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ABSTRACT 

Presented within is an empirical ground-motion model (GMM) for subduction-zone earthquakes 
in Japan. The model is based on the extensive and comprehensive subduction database of Japanese 
earthquakes by the Pacific Engineering Research Center (PEER). It considers RotD50 horizontal 
components of peak ground acceleration (PGA), peak ground velocity (PGV), and 5%-damped 
elastic pseudo-absolute acceleration response spectral ordinates (PSA) at the selected periods 
ranging from 0.01 to 10 sec. The model includes terms and predictor variables considering tectonic 
setting (i.e., interplate and intraslab), hypocentral depths (D), magnitude scaling, distance 
attenuation, and site response. The magnitude scaling derived in this study is well constrained by 
the data observed during the large-magnitude interface events in Japan (i.e., the 2003 Tokachi-Oki 
and 2011 Tohoku earthquakes) for different periods. The developed ground-motion prediction 
equation (GMPE) covers subduction-zone earthquakes that have occurred in Japan for magnitudes 
ranging from 5.5 to as large as 9.1, with distances less than 300 km from the source. 
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1 Overview 

Ground-motion prediction equations (GMPEs) are widely used because they are simple and 
practical for seismic hazard assessment. In Japan, the pioneering work on GMPEs was 
conducted by Kanai [1961]. Since then, many GMPEs have been developed whenever strong-
motion records from large earthquakes have been obtained. The initial generation of GMPEs 
consisted simple equations with parameters of magnitude, hypocentral distance, and soil type. 
Recent GMPEs adopt additional parameters such as earthquake type, focal depth, and physical 
site parameters. By incorporating updated seismological knowledge and strong-motion 
records, continuous refinement of GMPEs is an on-going effort. 

Presented within is a GMPE of peak ground acceleration (PGA), peak ground velocity 
(PGV), and pseudo-spectral acceleration (PSA) for subduction-zone earthquakes in Japan. The 
model is based on the NGA-sub database by the Pacific Engineering Research Center (PEER), 
which is currently the most extensive and comprehensive subduction database of Japanese 
earthquakes [Kishida et al. 2018]. Construction of the model entailed a three-step approach. 

First, the site effects were eliminated from the records. Shallow-soil amplifications 
were obtained using a semi-empirical model developed by Seyhan and Stewart [2014], with 
modification of nonlinear terms. This modification is based on amplification models from 
strong-motion records in Japan [Midorikawa and Hori 2018]. Basin amplifications were 
derived from strong-motion records. Ground-motion parameters at reference-rock sites were 
calculated by dividing the PSA at ground surface by the shallow soil and basin amplifications. 

Second, path effects were eliminated from ground-motion parameters at reference-rock 
sites. Per Midorikawa and Ohtake [2004], different attenuation models were used for shallow- 
versus deep-focus earthquakes. 

Third, source effects were examined using ground-motion parameters at reference-rock 
sites where path effects had been removed. Based on findings by Si et al. [2016] and Ibrahim 
et al. [2016], a piecewise linear model was used for magnitude scaling. Dependences of 
earthquake type and of focal depth were also evaluated. Finally, this GMPE was constructed 
by combining the site terms in Step 1, the path terms in Step 2, and the source terms in Step 3. 
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2 Analyzed Ground-Motion Data 

This study analyzed the NGA-Sub Database for Japan. The database covers a wide range of 
Japanese subduction-zone earthquakes. Moment magnitude (M) ranged from 3.9 to 9.1. The 
closest distance from the rupture to the station (ClstD) ranged from 8 to 2300 km. The database 
includes RotD50 values of the PGA, PGV, and PSA from 0.01 sec to 10 sec at 108 periods. 
This study selected those earthquake events that met the general selection criteria and project 
requirements. 

 The event had a M greater than 5.5, with records from obtained from at least 
three stations within ClstD that were less than 100 km (backarc counts) from 
the epicenter. 

 When the event was recorded as an aftershock, the M should be at least 
smaller by 2.0 compared to the mainshock. 

Figure 2.1 shows the epicenter locations of the events analyzed in this study. In 
addition, this study collected the depth of the Mohorovičić discontinuity (Moho) at hypocenter 
locations from J-SHIS website (http://www.j-shis.bosai.go.jp/map/). These data were used to 
judge whether the hypocenter was located below the Moho or not. Past studies have 
demonstrated that the upward seismic wave shows transmission loss at the Moho [Midorikawa 
and Ohtake 2004, Joshi and Midorikawa 2005]. The GMPE developed in this study considered 
this effect. 

After selecting the events meeting the above criteria, the time series were selected based 
on the following conditions: 

 The time series were recorded in the forearc regions when the hypocenter 
was located in the forearc region; 

 All time series were considered when hypocenter was located in the backarc 
region; and 

 The ClstD is less than the specified values in Table 2.1. 

The criteria in Table 2.1 were designed to eliminate the influence of long-distance data on the 
regression parameters. If the criteria in Table 2.1 is not applied, the weight of the data within 
the specified distance becomes smaller since the number of records rapidly increases with 
distance. 

The application of the above criteria resulted in 4038 recordings from 71 earthquakes, 
with the ClstD ranging from 13 to 300 km, and the M ranging from 5.5 to 9.1; see Figure 2.2. 
By using these data, this study developed the GMPEs for PGA, PGV, and 5%-damped PSA 
for periods of 0.01, 0.02, 0.03, 0.05, 0.075, 0.1, 0.15, 0.2, 0.25, 0.3, 0.4, 0.5, 0.75, 1, 1.5, 2, 3, 
4, 5, 7.5, and 10 sec for RotD50 values. 
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Table 2.1 Time series selection criteria for distance cutoff depending on M. 

M ClstD (km) 

M > 7.0 < 300 

6.5 < M < 7.0 < 200 

6.3 < M < 6.5 < 150 

M < 6.3 < 100 

 
 

 

Figure 2.1 Epicenter locations of the analyzed events. Old event IDs in NGA-Sub 
flatfile are listed next to the epicenter locations. 
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Figure 2.2 Distribution of the fault distance and M for the analyzed ground-
motion recordings. 

  

Mw

Fault distance (km)

0 100 200 300

6

7

8

9



6 

  



7 

 

3 Ground-Motion Model 

This section describes the development of the GMM. The functional forms used in the NGA-
Sub GMPE were originally developed by Si and Midorikawa [2000]. Site effects were 
calculated by using the model by Seyhan and Stewart [2014] after adjusting the parameters for 
nonlinear soil behaviors [Midorikawa and Hori 2018]. 

3.1 REGRESSION ANALYSIS APPROACH 

Development of this model was done in three phases. In the first phase, strong-motion data 
were converted to the reference site by eliminating the site effects. In the second phase, ground-
motion attenuations were fitted by the functional form, where the parameters related to the 
distance attenuation were fixed, based on the past studies [Midorikawa and Ohtake 2004] to 
obtain the parameters related to source characteristics. In the third phase, these parameters were 
regressed against M, earthquake type, and hypocentral depth (D) by assigning different weights 
depending on the number of recordings for each event. By smoothing the regression results 
among different periods, the GMPE was developed. 

3.2 SITE RESPONSE EFFECTS 

First, the site response effects were removed from strong ground-motion recordings. The 
reference site condition was selected at “engineering bedrock,” which has the shear-wave 
velocity (Vs) of 760 m/sec (Vref). By expressing site response effect as G(T), its effects can be 
split into two parts: 

 ( ) = ( ) + ( )s dG T G T G T  (3.1) 

where Gs(T) and Gd(T) are shallow-soil response and basin response terms, respectively. 

3.2.1 Shallow-Soil Response Term 

Seyhan and Stewart [2014] developed the model for Gs(T); see reference for more detail. The 
model was adopted in the GMPE by Boore et al. [2014]. The following equation shows the 
shallow-soil response model. 

      ( ) = ln ln
s lin nl

G T F T F T  (3.2) 

where Flin and Fnl represent the linear and nonlinear site amplifications, respectively, defined 
by the following equations: 
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c T V V T

V
F T
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c T V V T

V

 (3.3) 

   3
1 2

3

PGA ( )
ln ( ) ln

 
     

 
r

nl

T f
F T f f T

f
 (3.4) 

        2 4 5 30 5
( ) 0.5 exp ( ) min ,760 360 exp ( ) 760 360

s
f T f f T V f T       (3.5) 

The c in Equation (3.3) determines the linear shallow-soil response with Vs30 referenced 
to Vref = 760 m/sec. When the Vs30 is greater than Vc, the Flin becomes constant, where the Vc is 
the period-dependent variable. Equation (3.4) determines the nonlinear site response depending 
on the PGA at Vref (PGAr). The f1 and f3 are constant values of 0 and 0.1g, respectively. The f2 
in Equations (3.4) and (3.5) controls the nonlinear effects of shallow-soil responses in which 
the f4 and f5 are parameters. 

Midorikawa and Hori [2018] suggested using the model of Gs(T) in a similar functional 
form for strong-motion records in Japan. Figure 3.1(a) and (b) compare these models at short 
and intermediate periods. The model by Midorikawa and Hori [2018] shows smaller soil 
nonlinear effects compared to those in Seyhan and Stewart [2014] for these period ranges. 
Based on these comparisons, this study adopted the model by Seyhan and Stewart [2014] but 
reduced the parameter f4 in Equation (3.5) by half from the original model to match the 
observations by Midorikawa and Hori [2018]. Herein, the adjusted model for shallow-soil 
response by Seyhan and Stewart [2014] is called the “Modified Seyhan and Stewart Model.” 

 

Figure 3.1 Comparison of shallow soil response models by Midorikawa and Hori 
[2018] and Seyhan and Stewart [2014] for period ranges of (a) 0.1–0.5 
sec, and (b) 0.5–2.0 sec. 
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3.2.2 Basin Response Term 

Figure 3.2 shows a flowchart of the model Gd(T) in Equation (3.1). First, the Gs(T) was removed 
from all the recorded PSA(T) for T ≥ 1.0 sec. The Gs(T) was calculated from Equations (3.2)–
(3.4) by using the PGAr approximated by the recorded PGA divided by the Flin. Second, these 
data were fitted by the following equation for each earthquake to remove the path effects. 

 10log ( ) ( ) ( , ) ( )A T b T g T X k T X    (3.6) 

where 

 10

10 10

log ( ) Moho depth or 1.7
( , )

0.6 log [1.7 ( )] 1.6 log [ ( )] Moho depth and 1.7

X C T D X D
g T X

D C T X C T D X D

   
 

    
  (3.7) 

0.5

0.5
10

0.5

0.0055 10 0.3sec

[0.000810 0.00897log ( )] 10 0.3sec 0.6sec

0.0028 10 0.6

(

se

)

c

M

M

M

C T

T

T T

T

  
     
  

 (3.8) 

 10

0.003 0.3sec

0.3sec 0.6( ) 0.00126 0

2

.003

.

32log sec

0 00 0.6se

)

c

(k T TT

T

T
 


  



 (3.9) 

Equations (3.8) and (3.9) are from Si and Midorikawa [1999]. The details of Equation (3.6) are 
presented in the following section. 

The A and X in Equation (3.6) are the amplitude of PSA(T) and the ClstD, respectively. 
Figure 3.3 shows the residuals against Z2.5 for different periods, where Z2.5 is defined as the 
depth to the top of the layer with Vs = 2.5 km/sec. The red closed circles and error bars represent 
the means and standard deviations of residuals, respectively. These values were calculated for 
each 0.5 km interval of Z2.5. Finally, the means were regressed by the following equation to 
obtain the basin response term of the GMPE. 

 2.5( ) = ( ) + ( )d d dG T C T D T Z  (3.10) 

where Cd and Dd are regression parameters. Table 3.1 shows the regression results obtained by 
Equation (3.10). Figure 3.4 shows the proposed basin effects for Z2.5 =1.0, 2.0, and 3.0 km. The 
basin effects saturate above T > 5.0 sec. These residuals were similarly reviewed against Z1.0; 
however, a clear trend was not apparent. 

Table 3.1 Coefficients of the basin effect model with Z2.5. 

T Cd Dd 

1.0 0.008 0.056 
1.5 0.030 0.067 
2.0 0.037 0.081 
3.0 0.022 0.108 
4.0 -0.021 0.142 
5.0 -0.072 0.181 
7.0 -0.114 0.198 
10.0 -0.133 0.190 
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Figure 3.2 Methodology used to obtain basin response model. 

 

 

 

Figure 3.3 Residuals of PSA vs. Z2.5 for periods of 1.0, 1.5, 2.0, 3.0, 4.0, 5.0, 7.0, 
and 10.0 sec. The residuals were calculated by removing shallow-soil 
and distance effects. Black circles show the residuals. Red circles and 
error bars show the means and standard deviations of the residuals, 
respectively. Yellow solid lines show the regression lines for the basin 
model. 
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Figure 3.4 Proposed basin effects for Z2.5 =1.0, 2.0, and 3.0 km. 

3.3 PATH EFFECTS 

Path effects were modeled at the referenced site condition of Vref = 760 m/sec. Attenuations of 
ground motion amplitude were generally modeled using the following equation. 

      10 10ol (   –  og )l – )g ( XA T b T n X C T k T   (3.11) 

where, A and X are the ground-motion amplitude and the source-to-site distance, respectively; 
b represents the source term; C controls the saturation of ground-motion amplitude near fault 
ruptures; and n and k represent the geometric and anelastic attenuation terms, respectively. 

Past studies have often selected n = 1.0 (e.g., Douglas [2003]). This value is consistent 
to the theoretical decay of body-wave amplitudes proportional to the inverse of distances at 
infinite medium and fits the ground-motion observations reasonably well. When the D is deeper 
than 30 km, then n becomes 1.6—on average—demonstrating higher attenuation compared to 
shallow earthquakes [Midorikawa and Ohtake 2004]. This observation is explained by noting 
that seismic waves propagated from the source are reflected at the Moho, thus ground-motion 
attenuation becomes higher at the ground surface. [Joshi and Midorikawa 2005]. 

Figure 3.5 shows the simulated PGA attenuation with ClstD given D = 40 km 
[Midorikawa and Ohtake 2004]. The solid line shows the results when the Moho exists at the 
depth of 30 km; the dashed line shows when there is no layered structure. The simulation results 
show that the slope becomes -1.6 at longer distances—the solid line—which is consistent with 
field observations. Midorikawa and Ohtake [2004] performed similar simulations by ranging 
D with and without considering the Moho structure. The results show that these attenuation 
curves generally cross at X = 1.7D; see Figure 3.5. Based on these observations, the following 
model for path effects was proposed herein. 

    10 +l (og    , ) ( )–  XA T b T g T X k T  (3.12) 

where 
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(

ec

) TC T

T

T
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  
    
  



M

M
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 (3.14) 
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0.003 0.3sec

0.3sec 0.6( ) 0.00126 0

2

.003

.

32log sec

0 00 0.6se

)

c

(k T TT

T

T
 


  



 (3.15) 

Equations (3.14) and (3.15) are per the study by Si and Midorikawa [2000]. 

To obtain b(T), regression analyses were performed using Equation (3.12) by fitting the 
observed data for each earthquake. As described earlier, the site response effects were removed 
before the regression analysis. The weighted least square method was adopted, as shown in 
Table 3.2. The weight increases as distance decreases because the shorter-distance data are 
more important in determining b(T). The variation in the resulting b(T) is discussed in Section 
3.4. Figure 3.6 shows the regression results, where ClstD is used for X in Equation (3.12). The 
regression results capture the observed trend, indicating that the proposed model in Equation 
(3.12) represents the path effects of these data to a reasonable degree. 

Table 3.2 Weights of the data with distances determined by regression analyses 
using Equation (3.12). 

T = 5.0 sec (km) Weight 

0 – 100 3 
100 – 150 2 

> 150 1 

 

 

Figure 3.5 Difference in apparent geometric attenuation depending on the 
existence of Moho structure based on the simulation results 
[Midorikawa and Ohtake 2004]. 
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(a) 

 

 
(b) 

 
(c) (d) 

Figure 3.6 Examples of regression analysis by Equation (3.9) for different 
periods of PSA for the 2011 Iwate offshore earthquake: (a) PGA, (b) T = 
0.2 sec; (c) T = 1.0 sec; and (d) T = 3.0 sec. 

3.4 EARTHQUAKE SOURCE EFFECTS 

The b(T) obtained using Equation (3.12) is presented in Figure 3.7, showing the results at T = 
0.02 and 2.0 sec, respectively. Red and black circles show the results for interplate and 
intraplate earthquakes, respectively. The b(T) and M are correlated in this figure even though 
the scatter of the data exists. The b(T) obtained for intraplate earthquakes tend to be larger than 
those obtained for interplate ones. 

In past studies, the trend between b(T) and M was expressed by a piecewise linear 
model by decreasing its slope as M increases [Si et al. 2016; Ibrahim et al. 2016]. A similar 
trend is observed for interplate earthquakes. Figure 3.7 demonstrates that the slope of b(T) 
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decreases when M > 8.3 for T = 0.02 sec [Figure 3.7(a)] and M > 7.5 for T = 2.0 sec; see Figure 
3.7(b). A review of the data of interplate earthquakes for different periods confirms that the 
breaking point of M decreases as T increases. In contrast, for intraplate earthquakes it was 
difficult to evaluate these trends because of the limited data where M > 8.0. Therefore, the 
current study adopted the same slopes for the breaking points of M for intraplate earthquakes 
for interplate earthquakes. 

Figure 3.8 shows the variation in b(T) with D at T = 0, 0.2, 1.0, and 3.0 sec, respectively. 
Red and black circles show the results for interplate and intraplate earthquakes, respectively. 
The comparison was made by selecting the data from M = 6.6–6.8 for interplate earthquakes, 
and from M = 6.2–6.4 for intraplate earthquakes because of the limited data. The results show 
that b(T) increases with D for short and intermediate periods; however, b(T) does not increase 
with D at T = 3.0 sec compared to the shorter periods. A review of the data for different periods 
confirms that the dependency of b(T) on D is strong at shorter periods and weak at longer 
periods. 

 

 
(a) (b) 

Figure 3.7 Variation in b(T) against M for interplate and intraplate earthquakes: 
(a) T = 0.02 sec; and (b) T = 2.0 sec. 
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(a) (b) 

  

(c) (d) 

Figure 3.8 Variation in b(T) against D for interplate and intraplate earthquakes: 
(a) PGA; (b) T = 0.2 sec; (c) T = 1.0 sec; and (d) T = 3.0 sec. The data 
were selected from M = 6.6–6.8 for interplate and M = 6.2–6.4 for 
intraplate earthquakes. 

 

  

(a) (b) 

Figure 3.9 Schematic drawing of piecewise linear models of b(T): (a) T < 2.0 sec; 
and (b) T ≥ 2.0 sec. 
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Based on these observations, earthquake source effects were modeled using earthquake 
types and D. Equation (3.16) shows the adopted model of b(T); similar models have been 
proposed by Si et al. [2016] and Ibrahim et al. [2016]. 

Presented below is the basic expression except when T < 2.0 sec and M > 8.3 or when 
T ≥ 2.0 sec and M > 7.5: 

1 0 0 1 1( ) ( ) ( ) ( ) ( )b T a T M d T S d T S h T D e      (3.16a) 

When T < 2.0 sec and M > 8.3: 

1 2 1 0 0 1 1
( ) ( ) [ ( ) ( )]( 8.3) ( ) ( ) ( )b T a T M a T a T M d T S d T S h T D e         (3.16b) 

When T ≥ 2.0 sec and M > 7.5: 

1 2 1 0 0 1 1
( ) ( ) [ ( ) ( )]( 7.5) ( ) ( ) ( )b T a T M a T a T M d T S d T S h T D e         (3.16c) 

where 

0

1 Interplateearthquake

0 Intraplateearthquake


 


S   (3.17) 

1

0 Interplateearthquake

1 Intraplateearthquake


 


S   (3.18) 

Figure 3.9 shows schematic drawings of the piecewise linear model presented in Equation 
(3.16). The slope of b(T) against M changes at the specified M, where its breaking point is M 
= 8.3 at T < 2.0 sec and M=7.5 at T ≥ 2.0 sec, respectively. The regression parameters in 
Equation (3.16) were obtained as follows: 

 Step 1. a1(T), d0(T), and d1(T) were obtained for Equation (3.16a) by 
regression analysis depending on the earthquake types using the subset of 
the data that satisfies the conditions of the equations. a1(T), d0(T), and d1(T) 
were smoothed using a spline function; 

 Step 2. Regression analysis was performed by using the residuals in Step 1 
against D to obtain h(T). h(T) was smoothed using a spline function; and 

 Step 3. a2(T) in Equation (3.16b) and (3.16c) were obtained by regression 
analysis using the subset of data that satisfies the conditions of the equations 
after removing the influence of a1(T), h(T), d0(T), and d1(T). 

During the regression analyses, weights of data were ranged depending on the number of 
available data in earthquake events shown in Table 3.3. The weight of the data increases as the 
number of available data increases in the event. 

Figure 3.10 shows the regression results of a1(T), a2(T), h(T), d0(T), and d1(T). Figure 
3.10(a) shows that a1(T) is 0.5 when the T is shorter than 0.3 sec, but increases to 1.0 when the 
T becomes greater than 3.0 sec. This observation is consistent with past studies. Figure 3.10(b) 
shows that a2(T) is 0 when the T is shorter than 0.5 sec, and increases to 0.5 when T becomes 
greater than 2.0 sec. Figure 3.10(c) shows the variation in d0 and d1 with T, where d1 is about 
0.25 when T is shorter than 0.3 sec and decreases to 0.13 as T increases to 10 sec. This indicates 
that the PSA is larger in intraplate earthquakes compared to interplate earthquakes by a factor 
of 1.8 and 1.3 for short and long periods, respectively. Figure 3.10(d) shows the variation in 



17 

h(T) with T where the h(T) is about 0.075 when T is shorter than 0.2 sec and gradually decreases 
as T increases. When T is greater than 1.0 sec, h(T) becomes about a constant of 0.04. 

Table 3.3 Weights of the data by regression analyses in Equation (3.13) 
depending on the numbers of available data in earthquake events. 

Number of records Weight 

< 10 1 

10 – 20 2 

20 – 30 3 

> 30 4 

 

 

 
(a) (b) 

 
(c) (d) 

Figure 3.10 Variation in regression parameters against T: (a) a1(T); (b) a2(T); (c) 
d1(T): and (d) h(T). Black and red lines show the unsmoothed and 
smoothed regression parameters, respectively. 
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3.5 REGRESSION RESULTS 

The proposed GMPE is summarized by following equations. 

    10 rup rup   + ( , ) –  ( )log ( ) A T b T g T R k T R G T  (3.19) 

where 

  
  

1 0 0 1 1

1 2 1 0 0 1 1

1 2 1 0 0 1 1

( )

( ) ( ) ( ) ( ) if 2.0secand 8.3or 2.0secand 7.5

( ) ( ) ( ) 8.3 ( ) ( ) ( ) if 2.0secand 8.3

( ) ( ) ( ) 7.5 ( ) ( ) ( ) if 2.0secan



        
         
        

b T

a T M d T S d T S h T D e T M T M

a T M a T a T M d T S d T S h T D e T M

a T M a T a T M d T S d T S h T D e T d 7.5M

  (3.20) 

0

1 Interplateearthquake

0 Intraplateearthquake


 


S   (3.21) 

1

0 Interplateearthquake

1 Intraplateearthquake


 


S   (3.22) 

 10

10 10

log ( ) Moho depth or 1.7
( , )

0.6 log [1.7 ( )] 1.6 log [ ( )] Moho depth and 1.7

   
 

    

X C T D X D
g T X

D C T X C T D X D

  (3.23) 

 

0.5min( 8.3)

0.5min( 8.3)
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0.5min( 8.3)
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M

M

M

 (3.24) 

10

0.00 if 0.3sec

0.000126 0.00332log ( ) if 0.3sec 0.6se
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c

0.002 if 0. se

)

c

(k T

T

T T

T


    
 

 (3.25) 

 ( ) = ( ) + ( )s dG T G T G T  (3.26) 

    ( ) = ln ln      s lin nlG T F T F T  (3.27) 
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c T V V T
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V T
c T V V T

V

  
  

           

 (3.28) 

  3
1 2

3

PGA ( )
ln ( ) ln

 
     

 
r

nl

T f
F T f f T

f  (3.29) 

     2 4 5 30 5( ) 0.5 exp ( ) min ,760 360 exp ( ) 760 360         sf T f f T V f T  (3.30) 

 2.5( ) = ( ) + ( )d d dG T C T D T Z  (3.31) 

Associated coefficients are presented in an attached excel file (Appendix A). 
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Figure 3.11 shows the predicted PSA by the proposed regression model for different 
values of M and earthquake types at Rrup = 75 km and D = 20 km; a Moho depth of 30 km is 
used. The figure shows that intraplate earthquakes have larger amplitude than interplate 
earthquakes, and that the amplitudes tend to saturate when M is larger than 8. Figure 3.12 
shows the predicted PSA by the proposed regression model for different rupture distances at 
M = 7 and D = 20 km. 

Figures 3.13 and 3.14 show the predicted PSA by the proposed regression model for 
different focal depths at distance of 100 km for an interplate earthquake and intraplate 
earthquake with Mw = 7, respectively. The figures show larger amplitude for deeper 
earthquakes and stronger depth dependence at shorter periods. 

Figures 3.15–3.18 show the predicted PSA by the proposed regression model vs. fault 
distance for different magnitudes and earthquake types with a focal depth of 20 km. The figures 
show nonlinear magnitude dependence at M larger than 8 and steeper attenuation decay for 
smaller magnitudes at shorter distances. The comparison of the PSA for different magnitudes 
at different periods (Figures 3.16–3.18) shows stronger magnitude dependence at longer 
periods. Figures 3.19–3.22 show those events with D = 40 km, respectively. The figures show 
steeper attenuation decay than that for a shallower earthquake, as shown in Figures 3.15–3.18. 
Thus, the proposed model considers different attenuation decay for both shallower and deeper 
earthquakes, as well as nonlinear magnitude dependence, depth dependence, and dependence 
of earthquake type.  
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Figure 3.11 Predicted PSA by the proposed regression model for different M and 
earthquake types at Rrup = 75 km and D = 20 km. 
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Figure 3.12 Predicted PSA by the proposed regression model for different rupture 
distances at M = 7 and D = 20 km. 
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Figure 3.13 Predicted PSA by the proposed regression model for different focal 
depths at distance of 100 km for an interplate earthquake with M = 7. 
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Figure 3.14 Predicted PSA by the proposed regression model for different focal 
depths at distance of 100 km for an intraplate earthquake with M = 7. 
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Figure 3.15 Predicted PGA vs Rrup (M5,6,7,8, and 9, Vs30 = 760 m/sec, Z2.5 = 0 km, 
and D = 20 km). 
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Figure 3.16 Predicted PSA vs Rrup (M5,6,7,8, and 9, Vs30 = 760 m/sec, Z2.5 = 0 km, D 
= 20 km, and T = 0.2 sec). 
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Figure 3.17 Predicted PSA vs Rrup (M5,6,7,8, and 9, Vs30 = 760 m/sec, Z2.5 = 0 km, D 
= 20 km, and T = 1 sec). 
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Figure 3.18 Predicted PSA vs Rrup (M5,6,7,8, and 9, Vs30 = 760 m/sec, Z2.5 = 0 km, D 
= 20 km, and T = 3 sec). 
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Figure 3.19 Predicted PGA vs Rrup (M5,6,7,8, and 9, Vs30 = 760 m/sec, Z2.5 = 0 km, 
and D = 40 km). 
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Figure 3.20 Predicted PSA vs Rrup (M5,6,7,8, and 9, Vs30 = 760 m/sec, Z2.5 = 0 km, D 
= 40 km, and T = 0.2 sec). 
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Figure 3.21 Predicted PSA vs Rrup (M5,6,7,8, and 9, Vs30 = 760 m/sec, Z2.5 = 0 km, D 
= 40 km, and T = 1 sec). 
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Figure 3.22 Predicted PSA vs Rrup (M5,6,7,8, and 9, Vs30 = 760 m/sec, Z2.5 = 0 km, D 
= 40 km, and T = 3 sec). 
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3.6 RESIDUAL ANALYSIS 

The resulting residuals were analyzed against various variables. The total residuals were plotted 
against ClstD in Figure 3.23 from PGA to PSA at T = 5.0 sec. These residuals were sorted into 
10 bins, which are equally spaced in log scale of ClstD. In addition, the mean and the standard 
deviation for each bin were plotted at the central ClstD. There is no apparent trend in mean data 
from ClstD = 10–300 km and from PGA to PSA at T = 5.0 sec. These observations show that 
there is no prediction bias in PSA for different T against a range of ClstD. Figure 3.23 also 
shows that the total standard deviations () are approximately constant against ClstD, indicating 
that there is no clear dependency of  on ClstD. Figure 3.24 shows the total residuals against 
M. Similarly, the residuals were sorted into 10 bins, which were equally spaced in M. The 
mean and the standard deviation were plotted for each bin. The figure shows that there is no 
apparent trend in mean data against M from 5.0–9.1 and from PGA to PSA at T = 5.0 sec. 
These observations indicate that there is no clear prediction bias either in PSA for different T 
against a range of M. Figure 3.24 also shows that the  are approximately constant against M, 
indicating that there is no clear dependency of  on M. 

These residuals are further analyzed by splitting the results into within- and between-
event residuals by using mixed-effect models. 

 1ij ijy     (3.32) 

where yij is total residual from observed value to predicted value for recording j of event i; i 
is the between-event residual for event i; and ij is within-event residual for recording j of event 
i, respectively. The standard deviation of  and  are called within-event standard deviation () 
and between-event standard deviation (). The  and  are plotted against various variables. 

Figure 3.25 plots  against ClstD for M < 7.0 in. The mean and the standard deviation 
are also plotted for each bin at the central ClstD of the bin. There is no apparent trend in mean 
data from ClstD = 10–300 km and from PGA to PSA at T = 5.0 sec. These observations show 
that there is no prediction bias in PSA for different T against a range of ClstD when M < 7.0. 
Figure 3.24 also shows that the standard deviations are approximately constant against ClstD, 
indicating that there is no clear dependency of within-event standard deviation () on ClstD 
when M < 7.0. Figure 3.26 shows the within-event residuals against ClstD for M > 7.0. The 
mean and the standard deviation are plotted for each bin. The figure shows that there is no 
apparent trend either in mean values against ClstD and from PGA to PSA at T = 5.0 sec. These 
observations indicate that there is no clear prediction bias in PSA for different T against a range 
of ClstD when M > 7.0. Figure 3.26 also shows that the  are approximately constant against 
ClstD, indicating that there is no clear dependency of  on ClstD when M > 7.0. Figure 3.27 
shows the  against Vs30. The mean and the standard deviation were plotted for each bin. The 
figure shows that there is no apparent trend in mean values against Vs30 from 100 to 2000 m/sec 
and from PGA to PSA at T = 5.0 sec. These observations indicate that there is no clear 
prediction bias in PSA for different T against a range of Vs30. Figure 3.27 also shows that the  
are approximately constant against Vs30, indicating that there is no clear dependency of  on 
Vs30. 

Figure 3.28 shows the  against M from PGA to PSA at T = 5.0 sec. There is no 
apparent trend in the  against M from 5.0–9.1. This observation shows that the M dependency 
of the event term was reasonably removed in the proposed GMPE. Figure 3.28 also shows the 
standard deviation of the  () in dash lines. The  is about constant against M, indicating that 
there is no clear dependency of  on M. Figure 3.29 shows the  against D from PGA to PSA 
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at T = 5.0 sec. There is no apparent trend in the data, indicating that the dependency of the 
event term on D was reasonably removed in the proposed GMPE. Figure 3.29 also shows the 
 in dashed lines. The data variation is roughly constant, indicating that there is no clear 
dependency of  on D. 

Table 3.4 and Figure 3.30 shows the variation in , , and  of PSA against T. The  is 
large around T = 0.1 sec and small around T = 1.0 sec. 2  contributes to the 2  from 28 to 50% 
depending on the period. 

Figure 3.31 and Figure 3.32 show the comparison of the proposed model with the 
observed PSA corrected to engineering bedrock with VS30 = 760 m/sec at periods of 0.1, 1.0, 
and 3.0 sec for two well-recorded interplate and intraplate earthquakes, respectively. The 
figures present the data beyond the distances of model applicability in Chapter 2. These figures 
confirm that the SMK model is constrained well within the model applicability of ClstD ≤ 300 
km when M > 7.0. These observations are consistent with the residual plots in Figure 3.23 and 
Figure 3.26 in which no clear bias was observed within this distance. 

Table 3.4 Within-event, between-event, and total standard deviation (ln unit) 
against T. 

PSA period 
(sec) 

Within-event standard 
deviation () 

Between-event 
standard deviation () 

Total standard 
deviation () 

PGA 0.720 0.485 0.868 

0.01 0.698 0.469 0.841 

0.02 0.699 0.469 0.841 

0.03 0.707 0.482 0.856 

0.05 0.745 0.528 0.913 

0.075 0.802 0.569 0.983 

0.1 0.825 0.561 0.997 

0.15 0.811 0.488 0.947 

0.2 0.793 0.455 0.914 

0.25 0.765 0.434 0.879 

0.3 0.742 0.400 0.843 

0.4 0.712 0.363 0.799 

0.5 0.699 0.338 0.777 

0.75 0.707 0.298 0.768 

1 0.724 0.296 0.782 

1.5 0.764 0.307 0.823 

2 0.795 0.267 0.839 

3 0.800 0.302 0.855 

4 0.796 0.342 0.867 

5 0.774 0.355 0.852 

7 0.741 0.357 0.823 

10 0.700 0.334 0.775 

PGV 0.638 0.335 0.721 

 



34 

 
(a) 

 
(b) 

 
(c) 

Figure 3.23 Total residuals of PSA vs ClstD: (a) PGA; (b) T = 0.2 sec; (c) T = 1.0 
sec; (d) T = 3.0 sec; and (e) T = 5.0 sec. 
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(d) 

 
(e) 

Figure 3.23 (continued). 
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(a) 

 
(b) 

 
(c) 

Figure 3.24 Total residuals of PSA vs M: (a) PGA, (b) T = 0.2 sec, (c) T = 1.0 sec; 
(d) T = 3.0 sec; and (e) T = 5.0 sec. 
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(d) 

 
(e) 

Figure 3.24 (continued). 
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(a) 

 
(b) 

 
(c) 

Figure 3.25 Within-event residuals of PSA vs ClstD for M < 7.0: (a) PGA; (b) T = 0.2 
sec; (c) T = 1.0 sec; (d) T = 3.0 sec; and (e) T = 5.0 sec. 
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(d) 

 
(e) 

Figure 3.25 (continued). 
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(a) 

 
(b) 

 
(c) 

Figure 3.26 Within-event residuals of PSA vs ClstD for M > 7.0: (a) PGA; (b) T = 0.2 
sec; (c) T = 1.0 sec; (d) T = 3.0 sec; and (e) T = 5.0 sec. 
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(d) 

 
(e) 

Figure 3.26 (continued). 
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(a) 

 
(b) 

 
(c) 

Figure 3.27 Within-event residuals of PSA vs Vs30: (a) PGA; (b) T = 0.2 sec; (c) T = 
1.0 sec; (d) T = 3.0 sec; and (e) T = 5.0 sec. 
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(d) 

 
(e) 

Figure 3.27 (continued). 
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(a) 

 
(b) 

 
(c) 

Figure 3.28 Between-event residuals of PSA vs M: (a) PGA; (b) T = 0.2 sec; (c) T = 
1.0 sec; (d) T = 3.0 sec; and (e) T = 5.0 sec. 
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(d) 

 
(e) 

Figure 3.28 (continued). 
  



46 

 
(a) 

 
(b) 

 
(c) 

Figure 3.29 Between-event residuals of PSA vs hypocentral depth, D (km): (a) 
PGA; (b) T = 0.2 sec; (c) T = 1.0 sec; (d) T = 3.0 sec; and (e) T = 5.0 sec. 
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(d) 

 
(e) 

Figure 3.29 (continued). 
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Figure 3.30 Variation in within-event, between-event and total standard deviations 
of PSA against T. 

(a) 

(b) 

Figure 3.31 Comparison of SMK model and the observed PSA corrected to 
engineering bedrock with VS30 = 760 m/sec at periods of 0.1 sec, 1.0 
sec, and 3.0 sec for two well recorded inter-plate earthquakes: (a) the 
2003 Tokachi-Oki earthquake; and (b) the 2011 Tohoku earthquake, 
respectively. 
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(a) 

 
(b) 

Figure 3.32 Comparison of SMK model and the observed PSA corrected to 
engineering bedrock with VS30 = 760 m/sec at periods of 0.1 sec, 1.0 
sec, and 3.0 sec for two well recorded intra-plate earthquakes: (a) the 
2001 Geiyo earthquake; and (b) the 2011 Miyagi Pref. Off earthquake, 
respectively. 
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4 Summary 

Presented herein is a GMPE developed for interplate and intraplate subduction-zone 
earthquakes in Japan based on the NGA-Sub database. These equations will be useful for many 
seismic hazard analyses since the adopted formula and predictor variables are relatively simple. 
Because the amount of recorded data increases continuously, future equations could include 
revised and additional terms if there is a clear observation with supported physical 
understanding. 

The report presented amplification models for shallow soils. A semi-empirical model 
by Seyhan and Stewart [2014] was modified for nonlinear terms based on strong-motion 
observations [Midorikawa and Hori 2018] of Japanese earthquakes. Basin amplification 
models were successively derived from the strong-motion records after removing the shallow-
soil response terms and path effects [Midorikawa and Ohtake 2004]. The source effects were 
modeled—such as magnitude scaling, earthquake-type and hypocentral-depth dependencies—
using ground-motion parameters at reference-rock sites after removing the path effects per Si 
et al. [2016] and Ibrahim et al. [2016]. Finally, this GMPE combines site terms, path terms, 
and source terms. 

The proposed GMPE shows that intraplate earthquakes have a larger amplitude of PSA 
compared to interplate earthquakes. The amplitudes increase as magnitude increases—
especially for longer periods—and its influence saturates when M is larger than 8. Deeper 
earthquakes have larger amplitudes than shallower ones at the same ClstD, and its trend is 
stronger at shorter periods. Attenuation of PSA against ClstD becomes stronger as magnitude 
decreases at short distances and as hypocentral depth increases. Therefore, the proposed model 
considers the dependency of PSA on nonlinear magnitude scaling and hypocentral depth for 
interplate and intraplate earthquakes, with a different attenuation decay for shallower and 
deeper earthquakes for different periods. 
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APPENDIX A R-code: Proposed Ground 
Motion Prediction Model 

Table A.1 Coefficients of the proposed ground motion prediction model. 
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