
INTERNATIONAL SOCIETY FOR 

SOIL MECHANICS AND 

GEOTECHNICAL ENGINEERING 

This paper was downloaded from the Online Library of 
the International Society for Soil Mechanics and 
Geotechnical Engineering (ISSMGE). The library is 
available here: 

https://www.issmge.org/publications/online-library 

This is an open-access database that archives thousands 
of papers published under the Auspices of the ISSMGE and 
maintained by the Innovation and Development 
Committee of ISSMGE.   

https://www.issmge.org/publications/online-library


Paper No. EVSRE 

 

REVISITING VS30 AS A PROXY PARAMETER FOR SITE EFFECTS:  

A CASE STUDY USING KIKNET DATA 

Julie Régnier
 1
, Fabian BONILLA

2
 Anne-Marie DUVAL

3
, Jean François SEMBLAT

4
, Etienne 

BERTRAND
5
 

ABSTRACT 

 

The local geology can strongly affect the seismic ground motion at the surface. One standard index used 

to classify local site effects is the average shear wave velocity in the first 30 meters, namely Vs30. The 

higher the Vs30 the stiffer the material is and therefore less amplification is expected. However, this index 

does not map the complexity of the velocity at depth. Indeed, some sites may have close Vs30 values, but 

quite different velocity distribution at depth. 

In this study, we propose the ratio between the average shear wave velocity up to depths having at least 

800 m/s and Vs30. This ratio gives information about the velocity distribution at depth. Lower ratios mean 

stronger similarity among velocity profiles. The proposed parameter is tested on the well-characterized 

Kik-net boreholes in Japan. These boreholes have P- and S-wave velocity profiles up to depths between 

100 m and 200 m. 

Furthermore, we propose to study the empirical variability of site response using the recorded events at 

some sites. The combined use of Vs30 and the contrast ratio index allows a robust comparison of sites in 

order to evaluate the pertinence of Vs30 for site classification purposes. In order to avoid possible nonlinear 

site effects, only weak-motion data are used to compute linear site response (PGA < 20 cm/s/s). 
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INTRODUCTION 

 

It is widely recognized that site effects can dramatically increase the seismic motion at the surface. 

Furthermore, it has been shown that shear wave velocity plays an important role in these effects. Indeed, 

this parameter is related to the stiffness of the material, therefore its capacity for controlling the ground 

motion amplification, signal duration, and spatial variability (Shearer and Orcull 1987, Cranswixk et al 

1990). However, a precise knowledge of this geotechnical parameter is difficult to obtain, especially up to 

the bedrock depth. Thus, proxy parameters such as the mean shear wave velocity in the first 30 m (Vs30), 

easier to obtain, are attractive. In this way, several geophysical/geotechnical techniques have been 

developed to characterize a site through Vs30 (e.g. Castellero, 2009). In addition, Moss (2008) shows the 

uncertainties in Vs30 evaluation according to the technique used. Moreover, Vs30 is nowadays widely used 

to classify the soil response in regulation codes such as EC8 or NEHRP.  

The relevancy of this parameter is, however, debated in the seismology community because it does not 

map the complexity of the shear wave velocity at depth (Castellero et al. 2008; Cadet et al. 2007). In the 
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past, several studies tried to correlate the site amplification at high frequency with Vs30 (e.g. Borchert, 

1994); however, recent studies demonstrate that this correlation is poorly constrained (Castellero (2008); 

Idriss (2009)). Frankel et al. (2002), Park and Hashash (2004) underline the influence in site amplification 

of shear wave velocity distribution at larger depth. Nevertheless, in the practice, the earthquake 

engineering community seems to agree that Vs30 performs well when classifying sites (Boore, 2004, Idriss, 

2009). 

In urban planning and risk mitigation, the evaluation of site effects at different geographical scales is 

required. For example, the ground motion simulations in California taking into account site effects make 

use of amplification functions based on Vs30 and rock peak ground motion (Graves, 2008). In Europe, 

researchers have developed amplification functions based on Vs30 and f0 (soil fundamental frequency) 

(Cadet, 2010). In addition, good site characterization is important when computing ground-motion 

prediction equations (GMPE) (e.g. Douglas et al., 2009) and when computing site-specific ground motion 

at different soil conditions (e.g. Cotton et al., 2006; Douglas 2006, Douglas et al., 2009). Thus, there is 

need to understand the limitations of using Vs30 as a proxy when characterizing a site. 

In this paper we propose the ratio between the harmonic average shear wave velocity up to depths having 

at least 800 m/s and Vs30. This contrast ratio gives information about the velocity distribution at depth, 

which depth is not chosen in advance as for Vs30. For a given Vs30, lower ratios mean high velocity 

contrast in the first 30 m or velocity inversions. Higher ratios indicate stronger similarity of velocity 

profiles at all depths. The proposed parameter is tested on the well-characterized Kik-net boreholes in 

Japan. These boreholes have P- and S-wave velocity profiles up to depths between 100 m and 200 m. The 

combined use of Vs30 and the contrast ratio allows a robust comparison of sites in order to evaluate the 

pertinence of Vs30 for site classification purposes. 

 

 

DATA 

 

For the purpose of this study, we used the Kiban-Kyoshin Network (Kik-net) in Japan. The Kik-net is 

composed of 688 stations with surface and boreholes high quality digital 3-components accelerometers. 

Among the Kik-net sites, 668 shear and compressive waves velocity profiles were collected 

(www.kik.bosai.go.jp). Most of borehole stations are located between 50 and 200 m depth (figure 1a). The 

shear wave velocity at the borehole depth is highly variable among the stations, from 300 m/s to 3500 m/s. 

Although most of Kik-net stations are located on rock or thin sedimentary sites (Fujiwara 2004), two 

thirds of the sites are characterized by a Vs30 below 550 m/s (figure 1b).  
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Figure 1: (a) Shear wave velocity at borehole’s depth versus borehole depth.  

(b) Distribution of Kik-net sites according to Vs30 

 
 

COMPUTING THE FUNDAMENTAL FREQUENCY F0 

 

 

The soil resonance frequency, f0, links the average shear wave velocity and the thickness of a soil layer by 

the well-known equation f0=Vs/4H. This parameter is highly regarded since it is obtained from relatively 

low-cost surface investigations (H/V ambient vibrations, earthquakes measurements). Besides, Cadet et al. 

(2010) show that Vs30 and f0 are not correlated, therefore it provides complementary information for site 

characterization. Indeed, sites having similar Vs30 but different f0 indicate that the distribution of velocity 

at depth differs. This parameter, however, can be difficult to obtain from empirical data. For example, 

Figure 2 compares the borehole transfer function, the surface H/V (both obtained using earthquake data) 

and the outcrop transfer function (computed from the soil profile) at site NGSH01 (the accelerometric data 

used are listed in table 1). The three results indicate a large amplification around 4 Hz. However, H/V 

earthquake spectral ratios and the borehole transfer function also show a lower frequency peak around 2 

Hz. This difference may be caused by either a mistake in the shear wave velocity profile or a possible 2D 

or 3D effect. This difficulty to pinpoint f0 and the availability of the shear wave velocity profile drive us to 

consider another site parameter than f0 to characterize the velocity profile at depth. 
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Figure 2: Comparison between Borehole transfer function, H/V spectral ratio and trnnsfer function 

from earthquakes recordings from 1-D linear numerical simulation at station NGSH01. 

 

 

THE CONTRAST RATIO 

 

Abrahamson and Silva (2008) proposed Vs30 and Z1000 (depth at which Vs reaches at least 1000 m/s) as 

parameters for characterizing site effects in their GMPE model. Indeed, they use Vs30, to be consistent 

with current regulation codes and Z1000 to distinguish between shallow, medium and deep soil sites 

(Abrahamson and Silva, 2008).  

Kik-net data provide the description of the shear wave velocity profiles at each instrumented site. Taking 

advantage of this information, we propose to use the harmonic mean shear wave velocity, VsZ800, 

calculated from the surface to Z800 (depth at which Vs reaches at least 800 m/s). Contrary to Vs30, the 

depth investigation of the shear wave velocity required to define VsZ800 is variable from one site to another, 

whether the soil is shallow or deep. We choose to work with the dimensionless parameter C800 given by 

Equation 1:  

 C
800
=
V
sZ 800

V
s30

  (1) 

 
which defines the contrast ratio between the deeper part of the borehole with respect to the first 30 m. 

However, this does not hold when the velocity profile already has a Vs30 above 800 m/s. C800 decreases 

with increasing Vs30. We found that the log10(C800) and log10(Vs30) are linearly correlated (Figure 3). We 

calculated the corresponding fit, given by Equation 2. The standard deviation in log10 units is equal to 

0.16.  

 

   (2) 
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Figure 3: C800 versus Vs30 for 668 Kiknet sites. The black line corresponds to the mean linear 

regression between log10(C800) and log10(Vs30), the next lines are the plus 1, 2 and 3 standard 

deviation curves. 

 

Figure 4 shows an example of discriminating different soil profiles according to C800 whose Vs30 is 

between 350 and 450 m/s. The sites are sorted following whether C800 lies above or below the mean 

predicted by Equation 2. The upper graph plots the value of C800 and Vs30 of the selected sites. Graph a) 

indicates the shear wave velocity profiles for which C800<C800-mean-1σ; graph b) shows the velocity profiles 

for which C800-mean-1σ <C800<C800-mean; graph c) indicates the velocity profiles for which C800-mean 

<C800<C800-mean,+1 σ; and graph d) shows the velocity profiles for which C800>C800-mean+1σ. The 16, 50 and 

84 percentiles of each velocity profiles dataset are calculated. In general, the soil profiles are relatively 

closer for increasing values of C800. In dataset a), the velocity profiles are characterized by a fast increase 

of the shear wave velocity with depth, especially in the first 20 m (steep gradient), where a large velocity 

contrast exists. In dataset b) the gradient of the velocity profiles is reduced and the velocity contrast 

smoother. In dataset c), the gradient is still decreasing; a velocity contrast ratio exists but its location is 

likely deeper. Finally, in dataset d) the gradient is quite steep. This example shows the large dispersion 

and variety of soil profiles having close Vs30 and nonetheless being different at depth. 

In the same figure, the generic velocity profiles for Vs30 equal to 400 m/s proposed by Cotton et al. (2006) 

are also plotted. For C800 values above the mean, predicted by Equation 2 (datasets c and d), show a good 

agreement between the generic profiles and the Kik-net ones. However, for lower C800 values, the velocity 

profiles are significantly different at depths below 20 m. 
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Figure 4: Distribution of velocity profiles for Vs30 between 350 and 450 m/s and several values of 

C800: a) C800<C800-mean-1σ, b) C800-mean-1σ <C800<C800-mean, c) C800-mean <C800<C800-mean,+1 σ and d) 

C800>C800-mean+1σ. 

 

 

ANALYSIS OF BOREHOLE DATA 

 
The relevancy of Vs30 and the proposed contrast ratio to characterize site response is tested on a small 

dataset of stations for which their Vs30 values are fairly close. Figure 4 shows the shear wave velocity 

profiles for sites having a Vs30 near to 400 +/- 5 m/s as well as the generic velocity profile for Vs30 equal to 

400 m/s. Once more, the velocity profiles are highly variable at depth. The contrast ratio distinguishes 

well the profiles with high and low gradient. Since borehole recordings are affected by the downgoing 

waves, we make sure that the depth and the corresponding shear-wave velocity at the reference (borehole), 

from one station to another are close enough. We then study the records of three stations whose C800 are 

significantly different (Figure 5).  

The acceleration data used in the analyses were recorded between 2001 and 2009 at NGSH01, SZOH31 

and MYGH02 and cover a magnitude range from 3.5 to 5.4. The PGA at surface was chosen to be lower 

than 20 gals to ensure a linear site response. In addition, the epicentral distance was limited to a maximum 

of 85 km to avoid surface waves in the recorded signals (figure 6). The focal characteristics of the records 

are listed in Table 1.  

 

a)  b)  

c)  d)  
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Figure 5: Shear wave velocity profiles with Vs30 = 400 +/- 5 m/s. The bold lines correspond to the Vs 

profiles of the selected sites. 

 

 

 
Figure 6: Characteristics of earthquakes used in this study. The color scale represents the value of 

PGA (gal) at surface. 
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Table 1: List of earthquakes used in this study. 

STATION Earthquake Mw Depth (km) 
Epicenter Distance 

(km) 

20/03/05 11:24:00 4 15 88,5911 

20/03/05 12:50:00 3,9 11 89,1788 

21/03/05 00:31:00 3,8 14 87,6058 

21/03/05 23:59:00 4,8 12 88,7168 

22/03/05 15:55:00 5,4 11 89,4328 

05/07/05 05:10:00 4,2 15 86,9064 

01/08/05 19:50:00 3,8 11 88,992 

12/09/05 20:18:00 4,1 12 88,4062 

31/01/06 00:19:00 3,8 14 88,1254 

28/04/06 13:05:00 3,8 13 87,6621 

24/09/07 17:12:00 4,1 14 86,3182 

31/03/08 03:45:00 4 14 87,3848 

28/06/09 09:35:00 4 12 49,9524 

NGSH01 

30/06/09 01:21:00 3,9 13 49,6699 

16/12/06 19:00:00 4 21 39,6029 

20/07/07 02:33:00 3,9 13 31,4816 

21/09/07 13:21:00 3,9 13 31,7681 

01/12/07 23:37:00 3,5 16 10,3901 

02/12/07 06:40:00 3,6 16 10,289 

27/01/08 10:53:00 4,2 16 10,4459 

24/11/08 06:15:00 3,9 11 68,13 

18/02/09 01:44:00 3,5 19 68,0634 

11/08/09 06:07:00 3,7 23 39,6893 

11/08/09 06:13:00 4 23 31,9272 

11/08/09 06:27:00 4,4 24 35,1381 

11/08/09 18:09:00 4,4 20 43,5063 

13/08/09 18:12:00 3,7 19 33,5131 

02/09/09 13:04:00 3,8 22 34,5424 

10/10/09 04:14:00 3,6 11 28,2785 

SZOH31 

17/12/09 23:45:00 5,3 0 93,2552 

08/02/01 00:24:00 3,9 13 25,0563 

14/05/06 19:46:00 4,4 1 14,7172 

29/05/08 01:42:00 4,8 1 16,1647 

15/06/08 00:04:00 3,5 9 20,9782 

16/06/08 13:56:00 3,9 10 20,4714 

17/06/08 00:03:00 3,5 9 18,6058 

17/06/08 00:59:00 4,1 12 24,5355 

17/06/08 12:42:00 3,9 8 14,8316 

08/07/08 05:22:00 3,5 4 11,3315 

29/07/08 00:55:00 3,9 8 24,63 

30/07/08 10:15:00 3,6 5 15,3995 

04/08/08 19:08:00 3,5 6 18,6513 

24/08/08 04:22:00 3,5 5 24,2204 

15/09/08 01:05:00 3,9 8 25,1164 

MYGH02 

20/12/08 19:55:00 3,9 4 14,5094 
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In this study, we try to work avoiding any manipulation of the accelerometer data. The only allowed signal 

processing is a baseline correction of the time histories. As mentioned above, both surface and borehole 

recordings are available in Kik-net sites. Various authors proposed a deconvolution of the borehole 

recordings to retrieve the outcropping bedrock recording (Figini et al., 2009). These stations were selected 

with similar Vs30 and shear wave velocity at rock and borehole depth to ensure a comparable reference. 

Hence, in this work only borehole site response were calculated (i.e. the ratio of the Fourier amplitude at 

the surface by the Fourier amplitude at the borehole). 

The S-waves were manually pointed as well as the pre-event noise. The ratio of the Fourier surface and 

borehole was calculated on data having signal-to-noise ratio greater than 3. For each site the 16, 50 and 84 

percentiles of the borehole response were computed.  

 

The results are illustrated in Figure 7. We can notice that the observed response for station NSGH01 is 

significantly different from the two others at frequencies between 4 to 7 Hz. Besides, the fundamental 

resonance frequency is different for all three stations in spite of sharing a similar Vs30 value. MYGH02 is 

characterized by a fundamental frequency (f0) of 1.4 Hz, NGSH01 by f0 equal to 2 (or 4) Hz and SZOH31 

by f0 at 3.1 Hz. In these three stations f0 appears to be inversely correlated to C800. Indeed, the steeper the 

velocity gradient is, f0 is most likely to be high and C800 low. Such correlation needs to be proven with 

other Kik-net stations. 

 
Figure 7: Borehole response of sites NGSH01, MYGH02, and SZOH01. The shaded areas 

correspond to the 16-84 percentiles bounds 
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CONCLUSIONS 

 

In this paper, we define C800, a contrast parameter to investigate the evolution of the velocity profile as a 

function of depth, and therefore the relevancy of Vs30 to characterize site effects. C800 distinguishes well 

the gradient of the velocity profiles at depth for a constant Vs30. 

 

For similar Vs30 values, the velocity profiles may present a high variability at depth. Furthermore, generic 

velocity profiles defined by Vs30 can be significantly different from observations having high C800 values. 

Thus, it appears that the characterization of a velocity profile is not enough if only the first 30 m are used.  

 

The comparison of borehole transfer functions for 3 sites having a similar Vs30 but different C800 also 

indicates that Vs30 only, is not enough to characterize the site response. The fundamental frequencies of 

the three sites are different and seem to be inversely correlated to C800. Such correlation need to be 

confirmed using the whole Kik-net data.  
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