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Abstract 18 
Strong horizontal ground motions with the peak ground acceleration (PGA) larger than 1400 19 

gal were observed at Yamamoto (MYGH10) station during the February 2021 Mj 7.3  off the 20 

east coast of Honshu, Japan, Fukushima earthquake. Firstly, in this paper, we discussed and 21 

verified the theoretical assumptions of the “Nakamura” method under weak and strong 22 

ground motions. The site amplification factor of the MYGH10 station was estimated using 23 

the surface horizontal-vertical spectral ratio (HVSR) and the surface-to-borehole spectral 24 

ratio (SBSR), and the corrected HVSRC, respectively. Meanwhile, the reasons for 25 

underestimating the site amplification factor when using HVSR were explained. The vertical 26 

amplification phenomenon of seismic P-wave in the high-frequency band was analysed under 27 

weak and strong ground motions. Secondly, we utilized HVSR, SBSR, and theoretical 28 

transfer function (TTF) based on the 1D wave propagation theory to study the nonlinear site 29 

response of MYGH10 station under the mainshock of the Fukushima earthquake and the 30 

historically weak and strong ground motions, respectively. The changes in frequencies and 31 

amplitudes of the spectral ratio curves when nonlinearities were occurring at the site were 32 

analysed and compared using the spectra ratio curves of weak ground motion records and 33 

TTF as references. Finally, the recovery of the site after strong nonlinearity was also 34 

evaluated by comparing the spectral ratio curves of aftershocks records. We found that the 35 

most significant amplification factor of the site increased from 7 to more than 10, and the 36 

predominant frequency decreased from 10 Hz to 3.8 Hz under the mainshock of the 37 

Fukushima earthquake. The predominant frequency returned to the previous value within 38 

three days after the mainshock, but the amplification factor did not. 39 

Keywords Fukushima earthquake ·  Spectral ratio method ·  Theoretical transfer 40 

function · P-wave vertical amplification · Site amplification factor · Nonlinear site 41 

response 42 
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1  Introduction 43 

In engineering seismology, site conditions are one of the factors that leading to severe 44 

earthquake damage, and the geological conditions of near-surface sites play a significant role 45 

in damage distribution as well as in the observed ground motion records (Rong et al. 2017; 46 

Roca et al. 2008) and are an essential cause for seismic wave amplification at the surface. 47 

Research on site amplification and site nonlinearity effect under strong ground motion has 48 

been a hot topic. The commonly used methods for estimating site characteristics in the 49 

engineering field are mainly to obtain the thickness of the overlying soil layers on bedrock 50 

and the shear wave velocity of each soil layer through borehole exploration, and then to get 51 

the characteristics such as the predominant period of the site; however, the borehole 52 

exploration method has some limitations because of the high economic cost and the difficulty 53 

of construction in some particular sites. 54 

The horizontal-to-vertical spectral ratio method (HVSR) was first proposed by Yutaka 55 

Nakamura, a Japanese scholar, in 1989. The academic community later named the method 56 

after him as “Nakamura” method, which was used initially for site characterization estimation 57 

from measured microtremor records as a technique to estimate the resonant frequency of 58 

engineering sites and the stie amplification factor (Nakamura 1989; Nakamura 2019). The 59 

amplification factor of the site soil layer, also called empirical transfer function, can be 60 

obtained based on the observed ground motion data, and the HVSR method has better 61 

economy and convenience than the traditional method of studying site characterization 62 

through borehole exploration. Therefore, the spectral ratio method has been favoured by 63 

many scholars since it was proposed and has been applied in many research fields. For 64 

example, Yamazaki and Ansary (1997) extended the “Nakamura” method to evaluate site 65 

characteristics and site classification  using the spectral ratio of ground motion records, and 66 

they proved its rationality by verifying that the spectral ratio of horizontal and vertical 67 

velocity response spectra at the same site is not significantly affected by earthquake 68 

magnitude, epicentre distance, and source depth.  69 

Kawase et al. (2011, 2018)  proposed a new spectral ratio calculation formula based on 70 

the plane wave diffused field theory by the method of empirical Green’s function and used it 71 

for site wave velocity structure inversion (Ducellier et al. 2013; Nagashima et al. 2014). Rong 72 

et al. (2018) and LI et al. (2020) successively obtained the site-specific wave velocity 73 

structure using the inversion of the HVSR method. Zhao et al. (2004) and JI et al. (2017) 74 

used the HVSR method for site classification studies. Wen et al. (1994; 1995; 2006) and Yu 75 

et al. (1993) investigated the characteristics of the spectral ratio curve when the engineering 76 

site occurs nonlinear phenomena under strong ground motion using the spectral ratio method. 77 

Luo et al. (2019) studied the nonlinear characteristics of the site with HVSR spectral ratio 78 

using the Wenchuan mainshock, aftershock, and station microtremor records. Zhu et al. 79 

(2020a) comparatively studied the differences in identifying the site resonant frequencies 80 

using the Fourier amplitude spectrum and the response spectrum and suggested that the 81 

Fourier amplitude spectrum should be preferred in calculating the HVSR and that the 82 

frequency corresponding to the highest peak has a better performance than the first peak 83 

frequency in characterizing the linear site response.  84 

Beresnev and Wen (1996) found that nonlinear behaviour became more pronounced when 85 

the acceleration peak value exceeded the threshold of 100~200 gal at the engineering site. 86 

The phenomenon of HVSR<1 may occur in some frequency bands, which Moro (2014) 87 

attributed mainly to the inversion of the wave velocity structure of the soil layer; that is, the 88 

wave velocity of the upper soil layer is higher than that of the lower soil layer.  89 
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This paper conducted a series of studies around the MYGH10 station in KiK-net (Kiban 90 

Kyoshin Network, a strong-motion seismograph network in Japan). Based on the previous 91 

studies, the principle of the spectral ratio method was analyzed and discussed based on the 92 

historical earthquake records of the MYGH10 station; the theoretical transfer function of the 93 

site based on the one-dimensional multilayer soil model was obtained using the borehole 94 

drilling data of the station; the differences and consistencies between HVSR and SBSR, in 95 

terms of site amplification and site nonlinear response identification, were compared and 96 

analyzed under weak and strong ground motions. The characteristics of site nonlinear 97 

response were summarized to explain the strong nonlinear phenomena occurred at the 98 

MYGH10 station site under the Fukushima mainshock. 99 

2  Background 100 

An earthquake of magnitude Mj 7.3 occurred off the east coast of Honshu, Japan, on 101 

February 13, 2021, at a hypocenter depth of 55km, with the epicentre located at 37.73 °N, 102 

141.70 °E. A total of 930 stations on KiK-net and K-NET (Kyoshin Network) recorded the 103 

earthquake. Fig. 1 shows the distribution of PGA recorded at 82 stations within 150 km from 104 

the epicentre. The closest station to the epicentre is FKS005, 64 km from the epicentre, with a 105 

PGA value of 583.1 gal and an instrumental seismic intensity of 5.4. In contrast, MYGH10 106 

station, located in Miyagi Prefecture, 75 km from the epicentre, recorded the maximum 107 

acceleration record of this earthquake, with the PGA at north-south component exceeding 1.4 108 

g and the instrumental seismic intensity reaching 6.4 (Note: the maximum seismic intensity in 109 

Japan is 7). Fig. 2 shows the time history diagrams of the surface and borehole six-110 

component acceleration records of the Fukushima mainshock recorded at station MYGH10, 111 

and Fig. 3 shows the corresponding Fourier amplitude spectra of the borehole and surface 112 

acceleration records. In contrast, the PGA values recorded at the nearby stations around the 113 

MYGH10 station are lower, and we consider that the ground motions may be amplified at the 114 

MYGH10 station due to site condition. 115 

Therefore, in this paper, we use the ground motion data recorded at this station over the 116 

years and classify them into weak and strong ground motions according to PGA<100 gal or 117 

PGA>100 gal, that is, events with PGA less than 100 gal are attributed to the “weak ground 118 

motions” and events with PGA over 100 gal are considered as the “strong ground motions.” 119 

Meanwhile, we compare the discriminations between the curves of HVSR and that of SBSR. 120 

The characteristics of the spectral ratio curves of weak motion, strong motion and the 121 

Fukushima mainshock records were compared and analyzed. A total of 26 groups of weak 122 

ground motions records with PGA<100 gal recorded at MYGH10 station from March to June 123 

after the Fukushima mainshock and 16 groups of aftershocks records within three days after 124 

the mainshock were selected to compare and analyze the recovery of the site after strong 125 

nonlinearity. 126 

 127 
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Fig. 1  Location of the Fukushima earthquake epicentre and PGA distribution of stations  

within 150 km from the epicentre (KiK-net, K-NET) 

 128 

 
(a) (b) 

Fig. 2  Time history diagrams of three-component acceleration records at borehole (a) and surface 

(b) of the Fukushima mainshock  

 129 
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(a) (b) 

Fig. 3  Fourier amplitude spectra of three-component acceleration records at borehole (a) and surface 

(b) of the Fukushima mainshock  

 130 

3  Data 131 

The data in this paper were downloaded from the Strong-motion Seismograph Networks in 132 

Japan, and the seismic acceleration records were all recorded by the MYGH10 station, which 133 

is located in Miyagi Prefecture, Japan, at 37.94°N and 140.89°E, and has a complete set of 134 

surface and borehole records and site conditions drilling data. When performing acceleration 135 

records selection, the PGA value of 100gal was used as the threshold value to distinguish 136 

strong and weak ground motions. The 2923 sets of ground motion records (excluding the 137 

records of the 2011 Tohoku earthquake) were downloaded from KiK-net for the period 2000-138 

2021, of which 2891 sets have a PGA less than 100 gal and 32 sets have a PGA greater than 139 

100 gal; the records of 16 aftershocks occurred within three days after the mainshock of the 140 

Fukushima earthquake was selected; we also used the records of the Fukushima mainshock 141 

and the 26 sets of records with PGA<100 gal between March and June after the mainshock, 142 

which is summarized in Table 1. The Fourier amplitude spectrum was obtained by Fast 143 

Fourier transform and then smoothed with a Parzen window function of 0.2 Hz in order to 144 

eliminate the inconvenience of identifying the predominant frequency and amplification 145 

caused by the burr in the Fourier spectrum. Fig. 4 shows the Fourier amplitude spectra of  146 

borehole and surface acceleration records with PGA>100 gal (see Fig. 4a ~ Fig. 4f) and with 147 

PGA<100 gal (see Fig. 4g ~ Fig. 4l).  148 

In the calculation of the spectral ratio, we use the complete acceleration waveform 149 

records, and the H(f) and V(f) terms in HVSR(f) = H(f) V(f) 
 are calculated by equations (1) and 150 

(2), respectively: 151 

   𝐻(𝑓) = √(𝐸𝑊2 + 𝑁𝑆2)/2                                                   (1) 152 

                  𝑉(𝑓) = 𝑈𝐷                                                               (2) 153 

where EW, NS, and UD are the Fourier amplitude spectra of the acceleration, respectively. 154 

The surface and borehole spectral ratios are calculated by the equations (3) and (4): 155 

 𝑆𝐵𝑆𝑅𝑆(𝑓) = √𝐸𝑊2·𝑁𝑆2√𝐸𝑊1·𝑁𝑆1                                                    (3) 156 𝑆𝐵𝑆𝑅𝑃(𝑓) = √𝑈𝐷2√𝑈𝐷1                                                          (4) 157 
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Considering a large amount of data, using the sample standard deviation equation (5): 158 

 𝑆 = √∑ (𝑥𝑖−�̅�)2𝑛𝑖=1𝑛−1                                                              (5) 159 

to calculate the standard deviation of the spectral ratio values, where �̅� is the sample mean 160 

value. By the way, 100 gal is taken as the PGA boundary value of weak and strong motions, 161 

during data selection, and weak ground motion records require all six components to meet 162 

PGA<100 gal, while just only one of the six components should satisfy PGA>100 gal for 163 

strong ground motion records. 164 

 165 
Table 1  Ground motion  records of MYGH10 station used in this study 166 

Time PGA (gal) Number of records (group) 

2000.1.1~2021.1.1 

(Note: not including the data of 2011) 

<100 2891 

>100 32 

2021.2.13 =1432.4 1 

2021.2.13~2021.2.15 4.0~97.2 16 

2021.3~2021.6 <100 26 

 167 

   
(a) (b) (c) 

   
(d) (e) (f) 

   
(g) (h) (i) 
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(j) (k) (l) 

Fig. 4  Fourier amplitude spectra of six-component acceleration records at the surface and borehole 

for PGA>100 gal (a~f) and PGA<100 gal (g~l) 

4  Method 168 

4.1  Empirical Transfer Function (ETF) 169 

The spectral ratio method (HVSR), first proposed by Nakamura, was initially used to 170 

determine the predominant period of a site from measured microtremor data and later used to 171 

study the site amplification effect based on two assumptions: the first assumption is that the 172 

propagation of seismic waves at bedrock is even in all directions and is not amplified in both 173 

vertical and horizontal directions, i.e., 𝐻𝐵 = 𝑉𝐵  and 𝐻𝑉𝑆𝑅𝐵 = 1  at bedrock; the second 174 

assumption is that the soil layer does not amplify the seismic P-wave during the vertical 175 

propagation (Nakamura 1989; Lermo and Chavez-Garcia 1993), that is 𝑉𝑆 = 𝑉𝐵  and 176 𝑆𝐵𝑆𝑅𝑃 = 1, and the above H and V denote the horizontal and vertical components of ground 177 

motion, respectively. The subscript S is the abbreviation of surface, and subscript B is the 178 

abbreviation of bedrock. 179 

As defined by Nakamura (1989), the transfer function from the surface to the bedrock in 180 

the horizontal direction is given by the following equation (6): 181 𝑆𝐵𝑆𝑅𝑆(𝑓) = 𝐻𝑆(𝑓)𝐻𝐵(𝑓)                                                             (6) 182 

Equation (6) above represents the horizontal amplification of the S-wave, where 𝐻𝑆(𝑓) 183 

and 𝐻𝐵(𝑓) represent the Fourier amplitude spectra of the horizontal components of ground 184 

motion at the surface and bedrock, respectively. 185 

To reduce the effect of surface Rayleigh waves on the horizontal component 𝐻𝑆(𝑓),  we 186 

can obtain the surface HVSRs through dividing equation (6) above by 𝑉𝑆 𝑉𝐵⁄  (Nakamura 187 

1989; Nakamura 2019): 188 𝐻𝑉𝑆𝑅𝑆(𝑓) = 𝐻𝑆(𝑓)𝐻𝐵(𝑓) 𝑉𝑆(𝑓)𝑉𝐵(𝑓)⁄ = 𝐻𝑆(𝑓)𝑉𝑆(𝑓) 𝐻𝐵(𝑓)𝑉𝐵(𝑓)⁄ = 𝐻𝑆(𝑓)𝑉𝑆(𝑓) 𝐻𝑉𝑆𝑅𝐵⁄ = 𝐻𝑆(𝑓)𝑉𝑆(𝑓)                   (7) 189 

Equation (7) is H/V, and the transformation of equation (7) yields the following equation 190 

(8) (Zhu et al. 2020a; 2020b): 191 𝐻𝑉𝑆𝑅𝑆(𝑓) = 𝐻𝑆(𝑓)𝐻𝐵(𝑓) × 𝐻𝐵(𝑓)𝑉𝐵(𝑓) × 𝑉𝐵(𝑓)𝑉𝑆(𝑓) = 𝐻𝑉𝑆𝑅𝐵(𝑓)𝑆𝐵𝑆𝑅𝑃(𝑓) × 𝑆𝐵𝑆𝑅𝑆(𝑓)                        (8) 192 

where 𝑆𝐵𝑆𝑅𝑃(𝑓)  is the surface-to-borehole spectral ratio in the vertical direction, 193 

representing the vertical amplification of the P-wave. 194 

Fig. 5 shows the HVSR at bedrock for PGA<100 gal (see Fig. 5a) and PGA>100 gal (see 195 

Fig. 5b). It is found that although the frequencies of the peaks and troughs of the two curves 196 

are affected by the intensity of ground motion, the fluctuation range of their amplitudes does 197 

not change much. It is proved that the ground motion is in general not amplified at the 198 

bedrock and is not affected by the intensity of ground motion, so it can be approximated that 199 𝐻𝑉𝑆𝑅𝐵(𝑓) = 1, so equation (8) can be written as follows: 200 
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𝐻𝑉𝑆𝑅𝑆(𝑓) = 1𝑆𝐵𝑆𝑅𝑃(𝑓) × 𝑆𝐵𝑆𝑅𝑆(𝑓)                                    (9)  201 

 202 

  
(a) (b) 

Fig. 5  HVSR at bedrock for PGA<100 gal (a) and PGA>100 gal (b). The solid red line represents 

the average spectral ratio curve of historical weak and strong ground motion records, and the 

widths of the spectral ratio curves represent ± one standard deviation (1std) 

 203 

According to the second assumption of the “Nakamura” method, the P-wave will not be 204 

amplified during the propagation of the soil layer, i.e. 𝑆𝐵𝑆𝑅𝑃(𝑓) = 1, which can be obtained 205 

by substituting into equation (9): 206 𝑆𝐵𝑆𝑅𝑆(𝑓) = 𝐻𝑉𝑆𝑅𝑆(𝑓)                                                (10) 207 

So it is considered that 𝐻𝑉𝑆𝑅𝑆(𝑓) can be used instead of 𝑆𝐵𝑆𝑅𝑆(𝑓) to represent the 208 

horizontal amplification of the S-wave. 209 

We compare the differences in frequency bands and amplitude between the two spectral 210 

ratio curves under the weak and strong motions. Fig. 6 shows the spectral ratio curves for 211 

PGA<100 gal (see Fig. 6a) and PGA>100 gal (see Fig. 6b). However, the amplitude of 212 𝑆𝐵𝑆𝑅𝑆  has been higher than that of 𝐻𝑉𝑆𝑅𝑆 in the whole frequency range, and this 213 

phenomenon is more obvious after the predominant frequency of 8 Hz, and the spectra ratio 214 

value of 𝐻𝑉𝑆𝑅𝑆 is about 3 at 10 Hz, while the corresponding value of 𝑆𝐵𝑆𝑅𝑆 reaches 7. In 215 

Fig. 6b, under the strong ground motions of PGA>100 gal, the amplitude of HVSRS is 216 

slightly higher than that of SBSRS in the low-frequency band 0.1~0.35 Hz. However, the 217 

amplitude of SBSRS is higher than that of HVSRS in the subsequent frequency bands, 218 

especially in frequency band 4~40 Hz. Those mentioned above are consistent with previous 219 

studies that HVSR will underestimate the horizontal amplification of S-wave in the high-220 

frequency band.  221 

 222 
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(a) (b) 

Fig. 6  HVSR and SBSRS for PGA<100 gal (a) and PGA>100 gal (b). The solid red and blue lines 

represent the average spectral ratio curves of historical weak and strong ground motion records, and 

the widths of the spectral ratio curves represent ± one standard deviation (1std). Note: In order to 

highlight the difference between the curves of HVSR and SBSRS in the high-frequency band, we 

show the spectral ratio curves until 40 Hz in this figure 

 223 

It is generally believed that the underestimation phenomenon occurs because the 224 

traditional “Nakamura” method ignores the vertical amplification of P-wave during 225 

propagation and simply assumes 𝑆𝐵𝑆𝑅𝑃 = 1, while the observation data find that 𝑆𝐵𝑆𝑅𝑃 = 1 226 

does not hold true, as shown in Fig. 7a and Fig. 7b. The vertical amplification of P-wave 227 

relative to bedrock at either weak or strong motion is quite obvious, especially in the high-228 

frequency band. For the MYGH10 station studied in this paper, the amplification factor in the 229 

range of 6~22.5 Hz is more than 2, and the spectral ratio value at the predominant frequency 230 

is as high as 4. 231 

 232 

  
(a) (b) 

Fig. 7  Comparison of vertical amplification of P-wave for PGA<100 gal (a) and PGA>100 gal (b). 

The solid lines represent the average spectral ratio curves of historical weak and strong ground motion 

records, and the widths of the spectral ratio curves represent ± one standard deviation (1std) 

 233 

In addition, the comprehensive comparative analysis of Fig. 7a and Fig. 7b shows that in 234 

the lower frequency band of 0.1~6 Hz, the SBSRP values are smaller, fluctuating roughly in 235 

the range of 1.0~2.0, and the vertical amplification is not significant. Meanwhile, the HVSR 236 

and SBSRS values in Fig. 6 are also closer in this frequency band, so for the study of the 237 
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amplification in the frequency band 0.1~6 Hz at the MYGH10 site, the HVSR is a good 238 

substitute for the SBSRS. 239 

From the above analysis, it can be tentatively concluded that the vertical amplification of 240 

seismic P-wave propagation in the soil layer cannot be neglected when using the HVSR 241 

method for site amplification studies; the vertical amplification of P-wave when propagating 242 

in the soil layer, and the underestimation of amplification by HVSR method are not overly 243 

affected by the intensity of ground motions; HVSR can be an ideal substitute for SBSRS in 244 

the frequency range of 0.1~6 Hz. 245 

So why does the vertical propagation of the P-wave affect the horizontal amplification of 246 

the S-wave? Parolai et al. (2004) and Zhu et al. (2020b) suggested that the vertical 247 

amplification is related to the propagation of the longitudinal wave (P-wave), which are 248 

mainly derived from the conversion of non-vertical propagating Sv waves at the main layer 249 

interface, and the wave pattern conversion of Sv-P waves at the soil interface transfers the 250 

wave energy to the vertical direction. This causes the wave energy to decrease in the 251 

horizontal direction and increase in the vertical direction, which is reflected in the equation 252 𝐻𝑉𝑆𝑅 = 𝐻𝑉 as the horizontal spectral amplitude represented by H decreases and the vertical 253 

spectral amplitude represented by V increases so that the HVSR (H/V) decreases and 254 

eventually leads to the underestimation of the horizontal amplification of S-wave. 255 

In order to more accurately estimate the horizontal amplification of S-wave by the soil 256 

layer, it is extremely important to consider the 𝑆𝐵𝑆𝑅𝑃(𝑓), that is, the vertical amplification of 257 

P-wave and the corrected horizontal amplification formula can be obtained from equation 258 

(9): 259 𝐻𝑉𝑆𝑅𝐶(𝑓) = 𝑆𝐵𝑆𝑅𝑆(𝑓) = 𝐻𝑉𝑆𝑅𝑆(𝑓) × 𝑆𝐵𝑆𝑅𝑃(𝑓)                       (11) 260 

Equation (11) shows that the horizontal amplification factor in the frequency domain for a 261 

given site can be directly derived by multiplying SBSRP to correct for the HVSRs. 262 

In order to verify the correctness of the corrected S-wave horizontal amplification 263 

formula, we used the ground motion records of the MYGH10 station to get 𝐻𝑉𝑆𝑅𝑆(𝑓), 264 𝑆𝐵𝑆𝑅𝑃(𝑓), and 𝑆𝐵𝑆𝑅𝑆(𝑓), respectively, and then compared the two curves of 𝑆𝐵𝑆𝑅𝑆(𝑓) and 265 𝐻𝑉𝑆𝑅𝐶(𝑓), and the results are shown in Fig. 8a and Fig. 8b. It is found that the spectral ratio 266 

curves after compensation correction improve the previous underestimation phenomenon 267 

very well, and it can be seen that the three spectral ratio curves before and after correction 268 

have the same shape trend and dominant frequency, and the corrected HVSRC curve is closer 269 

to SBSRS, especially in the high-frequency band, which indicates that the correction method 270 

can effectively improve the underestimation phenomenon of HVSR, and proves the vertical 271 

amplification of P-wave in the high-frequency band at the same time. 272 

 273 

  
(a) (b) 
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Fig. 8  Comparison of three mean spectral ratio curves for PGA<100 gal (a) and PGA>100 gal (b). 

The solid lines represent the average spectral ratio curves of historical weak and strong ground motion 

records 

 274 

It should be noted that although the corrected HVSRC can well improve the 275 

underestimation that occurs in the site amplification estimation when using HVSRS, equation 276 

(11) still has some limitations, i.e., it is only applicable for station with complete surface and 277 

borehole array records, so the correction method is not applicable for station without 278 

borehole records. For this reason, Kawase et al. (2018)  and Zhu et al. (2020b) successively 279 

proposed universal SBSRp instead of site-specific SBSRp to correct HVSRs for direct 280 

estimation of surface horizontal amplification. In this paper, our research object, station 281 

MYGH10, has complete surface and borehole records, so only the equation (11) was used for 282 

the study. 283 

4.2  Theoretical Transfer Function (TTF) 284 

For the multi-layered soil model with a horizontally layered site, the upper soil layer of 285 

bedrock can be divided into N layers according to its physical properties, and below the 286 

bedrock can be considered an infinite half-space (see  Fig. 9). According to Snell’s law, the 287 

incident angle of seismic waves propagating upward from the source to the bedrock will keep 288 

getting smaller, so the seismic waves at the bottom of the bedrock can be considered 289 

vertically incident shear waves (Yuan and Tian 2012). 290 

 291 

 
Fig. 9  One-dimensional model of the horizontally layered 

site 

 292 

The propagation of seismic waves between soil layers can be considered as fluctuations in 293 

non-uniform media. After the seismic waves are incident vertically from bedrock to soil 294 

layers, they are refracted and reflected in different soil layers and finally arrive at the ground 295 

surface. The propagation process within the soil layers is influenced by the properties of soil 296 

layers, mainly the shear wave velocity structure, thickness, density, damping ratio and other 297 

factors (Yuan and Tian 2012; Liao 2002). In the 1D wave propagation theory, the overlying 298 

soil layer is simplified to a model that the mechanical properties vary vertically. At the same 299 

time, the underlying bedrock is regarded as a transversely homogeneous semi-infinite space. 300 

In addition, we assume that the seismic waves input from bedrock is a vertically 301 

incident SH wave. According to the wave propagation theory, compared with other wave 302 
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types (such as SV-P wave conversion), the wave type conversion does not occur during the 303 

propagation of SH waves in the soil layer (Yuan and Tian 2012). 304 

Let the wave amplitude vector Hn of a simple harmonic wave incident vertically from the 305 

bedrock to the nth soil layer be: 306 𝐻𝑛 = [𝐸𝑛𝐹𝑛 ]                                                                         (12) 307 

Then the conversion relationship of the wave amplitude coefficients when propagating 308 

between the nth and n+1st layers can be expressed as follows: 309 𝐻𝑛+1 = 𝑇𝑛𝐻𝑛，𝑛 = 1，2， ···，𝑁 − 1.                                            (13) 310 

where 𝑇𝑛 is the transfer matrix between adjacent soil layers (Liao 2002): 311 𝑇𝑛 = [1+𝛼𝑛2 𝑒𝑖𝐾𝑛ℎ𝑛 1−𝛼𝑛2 𝑒−𝑖𝐾𝑛ℎ𝑛1−𝛼𝑛2 𝑒𝑖𝐾𝑛ℎ𝑛 1+𝛼𝑛2 𝑒−𝑖𝐾𝑛ℎ𝑛]                                                     (14) 312 

where 𝛼𝑛 = 𝜌𝑛𝑐𝑛𝜌𝑛+1𝑐𝑛+1 is the wave impedance, 𝐾𝑛 = 𝜔𝑐𝑛 is the wavenumber, 𝜌𝑛, 𝑐𝑛 ,  𝜌𝑛+1, 𝑐𝑛+1 313 

are the density and shear wave velocity of the medium in the nth and n+1th layers, 314 

respectively, and 𝜔 = 2𝜋𝑓  is the circular frequency of the incident harmonics. From 315 

equations (12), (13), and (14), the nth to the first layer transfer matrix �̅�𝑛 is obtained from 316 

equation (15): 317 �̅�𝑛 = 𝑇𝑛−1𝑇𝑛−2 ··· 𝑇1𝑇0 = [𝑡11 𝑡12𝑡21 𝑡22]                                                  (15) 318 

where 𝑇0 is the unit matrix, so that 𝑒𝑛 = 𝑡11 + 𝑡12 and 𝑓𝑛 = 𝑡21 + 𝑡22 represent the nth layer 319 

incident and reflected wave amplitude coefficients, respectively, then the wave amplitude 320 

theoretical transfer function (TTF, amplification factor) from the surface (top of the first 321 

layer) to the top of the nth layer can be calculated according to the equation (16): 322 𝑇𝑇𝐹(𝑓) = 𝑒1+𝑓1𝑒𝑛+𝑓𝑛 = 2𝑒𝑛+𝑓𝑛                                                   (16) 323 

In this paper, we consider the linear hysteresis damping effect of the soil layer, 𝐾𝑛 in 324 

equation (14) is replaced by the complex wavenumber 𝐾𝑛∗ = (1 − 𝜆𝑛𝑖)𝐾𝑛, 𝑐𝑛 is replaced by 325 

the complex shear wave velocity 𝑐𝑛∗ = (1 + 𝜆𝑛𝑖)𝑐𝑛, 𝜆𝑛  is the damping ratio and takes the 326 

value of 0.05, and the density(𝜌𝑠, unit: 103kg/m3) uses the empirical formula proposed by 327 

Wang et al. (2018): 𝜌𝑠 = 0.914𝑐𝑛0.122. 328 

4.3  The TTF of the MYGH10 Station  329 

The drilling depth of the MYGH10 station is 205 m, and the detailed drilling data are shown 330 

in Table 2. Fig. 10 shows the wave velocity structure of the station along the depth direction, 331 

and the TTF of P- and S-wave are obtained according to equation (16) (see Fig. 11). 332 

 333 
Table 2  MYGH10 station drilling data 334 

No. Thickness (m) Density (10
3 

kg / m3) Depth (m) VP (m / s) VS (m / s) 

1 1.00 1.67 1.00 500.00 110.00 

2 2.00 1.79 3.00 1750.00 250.00 

3 31.00 1.89 34.00 1750.00 390.00 

4 80.00 1.99 114.00 1830.00 590.00 

5 91.00 2.06 205.00 1920.00 770.00 
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Note: the density was calculated from VS using the empirical relation of Wang et al. (2018) 

 335 

  
Fig. 10  P- and S-wave velocity structure of the 

MYGH10 station 

Fig. 11  P- and S-wave theoretical transfer 

functions of the MYGH10 station 

 336 

5  Site Nonlinear Response Analysis on MYGH10 Station 337 

During strong earthquakes, seismic waves travelling towards the ground surface alter the soil 338 

layers’ engineering characteristics and consequently the characteristics of travelling seismic 339 

waves also change concerning their frequency and amplitude contents (Tönük et al. 2014). 340 

The mechanism behind the nonlinear behaviour of the site under strong motion is relatively 341 

complicated. For the same site, the degree of nonlinearity among different soil layers will be 342 

different. The degree of nonlinearity will be more different for different sites even under the 343 

same ground motion intensity. Idriss and Seed (1968) and Wen et al. (1995) suggested that 344 

the nonlinear response in the near-surface sediment layer is generally manifested as the 345 

increase of soil damping and the decrease of shear wave velocity VS of the soil layer. 346 

According to the formula 𝑓 = 𝑉𝑆 (4𝐻)⁄  for estimating the predominant frequency of the soil 347 

layer, the magnitude of the predominant frequency f is related to VS and the thickness H of 348 

the soil layer (Roca et al. 2008). When VS decreases, the value of f will also decrease. 349 

Therefore, when the nonlinearity occurs in soil, the predominant frequency will be shifted 350 

leftward and become smaller in the spectral ratio curve. On the contrary, the increase of soil 351 

damping will enhance the soil viscosity. Then part of the soil layer acts as a giant“natural 352 

damper,” which plays a role in damping and isolation, thus weakening the amplification 353 

effect of ground motion. Wen (1994) used several methods to study the nonlinear response of 354 

the soil, which showed that the shear modulus (or shear wave velocity) of the soil decreases 355 

with the increase of the ground motion amplitude.  356 

Yuan and Tian (2012) also agreed that under the action of strong ground motions, the 357 

stiffness of the soil would decrease with the increase of strain, while the damping will 358 

increase; that is, the stress-strain of the soil medium has a nonlinear relationship. When the 359 

shear wave velocity of the soil layer decreases, the predominant period becomes longer, and 360 

the impedance ratio between the upper and lower soil layers becomes smaller, which 361 

ultimately leads to an increase in the amplification of the soil layer. However, the increase in 362 

damping has the opposite effect, which makes the amplification effect diminish.  363 

Yu et al. (1993) proposed that the results were then applied by Wen et al. (1995), the 364 

spectral ratio of surface-to-input motion decreases near the dominant frequency of the soil, 365 

and the nonlinear characteristics of the site can be analyzed by dividing the frequency into 366 
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three frequency bands: the low-frequency band, the central frequency band, and the high-367 

frequency band, and it is believed that in the low-frequency band the wavelength of seismic 368 

waves is long enough that the spectral ratio will not be affected by the nonlinearity too much. 369 

In the high-frequency band, inversely, compared with the Fourier amplitude spectral ratio 370 

factor of weak ground motion, that of the strong ground motion is obviously “over-371 

amplified,” and this “over-amplification” is explained as a result of the competition between 372 

increased damping and higher harmonics generation when nonlinearity occurs, finally, in the 373 

central frequency band, the spectral ratio decreased, and the resonant frequency shifts 374 

leftward and becomes smaller (Yu et al. 1993; Wen et al. 1995). 375 

Wen et al. (2006) proposed using the HVSR method to identify nonlinear soil response 376 

and used the SBSR method to verify the reliability of HVSR when identifying soil 377 

nonlinearity. The two spectral ratio methods can reach consistent conclusions. Satoh et al. 378 

(2014) studied the influence of site on the large motions by inverting the soil layer’s structure 379 

and simulating ground motions considering the soil nonlinearity, and they found that the 380 

nonlinearity of the soil on large motions results in the reduction of the amplification factor by 381 

half compared with those in the linear regime; they also studied the impact time of 382 

nonlinearity by comparing the PGA of aftershocks and pointed out that the time of soil 383 

returning to linear state varies from site to site. This paper will judge the recovery of 384 

nonlinearity by comparing the spectral ratio curve of aftershocks records. 385 

Jin et al. (2004) proposed a time-domain nonlinear analysis method for calculating the 386 

seismic response of horizontally layered sites. They investigated the nonlinear response of 387 

horizontally layered sites under strong ground motions. The results showed that the soil 388 

response tends to decrease amplitude in the spectral ratio curve and shift fundamental 389 

frequency toward a long period as the input ground motions increase. Luo et al. (2019) found 390 

that with the increase of PGA, the dominant frequencies obtained by HVSR tended to shift to 391 

lower frequencies from higher frequencies. We summarized the results of the above studies, 392 

and the nonlinear site response can be reified by the characteristics of spectra ratio curves, as 393 

follows: 394 

(1) Compared to the dominant frequency of the weak ground motions spectral ratio 395 

curves, the strong ground motions in the spectral ratio curve are shifted leftward to become 396 

smaller. 397 

(2) The decrease of impedance ratio between soil layers and the increase of soil damping 398 

produces the opposite effect. These two effects determine the overamplification, 399 

deamplification, or equal amplification of the strong ground motions relative to the weak 400 

motions in a specific frequency band (Wen et al. 1995). 401 

In this paper, we analyzed the nonlinear response that occurs at the site-specific 402 

MYGH10 station site under the effect of strong ground motions based on the conclusions 403 

obtained from the above study. Fig. 12 shows the spectral ratio curves of weak ground 404 

motion records (see Fig. 12a), strong ground motion records (see Fig. 12b) and mainshock 405 

records (see Fig.12c), which are compared with the TTF, respectively. Fig. 12a,b shows that 406 

the TTF is slightly smaller than the spectral ratio of weak and strong ground motion records 407 

in 0.1~0.5 Hz. The spectral ratio in 0.6~1.3 Hz and 2.0~2.6 Hz are overall suppressed and 408 

abated compared with the TTF, especially in the vicinity of 0.9 Hz. However, the spectral 409 

ratio is overall overamplified after 2.8 Hz. In Fig. 12c, it is more evident that the 410 

amplification presented by the red SBSR curve of mainshock records is overall overamplified 411 

after about 1.2 Hz. These phenomena are almost consistent with the results of Yu et al. 412 

(1993) mentioned above. 413 

 414 
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(a) PGA<100 gal vs. TTF (b) PGA>100 gal vs. TTF 

 

 
(c) SBSR of mainshock records vs. TTF 

Fig. 12  Comparison of theoretical transfer functions and spectral ratio curves for three types of 

earthquake events with different intensities (weak ground motions (a), strong ground motions (b), and 

the Fukushima mainshock (c)). The solid red and blue lines represent the average spectral ratio curves 

of historical weak and strong ground motion records, and the widths of the spectral ratio curves 

represent ± one standard deviation (1std) 

 415 

Fig. 13 shows the differences between the average spectral ratio curve (the blue curve) of 416 

the weak ground motion records from March to June after the Fukushima mainshock and the 417 

spectral ratio curve (the green curve) of the mainshock records, compared with the average 418 

spectral ratio curve (the red curve) of the historical weak ground motion records (PGA <100 419 

gal) before the Fukushima earthquake. As is shown, Fig. 13a is the curves of HVSR, and Fig. 420 

13b is the curves of SBSR. We found that whether it is HVSR or SBSR curve,  the green 421 

curve has an apparent overall left shift phenomenon compared with the red curve. The site’s 422 

amplification factor under weak ground motions shown by the red curve in Fig. 13b shows a 423 

peak amplitude of about seven at the predominant frequency of 10 Hz, but the predominant 424 

frequency decreased to approximately 3.8 Hz in the green curve; in addition, the peak 425 

amplitude at the frequency of 10 Hz is reduced to about 3 in the green curve because of the 426 

soil nonlinearity. 427 

 428 



 16 

  
(a) (b) 

Fig. 13  Comparison of HVSR (a) and SBSR (b) spectral ratio curves for three types of ground 

motion records. The solid red and blue lines represent the average spectral ratio curves of historical 

weak ground motion and the Fukushima aftershocks records (March to June after the mainshock), 

respectively, and the solid green lines represent the spectral ratio curves of the Fukushima mainshock 

record. The widths of the spectral ratio curves represent ± one standard deviation (1std) 

 429 

In Fig. 13a and Fig. 13b, the spectra ratio is overamplified within 1~7 Hz, while the 430 

amplification is weakened in the subsequent frequency band from 7~20 Hz compared with 431 

the weak ground motions, and the spectral ratio curve after 20 Hz is closer to that of the weak 432 

ground motions. The spectral ratio curves are closer after 20 Hz, which means that the 433 

nonlinearity in the higher frequency band has little effect on the amplification of the site. The 434 

blue curve shows that the nonlinearity caused by the strong motions has alleviated, as shown 435 

by the fact that the red and blue curves in general overlap in the frequency band 0.1~6 Hz, 436 

and the predominant frequency of site recovers from 3.8 Hz to about 7~8 Hz, but the 437 

amplification in the dominant frequency region keeps still more significant than that of the 438 

red curve. We can observe that both the HVSR and SBSR curves can give relatively 439 

consistent conclusions in identifying the nonlinear site response, which is consistent with the 440 

study results of Wen et al. (2006); in contrast, the HVSR gives a smaller value in the 441 

estimation of the site amplification.  442 

The blue curves in Fig. 14 show the average spectral ratio curves of the 16 aftershocks 443 

records (PGA in the range of 4.0 gal to 97.2 gal and epicentre distance from 63 km to 183 444 

km) that occurred within three days after the Fukushima mainshock.  We found the tiny 445 

discrepancy between Fig. 13 and Fig. 14 and can draw the same conclusion, which means 446 

that after the Fukushima mainshock, the MYGH10 station site returned to its previous state in 447 

a short time. 448 

 449 
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(a) (b) 

Fig. 14  Comparison of the HVSR (a) and SBSR (b) spectral ratio curves for three types of 

earthquakes (the red and green curves are same with that in Fig. 13). The solid blue lines represent the 

average spectral ratio curves of the Fukushima aftershocks records (within three days after the 

mainshock). The widths of the spectral ratio curves represent ± one standard deviation (1std) 

 450 

6  Conclusions and Discussion 451 

In this artical, the HVSR method is described in detail, and the seismic response of the 452 

MYGH10 station is analyzed by spectral ratio method and theoretical transfer function, and 453 

the following conclusions are drawn:  454 

(1) The two hypothesis of the “Nakamura” method under strong and weak ground 455 

motions are discussed and analysed by using the records of the MYGH10 station, and the 456 

results show that the first hypothesis is valid, that is, the propagation of seismic waves at 457 

bedrock is even in all directions (i.e. 𝐻𝑉𝑆𝑅𝐵 = 1). Nevertheless, the second hypothesis fails 458 

to be accurate; there is a phenomenon of amplification of seismic P-wave in the high-459 

frequency band. Moreover, we found that the difference in vertical amplification of P-wave 460 

under weak and strong ground motions is slight. Furthermore, underestimation occurs when 461 

using HVSR for S-wave horizontal amplification estimation, so HVSR cannot be used 462 

directly for amplification estimation of the site and requires additional correction but can 463 

estimate predominant frequency. 464 

(2) The HVSR method can be used instead of the SBSR method to identify nonlinear site 465 

responses and analyze nonlinear characteristics, so for stations without vertical arrays, we can 466 

use HVSR. 467 

(3) By comparing the two spectral ratio curves of strong and weak motions with the TTF 468 

of the MYGH10 station, we found that the amplification difference in the low-frequency 469 

band is slight, and the amplification decreases in the central frequency band. At the same 470 

time, the over-amplification phenomenon occurs in the high-frequency band. 471 

(4) We found nonlinear behaviour in the MYGH10 station under the Fukushima 472 

mainshock, mainly manifested by the decrease of the site’s predominant frequency from 473 

~10Hz to ~3.8Hz, the increase of the amplification factor from 7 to more than 10. After the 474 

Fukushima mainshock, the site’s predominant frequencies, in general, returned to the original 475 

positions, except for the amplification factors at the predominant frequencies, which were 476 

still overamplified. However, the amplification factors of the other frequency bands are 477 
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generally restored to the level of weak ground motions, indicating that the site nonlinearities 478 

were alleviated. 479 

However, in this study, the unbalanced number of weak and strong ground motion 480 

records may bring unavoidable errors to the analysis. Beyond that, the limitations of the TTF 481 

model itself and the Vs variability, also known as “aleatory variability and epistemic 482 

uncertainty” (Zhu et al. 2020b), will inevitably lead to the discrepancies between the TTF and 483 

ETF (Teague et al. 2018). Regarding the nonlinear response at the MYGH10 station, the 484 

inversion method can be used in the subsequent research to obtain the shear velocity structure 485 

of the site under strong motion and compare it with the borehole data to get the specific 486 

nonlinear characteristics of the site along the depth direction. 487 
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