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Abstract 
Seismic demand determination for structures and quantification of seismic hazard of a region require the evaluation of the 
local site effects, such as the dynamic amplification of the soil. Commonly, there are two parameters that the most modern 
models and seismic codes use independently to quantify this phenomenon. One is the fundamental period of the soil or To 
(Japanese code) and the second is the average shear wave velocity up to 30 m depth or VS30 (North American and European 
codes). However, none of these two parameters has managed to explain acceleration records in large Chilean earthquakes, 
such as the records in the Concepción city during the 2010 Mw 8.8 Maule Earthquake. In this paper, an empirical model to 
quantify the dynamic amplification of soil at periods from 0.01 s to 10 s, using the 5% damped H/V response spectral ratios 
(HVRSR) obtained from earthquake acceleration records at seismic stations located in Chile, is developed. The 
amplification factor is expressed in terms of the soil predominant period (T*) and the peak value of the average HVRSR of 
the site. The predominant soil period allows to describe the spectral shape factor, while the peak value of the HVRSR 
determines its amplitude, which make the proposed model unprecedented. The results can be used to assess the seismic 
hazard in a variety of sites and to derive ground motion prediction equations for the Chilean region or other region with 
similar seismological and geological characteristics. In addition, the results could allow projecting future changes in the 
determination of the seismic demand on the official Chilean Earthquake Resistant Design code (NCh433). 
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1. Introduction 
Site effects are a crucial aspect in the seismic demand estimation of earthquake resistant design codes, in seismic 
hazard studies for structures, and in the derivation of ground motion prediction equations. It can be defined using 
two different relationships. The first definition is the ratio between the surface response to an earthquake and the 
rock basement response. The second definition is the ratio between the surface response to an earthquake and the 
outcrop response. Usually the second definition is more frequently used in seismic design due to the possibility 
of measuring the site response directly at the surface.  

The methodologies to measure the site effects are diverse. [1] use the Fourier amplitude spectra (FAS) of strong 
motion records of the same earthquake at a reference outcrop site and at a near soil site to determine the 
empirical transfer function between them. [2] use a similar methodology than [1] but they use the 5%-damped 
response spectra of the strong motion records. [3] develop a technique to approximate empirical transfer function 
of the soil respect to basement from the horizontal-to-vertical FAS ratio of microtremors measures at the soil 
site.  

In addition, considering the practical use, seismic codes try to account for site effects in a simplified way by 
using parameters that can be easily measured from the site. The two most common parameters are the 
predominant period of the soil T* (Japanese code) and the shear wave velocity up to 30 m depth VS30 (US and 
Europe codes). 

In this paper we use a variation of the Nakamura's principle [3] applied to the horizontal-to-vertical ratios of the 
5%-damped response spectra of strong motion records (HVRSR) to account for the site effects in Chilean 
seismic stations sites. Following the approach of [4, 5, 6], we classify the sites with a criterion based on the 
predominant period identified from the average HVRSR of every site. Finally, we derive an empirical model for 
the site effects coefficients as function of T* and the peak value of the HVSR derived from the Nakamura's 
technique that can be used in strong motion models and seismic hazard studies. The Nakamura’s technique uses 
records of seismic noise obtained at a given site to account for amplification effects [3]. As the records are 
obtained at the surface, this technique does not requires drilling a borehole at the site. 

2. Database 
The strong motion database used was selected from the compilation of Chilean earthquake records described in 
[7]. All the 1115 records, which have a source-to-site distance as close as 400 km were used, are from 184 
interface and intraplate Mw >= 5.5 earthquakes. The processing of the data was performed using the [8, 9] 
considerations, which leads to average HVRSRs with different available longest period depending on the station 
and the characteristics of their instrument (Fig. 1). A deep characterization of the ground motion levels of the 
database can be found in [10]. 
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Fig. 1 – Chilean database used in this study [7]. 

 

Fig. 2 – Examples of seismic stations site classification using the Table 1. 
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Table 1 – Predominant period T* site classification. 

Site class T* (s) # Stations 

sI Not identifiable: HVRSR <= 2 35 

sII T* <= 0.2 15 

sIII 0.2 < T* <= 0.4 33 

sIV 0.4 < T* <= 0.8 28 

sV T* > 0.8 11 

sVI Not identifiable: broad band amplification or 2+ peaks 32 

 

Fig. 3 – (a) Average HVRSRs and (b) standard deviations of the soil site classification described in Table 1. 

3. Soil Classification 
We define the predominant period of a station T* as the period at which the average HVRSR peaks P* [4, 5, 6]. 
If the average HVRSR does not show a pronounced peak, as Fig. 2a shows for the PB03 site, the station is 
identified as reference rock site sI. If the average HVRSR has multiple peaks or broadband amplification, as Fig. 
2f shows for the AP01 site, the station is identified as generic soil sVI. Soil sites sII, sIII, sIV, and sV depend on T* 
according to Table 1. Fig. 2 shows the classification of the T03A, T07A, and GO04 sites, which are examples of 
stations with a clear HVRSR peak (T*, P*). We classified 135 seismic station sites using the 1207 available 
strong motion records of interface and intraslab earthquakes, the complete Chilean earthquake database used in 
this study [7]. Fig. 3a and Fig. 3b show the average HVRSR and the standard deviation of all the seismic stations 
classified with the predominant period criteria from sI to sVI. The soil site classification as a function of T* in 
Fig. 3a shows that the average spectra of each of the six site classes have relativity similar shape and amplitude, 
except for the reference rock site sI and the generic soil sVI. However, Fig. 3b shows that the peak standard 
deviation, associated to the average HVRSR presented in Fig3a, is reached near P* for every site class.  
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4. Empirical Site Effects Coefficients 
Using the classification described before, the strong motion spectra produced by an earthquake can be 
conveniently decoupled as the contributions of the seismic source F, the trajectory to the site D, and the local site 
effects fs  [10]: 

 𝑆ℎ𝑠(𝑇) =  𝑆ℎ𝑟(𝐹,𝐷)𝑓𝑠(𝑇) (1) 
where Shs is the horizontal response spectra at a given soil site condition, Shr is the horizontal response spectra at 
a rock site as function of F and D, and fs is a spectral shape factor that describes the modification of the rock site 
response spectra by the local site conditions.  

We assume that the shape factor fs(sta) at the seismic station can be obtained from the average H/V response 
spectral ratio (HVRSR), normalized by the average HVRSR at a reference rock site [6]. 

 

Fig. 4 – Comparison of the amplification ratio accounted by the average HVRSR and the average SRSR at (a) 
T03A station and (b) the T07A station. 

 

The fs factor of a seismic station site is defined as: 

 𝑓𝑠(𝑠𝑡𝑎)(𝑇) = 𝐻𝑉𝑅𝑆𝑅(𝑠𝑡𝑎)

𝐻𝑉𝑅𝑆𝑅(𝐼)
=

𝑆ℎ𝑠
𝑆𝑣𝑠
𝑆ℎ𝑟
𝑆𝑣𝑟

(𝑇) (2) 

where HVRSR(sta) is the average HVRSR at the seismic station, HVRSR(I) is the average HVRSR of the 
reference rock sites sI, Svs is the vertical response spectra at a given soil site condition, and Svr is the vertical 
response spectra at a rock site. Hence, Eq. (1) can be written as: 

 𝑆ℎ𝑠(𝑇) =  𝑆ℎ𝑟
𝑆ℎ𝑠
𝑆𝑣𝑠
𝑆ℎ𝑟
𝑆𝑣𝑟

(𝑇) =  𝑆𝑣𝑟
𝑆ℎ𝑠
𝑆𝑣𝑠

(𝑇) (3) 

Assuming that the vertical component of the ground motion at the soil site does not amplify with respect to the 
vertical component in the rock site (Svr = Svs), the use of 𝑓𝑠(𝑠𝑡𝑎) =  𝐻𝑉𝑅𝑆𝑅(𝑠𝑡𝑎)/𝐻𝑉𝑅𝑆𝑅(𝐼) is justified. It is 
worth noting that HVRSR(I) is approximately 1.4 along all the studied period domain. Fig. 4 shows validation 
examples of the method considering the Iquique City seismic stations T03A and T07A. The site response 
spectral ratio (SRSR) in Fig. 4 represent the average ratio between response spectra of the respective seismic 
station over the response spectra of a near rock reference site (T04A in both cases of Fig. 4) computed for a set 
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of common earthquakes with available strong motion records. The flat shape of the vertical average SRSR in 
both seismic stations of Fig. 4 shows that there is no amplification in the vertical component. The amplification 
accounted by the average HVRSR is highly similar to those accounted for horizontal average SRSR.  

The classification in Table 1 leads to fs coefficients with high variability in amplitude, as Fig. 3b shows. To 
account for this variability, we adopted an additional parameter to derive fs based on the contrast between the 
maximum amplitude of the average fs for a seismic station and the maximum amplitude of the average fs of their 
site class. Fig. 5 shows the average fs factors for different seismic stations compared to the average fs of their 
respective k soil site class (k = II, III, IV, or V). For each soil site sk in Fig. 5, the thick solid line represents the 
average fs factor for the class sk and the thin solid line the average fs factor for a seismic station that was 
classified with the same soil site. For any seismic station with soil site sk, their fs factor can be written in terms 
of the average fs factor of the soil site sk

 and a parameter n, as follows: 

 𝑓𝑠(𝑠𝑡𝑎) = [𝑓𝑠(𝑠𝑘)]𝑛 (4) 
 

where n is defined as: 

 𝑛 =  log10[𝑓𝑠∗(𝑠𝑡𝑎)]
log10[𝑓𝑠∗(𝑠𝑘)]

 (5) 
and fs

* is the peak value of the average fs. Hence, the fs factor in Eq. (2) can be represented by the average fs as: 

 𝑓𝑠(𝑇) = �𝐻𝑉𝑅𝑆𝑅(𝑘)

𝐻𝑉𝑅𝑆𝑅(𝐼)
� (6) 

where HVRSR(k) is the average HVRSR of the soil site sk or that of the generic soil site sVI. For the reference 
rock sites sI, we assume that there is no dynamic amplification and s(T*) = 1. Soil sites with non-identifiable 
predominant period or broad band amplification, are considered as generic soil sVI. For generic soil sVI and those 
with identifiable predominant period soils, their s(T*) values are presented in Table 2 and should be used 
following the predominant period site classification described in Table 1.  
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Fig. 5 – Site effect coefficient average fs computed for seismic stations (a) T03A, (b) T07A, (c) GO04, and (d) 
CALA, compared with their respective soil sites sII, sIII, sIV, and sV. 

 

4.1 Empirical amplification factors from seismic noise 

The required acceleration earthquake records needed to compute the average HVRSR are not always available. 
An approximation to the T* of a soil site can be obtained from the H/V spectral ratio (HVSR) computed using 
seismic noise time series and the Nakamura's technique [3].  

The n parameter defined in Eq. (5) can be also obtained using the Nakamura's technique. Fig. 6 shows the HVSR 
peak value (N*) computed by Leyton [11] for a subset of Chilean seismic stations versus the peak value of the fs 
factor, which was defined in Eq. (2) and computed in this study. A least squares regression was performed 
between both parameters using the relation: 

 𝑓𝑠∗(𝑠𝑡𝑎) =  𝑏 log10(𝑁∗) + 𝑎 (7) 
The regression was constrained to a = 0 and the results were b = 6.04 with R = 0.92 and, 𝜎 = 1.15. The standard 
deviation was computed from the difference between the fs

*(sk) data values and their predictions evaluated with 
Eq. (7). Fig. 6 shows the evaluation of these results in a thick solid line. Non-linear effects are not considered in 
this study and the relation might not be consistent for N* > 7. 
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To account for a unique value of fs
*(sk) in Eq. (5), we computed the weighted average of the peak values of the 

average fs factors shown in Fig. 5 (thick lines), with weights equal to the number of records in every soil site 
class sk. Hence, the n parameter in Eq. (4) can be empirically determined as function of the peak value of the 
HVSR (N*) using the Nakamura technique and the empirical relation: 

 𝑛 = 2.82 log[log(𝑁∗)] + 2.20 (8) 

For a more conservative dynamic analysis, Fig. 6 also shows an envelope regression (R = 0.99, 𝜎 = 0.39) that 
considers the stations with the greatest fs

* values. In this case, the empirical relation between n and N* is given 
by: 

 𝑛 = 2.82 log[log(𝑁∗)] + 2.56 (9) 

 

Fig. 6 – Regression model between peak H/V Nakamura values and peak values of the average HVRSRs for 
different seismic stations. 
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Table 2 – Site effect coefficients fs(sk) for different soil sites sk. 

Period (s) sII sIII sIV sV sVI 

PGA 1.878 1.415 1.126 1.096 1.256 

0.01 1.756 1.326 1.115 1.091 1.231 

0.02 1.638 1.251 1.106 1.088 1.210 

0.03 1.522 1.188 1.098 1.086 1.193 

0.05 1.389 1.010 1.086 1.086 1.171 

0.07 1.459 1.062 1.080 1.092 1.164 

0.10 1.757 1.098 1.081 1.111 1.183 

0.15 2.105 1.436 1.110 1.178 1.301 

0.20 2.058 1.801 1.149 1.236 1.472 

0.25 1.874 2.064 1.214 1.270 1.613 

0.30 1.724 2.193 1.323 1.270 1.696 

0.40 1.514 2.167 1.581 1.176 1.779 

0.50 1.381 1.981 1.787 1.110 1.822 

0.75 1.345 1.530 1.862 1.451 1.905 

1.00 1.345 1.315 1.647 2.033 1.875 

1.50 1.307 1.293 1.376 2.377 1.755 

2.00 1.264 1.283 1.261 2.247 1.675 

3.00 1.213 1.266 1.250 1.971 1.642 

4.00 1.202 1.265 1.255 1.77 1.620 

5.00 1.199 1.265 1.244 1.600 1.604 

7.50 1.199 1.265 1.180 1.316 1.598 

10.00 1.199 1.265 1.143 1.283 1.598 

 

5. Conclusions 
Using strong motion data from interface and intraplate earthquakes with magnitudes Mw = 5.5 – 8.8 and 
distance limit of 400 km, an empirical site effect model to account for the soil amplification in the seismic 
demand estimation of earthquake design codes, seismic hazard analysis, and GMPE derivation based on seismic 
noise, is developed. The soil amplification factor is expressed in terms of the soil predominant period (T*), and 
the peak value of the average HVRSR of the site. The soil amplification factor is defined for 5 different types of 
soils, depending of the range of their predominant period. The predominant period allows localizing the period 
range of the response spectra where the amplification takes place. In addition, it is introduced a relationship 
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between the peak value of the average HVRSR of the site and the HVSR peak value (N*), due to the HVSR 
peak value can be empirically determined at any site using the Nakamura's technique [3], which simplify the use 
of this methodology. 
 
To obtain the site effects coefficients for a given site, the user should evaluate Eq. (4) using the predominant 
period of the soil (T*) and the HVSR peak value of the site (N*). The predominant period of the soil should be 
used to classify the soil and select their fs(sk) coefficients from Table 2. The HVSR peak value of the site should 
be used to evaluate n from Eq. (8) or Eq. (9) depending on the user’s preferences. 
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