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ABSTRACT 
 

     In ground-motion models for response spectral ordinates, site effects are typically 
characterized as response spectral ratio (RSR) based on the scaling law borrowed from 
Fourier spectral models. However, some theoretical studies indicated that the RSR is 
different with Fourier spectral ratio (FSR), the RSR is dependent of the earthquake 
scenario even for linear analysis. This study further compares the two spectral ratios 
statistically and explores how they are different, by analyses of a lot of seismic ground 
motions recorded on nearby soil and rock sites in Japan. It is observed that the average 
RSR and FSR have similar overall shapes; and when the two spectral ratios have 
obvious peaks, their maximum values occur at about the same period. However, they 
are different obviously around the main spectral peak with the FSR values consistently 
exceeding the RSR values. The RSR–FSR relationship depends on earthquake 
scenario and the oscillator damping: the difference between RSR and FSR at periods 
longer than the site’s fundamental period decreases as the magnitude and epicentral 
distance increase; and values of RSR generally approach those of FSR with 
decreasing the oscillator damping. 
 
1. INTRODUCTION 
 
     In current probabilistic seismic-hazard analysis, the response spectral ordinate at 
a particular level of critical damping is commonly used as the ground-motion intensity 
measure. Therefore, most of the empirical ground-motion prediction equations are 
derived for response spectral ordinates. In ground-motion prediction models for 
response spectral ordinates, the site term is typically characterized as response 
spectral ratio (RSR) based on the scaling law borrowed from Fourier spectral models. 
And the RSR is always assumed to be independent of the earthquake scenario for 
linear analysis. However, Bora et al. (2016) found that the scaling of Fourier and 
response spectra for the adjustment to site term of a theoretical ground-motion 
prediction equation, i.e., the FSR and RSR, can be significantly different at short 
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periods. Zhao et al. (2009, 2010) found that the RSR is dependent of the input rock 
motion even for linear analysis. They systematically investigated the effects of 
magnitude, source type and source distance on the RSR based on site-response 
analysis of several single layer elastic soil sites subjected to a suite of seismic motions 
on rock sites. Subsequently, Stafford et al. (2017) presented theoretical explanation for 
why the two spectral ratios are different and why the RSR depends upon the magnitude 
and distance of the earthquake scenario for linear analysis.  

All the above studies are mainly based on theoretical analysis. This study further 
compares the RSR and FSR statistically and explores how they are different, using 
actual ground motions recorded on natural nearby soil and rock sites. Specifically, this 
study compares the two spectral ratios and investigates the dependence of the RSR – 
FSR relationship on earthquake scenario and the oscillator damping, by analyses of a 
lot of seismic motions recorded on 10 pairs of nearby soil and rock sites in Japan. 
Several early studies have compared the two spectral ratios statistically using actual 
ground-motion records. Dobry (1991) analyzed some soft clay sites on much stiffer rock 
or soil, and found that, maximum values of RSR and FSR occur at about the same 
frequency. Rosenblueth and Arciniega (1992) analyzed several sites on the valley of 
Mexico, and found that, FSR systematically exceed the RSR in the neighborhood of the 
main spectral peaks. Joyner et al. (1994) compared the average spectral ratios at 
several period bands for alluvial and bay mud sites, and found that, estimates based on 
RSR were consistent with similar estimates based on FSR for similar period bands 
computed, with some discrepancies observed at longer-period bands. However, the 
main objective of this study, i.e., the dependence of the RSR – FSR relationship on 
earthquake scenario and the oscillator damping, was not discussed and was not the 
objective of these studies. 

The rest of the paper is organized as follows. Firstly, the nearby soil and rock 
sites as well as ground-motion records utilized in this study are detailed in Sections 2 
and 3, respectively. In Section 4, the RSR and FSR for all selected ground motions on 
the nearby soil and rock sites are calculated, and the relationship between the two 
spectral ratio and the dependence of the relationship on earthquake scenario and the 
oscillator damping are statistically explored. Finally, the conclusions are presented in 
Section 5. 
 
2. THE NEARBY SOIL AND ROCK SITES 
 
     To systematically compare the RSR and FSR, nearby soil and rock sites are 
selected from Strong-motion Seismograph Networks (K-NET, KIK-net) of Japan as 
many as possible. The soil and rock sites are selected, respectively, to have surface-
layer shear wave velocity less and larger than 400 m/s to meet the definition in the 
Japanese Seismic Code (2000). In addition, in order to reduce the path effect on the 
spectral ratios, soil site should be selected as close as possible to the rock site, the 
farthest distance from the rock to soil sites is determined as 5 km in this study. 
Moreover, the nearby soil and rock sites are selected to have enough strong motion 
records for statistical analysis. A total of 10 pairs of nearby soil and rock sites satisfy 
the above conditions. Among the selected 10 pairs of soil and rock sites, the farthest 
distance from the rock to soil sites is 4.16 km, and the shortest distance is 0.01 km. The 
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surface-layer shear wave velocities of the selected soil and rock sites vary from 70 to 
260 m/s and from 440 to 1800 m/s, respectively. The selected 10 pairs of nearby soil 
and rock sites are numbered from 1 to 10; information of each pair of soil and rock sites, 
including the station code, coordinates, distance from the rock to soil sites, surface-
layer shear wave velocity S, and average shear wave velocity in the upper 30 m VS30, 
are listed in Table 1. For each pair of soil and rock sites in the table, the upper line 
represents the rock site and the lower one represents the soil site. In addition, shear 
wave velocity profiles of all the selected sites are shown in Fig. 1. 
 

     Table 1 Information of the selected 10 pairs of nearby soil and rock sites 

Station ID Coordinates -- Site Conditions 

Name Code Long. Lat. Distance 
(km) 

S (m/s) VS30 (m/s) 
 

1 AOMH03 140.9896 41.234 4.10 530 653.7 

AOM006 140.9972 41.1976 100 264.8 

2 CHBH20 140.0997 35.0882 3.04 1800 1909.1 

CHB020 140.1022 35.1155 150 134.4 

3 ISKH04 136.7176 37.1902 4.16 440 443.5 

ISK006 136.6897 37.1602 260 344.0 

4 YMGH01 131.5618 34.0494 3.22 1000 1387.7 

YMG013 131.5348 34.031 70 185.4 

5 NGSH06 129.8625 32.6999 4.15 900 1421.1 

NGS010 129.8763 32.7353 150 371.6 

6 GIFH20 137.2531 35.7991 0.84 460 809.9 

GIF010 137.245 35.8029 150 440.9 

7 GIFH14 137.5174 36.2493 0.01 440 627.4 

GIF004 137.5174 36.2492 230 452.7 

8 ISKH07 136.6357 36.515 3.07 440 440.0 

ISK010 136.6431 36.5419 110 388.2 

9 SRCH10 142.0085 42.993 0.03 480 1026.8 

HKD123 142.0085 42.9933 110 627.1 

10 MIE014 136.1687 34.0638 0.02 880 1009.4 

MIEH05 136.1689 34.0637 170 590.1 
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Fig. 1. Shear wave velocity V profiles of the selected sites 
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Fig. 1. (Continued) 

 
3. GROUND-MOTION DATABASE 
 

To systematically compare the RSR and FSR, it is also necessary to select a 
large number of strong motions recorded on the 10 pairs of nearby soil and rock sites. 
To reduce the source effect on the spectral ratios, the ground motions from the same 
earthquakes that are simultaneously recorded at both the rock and nearby soil sites are 
selected. In addition, to control the signal-noise ratio and to reduce the effect of noise, 
ground motions are selected to have peak acceleration greater than 5 gal. Moreover, to 
reduce the path effect on the spectral ratios, ground motions are selected to have 
Epicentral distance larger than 10 times of the distance between rock and nearby soil 
site and less than 300 km. Finally, 508 ground-motion records from 232 earthquakes 
are selected from the K-NET, KiK-net. Each ground-motion record has two components, 
NS and EW, thus there are a total of 1,016 earthquake time histories used in this study. 
Figure 2 shows the distribution of magnitude, Mj, and epicentral distance of the used 
earthquakes. Here the magnitude, Mj, represents Japan Meteorological Agency 
magnitude. It can be seen that, the earthquakes have a wide range of magnitude and 
epicentral distance. As ground motions with small magnitude can hardly be recorded at 
large epicentral distance, few such records are obtained. Generally speaking, the 
selected ground motion records are with reasonably balanced distribution with respect 
to magnitude and epicentral distance.  

In addition, all the selected ground-motion records are consistently processed. 
Baseline adjustment is applied to all records to remove long-period noise, a low-pass 
filter with corner frequency equaling 10 Hz is used to eliminate low-period noise. As the 
corner frequency equals 10 Hz for all the records, spectral ratios at periods larger than 
0.1s should not be severely affected by the low-pass filter. 
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Fig. 2. Distribution of magnitude and epicentral distance of the selected earthquakes  
 
4. Results of statistical study 
 

4.1 Comparison of the average RSR and FSR 
To compare the RSR and FSR, response spectra and Fourier spectra of all 

selected ground-motion records are computed firstly. For the calculation of response 
spectra, 5% oscillator damping ratio is adopted. The Fourier amplitudes are smoothed 
using the Parzen window function with band width equaling 0.3. Then, the geometric 
mean of the two components in EW and NS directions of each seismic record is 
calculated. Finally, RSR and FSR are obtained as the quotient of the spectra on soil 
site to those on rock site. Comparison of the average RSR and FSR for the 10 pairs of 
nearby soil and rock sites are shown in Fig. 3. Since, the corner frequency of the low-
pass filer is set as 10 Hz, and the upper bound period considered in seismic 
engineering is generally not larger than 10s; this study focuses on the period band from 
0.1 to 10s.  

It can be observed that, the average RSR and FSR have similar overall shapes, 
and the maximum values of the two spectral ratios occur at about the same period, 
when the spectral ratios have obvious peaks. The spectral ratios for the five pairs of 
sites shown in the left column of Fig. 3 have obvious peaks, while those for the other 
five pairs have no obvious peaks. For the cases with no obvious peaks, the two 
spectral ratios have nearly the same values; but for those with obvious peaks, the two 
spectral ratios are different obviously. The difference between the two spectral ratios is 
dependent of the oscillator period, it is most significant around the main spectral peak. 
Overall, the RSR varies more smoothly with the oscillator period than the Fourier 
spectra. In addition, Bora et al. (2016) found the two spectral ratios are most different at 
very short period. But, as the low-pass filer is used to cut off the short-period noise, 
comparison at very short period cannot be conducted in this study. 
      To explore the reason why no obvious peaks are observed, shear wave velocity 
profiles of the 5 pairs of soil and rock sites are analyzed. It is found from Fig. 1 that 
although the surface-layer shear wave velocities of the 5 soil sites are smaller than 
400m/s, the soft layers are very thin. The thicknesses of the soft layers with shear wave 
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Fig.3. Comparisons of the average RSR and FSR for the 10 pairs of soil and rock sites. 
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velocity less than 400m/s are only, respectively, 4m for GIF010, 12m for GIF004, 3m 
for ISK010, 2m for HKD123, and 4m for HIEH05. This leads that the site’s fundamental 
period may be smaller than 0.1s and can’t be observed in the period band 0.1-10s.  
 

4.2. Effect of input rock motion  
To investigate the dependent of the RSR – FSR relationship on earthquake 

scenario, the selected ground motions in Section 3 are classified into three groups 
according magnitude and epicentral distance, as listed Table 2. Group 1, 2, and 3, 
respectively, represent seismic motions with small magnitude and short distance, 
seismic motions with large magnitude and short distance, and seismic motions with 
large magnitude and long distance. Therefore, by comparing the results of groups 1, 2, 
and 3 the effect of magnitude and epicentral distance can be investigated. 
 

Table 2. Classification of selected accelerograms           

Group Magnitude Epicentral distance 

1 2.8–5.0 7–150 

2 5.1–8.0 7–150 

3 5.1–8.0 151–300 

 

The RSRs and FSRs belonging to the same group for each pair of soil and rock 
sites are averaged, respectively. Then the average values of 5% damped RSR and 
FSR for each group are compared. Figure 4 shows the comparisons for the 5 pairs of 
soil and rock sites where RSRs and FSRs have obvious peaks, whereas Figure 5 
shows the comparisons for the other 5 pairs of soil and rock sites where RSRs and 
FSRs have no obvious peaks. The results of some groups for some sites are lacked, as 
shown in Fig. 4. This is because that among the selected seismic motion data in 
Section 3, there aren’t data belonging to these groups at these sites, although seismic 
records are selected as much as possible. By comparing the results of groups 1, 2, and 
3 in Fig. 4, it is found that at the periods longer than the site’s fundamental period, 
difference between RSR and FSR decreases as magnitude and epicentral distance 
increase. A representative ratio of RSR to FSR at 2s is used to quantify the agreement 
between the RSR and FSR at periods longer than the site’s fundamental period. The 
values of RSR and FSR at 2s, and the ratio of RSR to FSR at 2s are listed in Table 3. It 
is observed that all the 2-s ratios approach unity with increasing the group number, 
which support the conclusion that the difference between RSR and FSR decreases as 
magnitude and epicentral distance increase.  

In addition, the comparison for each group in Fig. 4 also shows that, the overall 
shapes of RSR and FSR are very similar, their maximum peaks occur at about same 
period with the FSR one consistently exceeding the RSR one. The maximum peak 
values of RSR and FSR and the corresponding periods for each group are listed in 
Table 3. The ratio of maximum peak values as well as the ratio of the periods between 
RSR to FSR for each group are calculated and listed in the table. It is found that the 
period ratios for each group are all very near unity, and the maximum peak value ratios 
for each group are all smaller than unity. 

In addition, the comparison for each group in Fig. 4 also shows that, the overall 
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Fig. 4. Comparison of RSR and FSR for each group of the 5 pairs soil and rock sites on 
which the spectral ratios have obvious peaks 
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shapes of RSR and FSR are very similar, their maximum peaks occur at about same 
period with the FSR one consistently exceeding the RSR one. The maximum peak 
values of RSR and FSR and the corresponding periods for each group are listed in 
Table 3. The ratio of maximum peak values as well as the ratio of the periods between 
RSR to FSR for each group are calculated and listed in the table. It is found that the 
period ratios for each group are all very near unity, and the maximum peak value ratios 
for each group are all smaller than unity. 
 

   Table 3. Results of the 5 pairs of soil and rock sites on which the spectral ratios 
have obvious peaks 

Name Group The 
period  

of 
RSR 

The 
period  

of 
FSR 

Ratio 
of the 

periods 

Maximum 
of RSR 

Maximum  
of FSR 

Ratio of  
The 

maximum 

RSR 
value 
at 2 s 

FSR 
value 
at 2s 

Ratio 
of  

2-s 
values  

1 1 0.22 0.22 1.00 4.88 6.25 0.78 1.32 0.96 1.38 
2 0.27 0.23 1.21 3.66 4.55 0.81 1.04 0.97 1.07 
3 0.23 0.23 0.99 4.06 5.38 0.75 1.06 1.01 1.05 

2 2 0.27 0.27 1.00 10.64 20.53 0.52 2.19 1.32 1.67 
3 0.26 0.28 0.92 9.83 17.69 0.56 1.59 1.39 1.14 

3 1 0.16 0.16 1.00 3.25 4.66 0.70 0.83 1.03 0.80 
3 0.17 0.14 1.18 1.10 1.93 0.57 0.92 1.07 0.86 

4 1 0.37 0.36 1.02 11.56 16.43 0.70 3.42 1.16 2.94 
2 0.39 0.38 1.03 9.01 13.84 0.65 1.70 1.18 1.44 
3 0.39 0.38 1.03 13.43 18.67 0.72 1.06 1.01 1.05 

5 1 0.11 0.11 1.01 6.16 9.04 0.68 1.92 1.46 1.32 
2 0.11 0.11 0.94 5.16 8.56 0.60 1.70 1.56 1.09 

   
Moreover, the results of the 5 pairs of soil and rock sites on which the spectral 

ratios have no obvious peaks are analyzed. For these sites, the values of RSR are 
nearly identical to those of FSR and equal about unity for each group. The dependence 
of the RSR-FSR relationship on magnitude and epicentral distance is not that obviously 
as those results in Fig. 4. Nevertheless, at long periods the difference between RSR 
and FSR tends to decrease as magnitude and epicentral distance increase on the 
whole. Although, for the sites MIE014 and ISKH07, the shapes of RSR and FSR in 
group 3 are more jagged and the difference between RSR and FSR in group 3 is bigger 
compared with those in groups 1 and 2. This perhaps is because that there is only one 
seismic record belonging to group 3 on the two sites, and the spectral ratios of the 
single record cannot be smoothed by the average like those in other groups with a lot of 
seismic records.  
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Fig. 5 Comparison of RSR and FSR for each group of the 5 pairs of soil and rock sites 

on which the spectral ratios have no obvious peaks 

 
4.3. Effect of the oscillator damping ratio  
As response spectral ratio is dependent of the oscillator damping ratio, it can be 

easily known that the RSR-FSR relationship should also be dependent on the oscillator 
damping ratio. To investigate the effect of the oscillator damping ratio, three values of 
oscillator damping ratio, named 1%, 5% and 10%, are considered in the calculation of 
RSR. The averaged values of RSR with different damping ratios are compared with 
those of FSR for each pair of soil and rock sites, in Fig. 6.  

It can be obviously found from Fig. 6 that the RSR is dependent on oscillator  



The 2019 World Congress on 
Advances in Structural Engineering and Mechanics (ASEM19)
Jeju Island, Korea, September 17 - 21, 2019

  

 

 

 
Fig. 6 Comparisons of FSR and RSR with different oscillator damping ratio 
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damping ratio. Values of RSR approach those of FSR with decreasing oscillator 
damping, and this trend is most prominent near the maximum peak. Three 
representative values of the RSR - FSR ratio at 0.1s, the maximum peak, and 2s are 
selected to further investigate the dependence of the RSR – FSR relationship on 
oscillator damping ratio. Values of RSR and FSR at 0.1s and 2s as well as the 
calculated ratios of RSR and FSR at these periods are listed in Table 2. Most of these 
ratios are found to approach 1 with decreasing oscillator damping ratio, which supports 
that the values of RSR approach those of FSR with decreasing oscillator damping ratio. 
 

Table 4 Results for the 5 pairs of soil and rock sites on which the spectral ratios have 
no obvious peaks 

Name  Period 
(s) 

Period 
ratio 

Maximum 
peak 
value 

Maximum peak 
value ratio 

Value 
at 0.1s 

0.1s-
value 
ratio 

Value 
at 2s 

2s-value 
ratio 

 
1 

1% 
RSR 

0.22 1.00 4.52 0.88 1.67 1.13 0.99 1.01 

5% 
RSR 

0.22 1.00 4.03 0.78 1.88 1.27 1.14 1.16 

10% 
RSR 

0.23 1.05 3.67 0.71 1.98 1.34 1.27 1.30 

FSR 0.22 -- 5.14 -- 1.48 -- 0.98 -- 
 

2 

1% 
RSR 

0.28 1.04 14.26 0.78 5.62 1.32 1.60 1.19 

5% 
RSR 

0.28 1.04 10.09 0.55 6.10 1.44 1.89 1.40 

10% 
RSR 

0.27 1.00 8.48 0.47 6.17 1.45 2.11 1.56 

FSR 0.27 -- 18.19 -- 4.25 -- 1.35 -- 
 

3 

1% 
RSR 

0.16 1.00 2.67 0.87 1.06 1.07 0.82 0.78 

5% 
RSR 

0.16 1.00 2.15 0.70 1.27 1.28 0.87 0.83 

10% 
RSR 

0.15 0.94 1.72 0.56 1.27 1.28 0.83 0.79 

FSR 0.16 -- 3.08 -- 0.99 -- 1.05 -- 
 

4 

1% 
RSR 

0.37 1.03 13.66 0.86 3.71 1.17 1.95 1.74 

5% 
RSR 

0.39 1.08 11.17 0.71 4.25 1.34 2.06 1.84 

10% 
RSR 

0.37 1.03 9.07 0.57 4.32 1.36 2.36 2.11 

FSR 0.36 -- 15.83 -- 3.18 -- 1.12 -- 
 

5 

1% 
RSR 

0.11 1.00 7.19 0.82 4.78 1.10 1.50 0.99 

5% 
RSR 

0.11 1.00 5.58 0.64 4.68 1.08 1.81 1.20 

10% 
RSR 

0.12 1.09 4.70 0.54 4.43 1.02 1.98 1.31 

FSR 0.11 -- 8.77 -- 4.33 -- 1.51 -- 
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For the 5 pairs of soil rock sites on which the spectral ratios have no obvious 
peaks, the values of RSR are nearly identical to those of FSR and equal about unity for 
all values of oscillator damping ratio. Nevertheless, the values of RSR vary slightly and 
also approach those of FSR with decreasing oscillator damping.  

In addition, it can be seen from Fig. 6 that, for all values of oscillator damping ratio, 
the two spectral ratios have very similar overall shapes, and the shape of RSR is 
relatively flatter. In addition, the maximum peak of RSR and FSR occur at about the 
same period with the FSR one consistently exceeding the RSR one. To further 
investigate the relationship between the maximum peaks of RSR and FSR, their 
maximum peak values and corresponding periods are obtained and listed in Table 4. 
Then the ratio of the maximum peak values as well as the ratio of the periods between 
the two spectral ratios are computed and listed the table. It is found that all the period 
ratios are very near 1, and all the maximum-peak-value ratios are smaller than 1. This 
indicates that the maximum peak values of the two spectral ratios occur at nearly the 
same period with the FSR one consistently exceeding the RSR one for any damping. 
 
5. CONCLUSIONS 
 

This study investigates statistically the relationship between the RSR and FSR. 
By analyses of a lot of seismic ground motions recorded on 10 pairs of nearby soil and 
rock sites in Japan, following systemic relationships between the two spectral ratios are 
derived.  
(1) The shape of RSR is very similar with that of FSR. When the two spectral ratios 
have obvious peaks, the maximum peak values of RSR and FSR occur at about the 
same period with the FSR one consistently exceeding the RSR one. 
(2) The relationship between RSR and FSR is dependent on oscillator damping ratio, 
values of RSR generally approach those of FSR with decreasing oscillator damping 
ratio. This trend is particularly prominent for the spectral ratios having obvious peaks. 
(3) The relationship between RSR and FSR is dependent on input rock motion and 
ultimately magnitude and epicentral distance. At long periods the difference between 
RSR and FSR decreases with increasing magnitude and epicentral distance. This trend 
is also particularly prominent for the spectral ratios having obvious peaks. 
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