites.  Figure 6 shows the boring logs near the JMA 
stations other than the JMA Tako.   
 
Using the empirical equation (Ohta and Goto, 1978), average shear-wave velocities at the five boring 
sites near the JMA station (see Figure 6) were computed based on the shear velocity profile estimated 
from N-value and depth.  Figure 7 shows a comparison of the VS30 between the values predicted from 
recordings of known-unknown station pair and those estimated from adjacent boring log data.  The 
agreement between the predicted and estimated VS30 is excellent except for JMA Edogawa [525] 
which is located near a six-story building with one basement floor.  As it is expected that the site 
amplification at the station is changed by the effects of soil-structure interaction and is different from 
that on the free field, inaccurate estimate of VS30 may be obtained.  Consequently, the result indicates 
that the empirical equation developed herein can predict the VS30 at a strong-motion station with an 
accuracy of approximately +/- 50 m/s.   
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Figure 6. Boring logs near JMA stations 
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Figure 7. Comparison of average shear-wave velocity 



CONCLUDING REMARKS 
 
Using the ground motion recordings obtained at a pair of nearby strong-motion stations, we developed 
an empirical equation for estimating average shear-wave velocity in the upper 30 m (VS30) at one of 
the stations mainly from relative amplification factor between the station pair and average shear-wave 
velocity measured at the other station.  From the recordings of strong-motion networks in Kanto 
region, relative amplification factors between the JMA station and the K-NET/KiK-net station are 
computed for 44 pairs.  The amplification factors show a large scatter in some cases when using the 
recorded motions of magnitudes 5.0 or less.  Substituting the relative amplification factor for the 
records of M > 5.0 and the VS30 at the K-NET or KiK-net stations into the equation, the VS30 at the 
JMA stations are estimated.  The result indicates that the VS30 values predicted from the equation 
developed herein show a good correlation with those estimated from boring log near the corresponding 
JMA station.   
 
 

AKNOWLEDGEMENTS 
 
The authors thank Dr. Y. Ishigaki, Japan Meteorological Agency (JMA) and officials at the JMA 
Local Meteorological Observatory in Kanto region for their useful information on the location of the 
JMA station.  Strong motion records and borehole logs were provided by the 95-type seismometer 
network of the JMA, and the K-NET and KiK-net of the NIED.  This work was partially supported by 
the Ministry of Education, Culture, Sports, Science and Technology, Grant-in-Aid for Young 
Scientists (B), No. 18710153, 2006-2007.   
 
 

REFERENCES 
 
Borcherdt RD, Gibbs JF, and Fumal TE "Progress on ground motion predictions for the San Francisco 

Bay region, California," Proc. of the 2nd International Conf. on Microzonation, 1, 241-253, 1978.   
Borcherdt RD "Estimates of site-dependent response spectra for design (Methodology and 

Justification)," Earthquake Spectra, 10, 617-653, 1994.   
Borcherdt RD "Empirical evidence for acceleration-dependent amplification factors," Bull. Seism. 

Soc. Am., 82(2), 603-641, 2002.   
Fujimoto K. and Midorikawa S. "Prediction of average shear-wave velocity for ground shaking 

mapping using the Digital National Land Information of Japan," Proc. of the 13th World Conf. on 
Earthquake Engineering, Paper No.1107, 2004.   

Fujimoto K. and Midorikawa S. "Empirical estimates of site amplification factor from strong-motion 
records at nearby station pairs," Proc. of the 1st European Conf. on Earthquake Engineering and 
Seismology, ID No. 251, 2006. 

Fujiwara H., Aoi S., Kawai S., Senna S., Ishii T., Okumura T., and Hayakawa Y. "Outline of strong-
motion evaluation in National Seismic Hazard Mapping Project of Japan," Journal of Japan 
Association for Earthquake Engineering, 4(3), 50-61, 2004. 

Kobayashi H. and Nagahashi S. "Evaluation of earthquake effects on the deformation of multi-storied 
buildings by ground motion amplitudes," Trans of A.I.J., (210), 11-22, 1973. (in Japanese with 
English abstract) 

Konno K. and Kataoka S. "New Method for Estimating The Average S-Wave Velocity of The 
Ground," Proc. of the 6th International Conf. on Seismic Zonation, 2000. 

Matsuoka M., Wakamatsu K., Fujimoto K., and Midorikawa S. "Average Shear-wave Velocity 
Mapping Using Japan Engineering Geomorphologic Classification Map," Journal of Structural 
Engineering and Earthquake Engineering, Japan Society of Civil Engineers, 23(1), 57s-68s, 2006. 

Ohta Y. and Goto N. "Physical background of the statistically obtained S wave velocity equation in 
terms of soil indexes," Butsuri-Tanko (Geophysical Exploration), 31(1), 8-17, 1978. (in Japanese 
with English abstract) 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /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 /Error
  /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
  /SyntheticBoldness 1.00
  /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 <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


