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ABSTRACT 

Empirical ground-motion models for the average horizontal component from shallow crustal 
earthquakes in active tectonic regions are derived using the PEER NGA-West2 database. The 
model is applicable to magnitudes 3.08.5, distances 0300 km, and spectral periods of 010 
sec. The model input parameters are the same as used by Abrahamson and Silva (2008) with the 
following exceptions: the loading level for nonlinear effects is based on the spectral acceleration 
at the period of interest rather than the PGA; the distance scaling for HW effects off the ends of 
the rupture includes a dependence on the source-to-site azimuth. Regional differences in large 
distance attenuation and VS30 scaling between California, Japan, China, and Taiwan are included. 
The scaling for the hanging-wall effect is improved using constraints from numerical 
simulations. The standard deviation is magnitude dependent with smaller magnitudes leading to 
larger standard deviations at short periods but smaller standard deviations at long periods. 
Directivity effects are not included through explicit parameters, but are captured through the 
variability of the empirical data. 
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Errors in Section 3: 
 
There is an error Table 3.1 in the range of rakes for normal faults. A normal fault is defined between rakes of ‐
30 and ‐150. 
 
There is also an error in Table 3.3, in the definition of Ry0. Ry0 can only be zero or positive. For sites 
located along the rupture, Ry0 = 0, which can be computed from Ry0=Rx*|tan(Src2SiteA)|. 
 
Errors in Section 4: 
 
There is an error in the last line on page 23, which states that M1 is equal 6.5. Instead, M1 is period 
dependent, as detailed in Table 5.3(a). 
 
There are a couple of errors in the second line of Equation (4.9). It should read: 
 

       ଵܸ ൌ ቐexpሺെ0.35 ln
1500
ቀ ்

.ହ
ቁ

800

 lnሺ1500ሻሻ		
for	ܶ  0.5	sec	

for	0.5	sec ൏ 	ܶ ൏ 3	sec	
for	ܶ  3	sec	

   (4.9) 

 
Equation (4.22), which defines the regional Vs30 scaling for Taiwan, China, and Japan, is 
accidentally re‐defining f11. Instead, Equation (4.22) should read: 
 
       Regional	൫ ௦ܸଷ, ܴ௨൯ ൌ 

ௐ൫்ܨ              ଵ݂ଶሺ ௦ܸଷሻ  ܽଶହܴ௨൯  ே൫ܽଶ଼ܴ௨൯ܨ  ൫ܨ ଵ݂ଷሺ ௦ܸଷሻ  ܽଶଽܴ௨൯  (4.22) 

Such that Equation (4.23) is defining f12 and Equation (4.24) is defining f13. 
 
There is also an error in Equation (4.23). Instead of Vs30 in the numerator, it should be Vs30*. 
Following the above items, Equations (4.23) and (4.24) should read: 

       ଵ݂ଶሺ ௦ܸଷሻ ൌ ܽଷଵ ln ቀ
ೞయబ
∗

ಽ
ቁ         (4.23) 

Errors in Section 5: 
 
There is an error in Table 5.3(c) – the coefficient a46 at T = 0.2 sec should be ‐0.03 instead of 0.03. 
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1 Introduction 

For engineering applications, the ground motion needs to be computed for a wide range of 
magnitudes and distances. Although the NGA-West2 data base (Ancheta et. al. 2013) represents 
a large increase in the data set as compared to the 2008 NGA data base (Ancheta et. al. 2013), 
the large magnitude (M>7) and short distance (R < 15 km) range is still only sparsely sampled. 
To develop a ground motion prediction equation (GMPE) that extrapolates to large magnitudes 
and short distances in a reasonable manner, we rely on seismological and geotechnical models 
for constraining the extrapolation. Therefore, our approach to the development of our GMPE is 
not traditional curve fitting (e.g., using the minimum number of parameters needed to explain the 
observations), but rather, it is a model building exercise that uses analytical results from 
seismological and geotechnical models to constrain the extrapolation outside the range well 
represented in the empirical data. 

Specifically, we used analytical modeling of site response (Kamai et al. 2013) to 
constrain the nonlinear site effects as well as analytical modeling of finite-fault effects to 
constrain the hanging wall (HW) effects (Donahue and Abrahamson 2013). Finally, we used the 
results of sets of finite-fault simulations (Collins et al. 2006) to evaluate the appropriate large 
magnitude scaling (scaling from M6.5 to M8). 
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2 Data Set Selection 

The selection of the data set used in the development of the GMPE is a key step. We selected our 
ground-motion data set from the NGA-West2 data base (January 2013 version). Our general 
approach for selecting the subset of data for use in the regression analysis was to include all 
earthquakes, including aftershocks (Class 2 events as defined in Wooddell and Abrahamson 
2012) in active crustal regions (ACR) under the assumption that the median ground motions 
from earthquakes in ACRs at distances less than about 80 km are similar around the world. At 
distances greater than 80 km, differences in crustal structure can have significant effects on the 
ground motion leading to a change in the attenuation at large distances (e.g., Q term).  

A summary of the criteria for excluding earthquakes and recordings is given below: 

 Remove earthquakes not representative of shallow crustal tectonics 

 Remove recordings at distances greater than censoring distance 

 Remove recordings not representative of free-field ground motion 

 Remove earthquakes with questionable hypocentral depths 

 Remove the Wenchuan aftershocks 

 Remove recordings missing key metadata 

 Remove recordings identified as questionable (apparent incorrect gain or 
spectral shape) 

 Remove earthquakes with fewer than three recordings for M > 5 and 
earthquakes with less than ten recordings with good coverage in distance 
for earthquakes with M < 5 

2.1 EARTHQUAKE NOT CONSIDERED APPLICABLE TO ACTIVE CRUSTAL 
REGIONS 

We excluded three earthquakes that we considered to be from subduction zones: 

1. 1984 Pelekanada, Greece (EQID=93). This earthquake has a focal depth of 81 km, so 
it is not a shallow crustal earthquake. 

2. 1986 eastern Taiwan (EQID=109). This earthquake is located offshore of eastern 
Taiwan along the subduction zone at latitude 24N. 
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3. 1979 St. Elias, Alaska (EQID=142). This earthquake is located in the northeast corner 
of the Yakataga zone defined in the USGS source model (Wesson et al 1999) for the 
segmentation of Alaska-Aleutian mega-thrust source. The St. Elias earthquake has a 
low dip angle (12) and large down dip width (70 km) consistent with interface 
subduction earthquakes. 

 

The 1992 Cape Mendocino (EQID=123) has been described as a potential subduction 
zone earthquake in some studies. This earthquake occurred along the southern end of the 
Cascadia subduction zone, which is a complicated region. Because is it not part of the main 
Cascadia interface, we have not excluded this event as being representative of subduction 
earthquakes. 

In a previous study of ground motions offshore of northern California, Geomatrix (1995) 
found that the ground motions from earthquakes in the Gorda plate were significantly different 
(larger) than typical crustal earthquakes in California. We also excluded five earthquakes from 
offshore of northern California in the Gorda Plate. These five earthquakes are listed in Table 2.1. 
Earthquakes along the Mendocino Escarpment and not in the Gorda plate are retained. 

 

Table 2.1 Earthquakes considered not applicable to active crustal regions. 

EQID Location Magnitude Reason for Exclusion 

3 Offshore N. Cal. 5.8 Gorda Plate earthquake 

7 Offshore N. Cal. 6.6 Gorda Plate earthquake 

22 Offshore N. Cal. 5.7 Gorda Plate earthquake 

26 Offshore N. Cal. 5.6 Gorda Plate earthquake 

67 Offshore N. Cal. 7.2 Gorda Plate earthquake 

93 Greece 5.0 Deep earthquake 

109 Taiwan 7.3 Subduction earthquake 

142 St. Elias, Alaska 7.54 
Subduction earthquake in the 

Yakataga source zone 

2.2 CENSORING AT LARGE DISTANCES 

The ground motions in the NGA-West2 data set are not complete because the very small ground 
motions are not fully represented, typically due to triggering thresholds in the older 
instrumentation. At large distances, recordings that are larger than average may exceed the 
trigger threshold, whereas recordings that are smaller than average may not. This censoring of 
the smaller ground motions leads to a bias in the data for large distances. Examples of the 
censoring based on the PGA are shown in Figures 2.1(a) through 2.1(e). The truncation of the 
small amplitude data (less than about 0.005g to 0.02g) is clear from these figures. For the more 
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recent data, the seismic recorders have greater dynamic range and lower trigger thresholds so 
that the smaller ground motions are recorded. The change in the instrumentation varied by 
region, so the censoring distance is not the same in all regions. Based on these figures, a 
censoring model was developed, with different distance limits for different time periods of the 
observations and for different regions. The censoring model used for the GMPE data set is given 
below with censoring distance parameters listed in Table 2.2 and presented in Figure 2.2. 

ாேௌைோܦ ൌ ൞

ܯ	ݎ݂																		ହܦ									  5
ହܦ  ሺܦ െ ܯହሻሺܦ െ 5ሻ						݂ݎ	5 ൏ ܯ  6
ହܦ  ሺܦ െ ܯሻሺܦ െ 6ሻ						݂ݎ	6 ൏ ܯ  7

7	ݎ݂																		ܦ								 ൏ ܯ

 (2.1) 

We used the simple approach of excluding recorded ground motions at distances greater than the 
censoring distance. An alternative approach would be to use truncated distribution in the 
regression analysis. 

 

Table 2.2. Censor data model parameters. 

Earthquakes D5 D6 D7 

19332000 50 km 100 km 200 km 

20012005 100 km 150 km 250 km 

20062011 200 km 250 km 350 km 

Japanese earthquakes, 2001-2011

(EQID) 
200 km 250 km 350 km 

L'Aquila Sequence 

(EQID 274, 275, 276) 
200 km 250 km 350 km 

Wenchuan 

(EQID 277) 
200 km 250 km 350 km 

Wenchuan aftershocks 200 km 250 km 350 km 

CA small-moderate mag 200 km 250 km 350 km 

 

2.3 SITES NOT REPRESENATIVE OF FREE FIELD 

Previous studies have shown that recordings from strong-motion instruments located in the 
basements or in structures higher than two stories differ from free-field recordings. We used the 
GMX C1 classifications to identify stations that are not considered to be representative of the 
free field. The GMX C1 classifications are listed in Table 2.3. 
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Table 2.3 GMX C1 classification. 

GMX First 
Letter 

Instrument Structure Type 

I 
Free-field instrument or instrument shelter. Instrument is located at or within 
several feet of the ground surface, and not adjacent to any structure. 

A 
One-story structure of lightweight construction. Instrument is located at the 
lowest level and within several feet of the ground surface. 

B 
Two- to four-story structure of lightweight construction, or very large (tall) 
one-story warehouse-type building. Instrument is located at the lowest level and 
within several feet of the ground surface.  

C 
One- to four-story structure of lightweight construction. Instrument is located at 
the lowest level in a basement and below the ground surface. 

D 
Five or more story structure of heavy construction. Instrument is located at the 
lowest level and within several feet of the ground surface. 

E 
Five or more story structure of heavy construction. Instrument is located at the 
lowest level in a basement and below the ground surface. 

F 
Structure housing instrument is buried below the ground surface, e.g. tunnel or 
seismic vault. 

G Structure of light or heavyweight construction, instrument not at lowest level. 

H Earth dam (station at toe of embankment or on abutment). 

J Concrete Dam (none in data base). 

K 
Near a one-story structure of lightweight construction. Instrument is located 
outside on the ground surface, within approximately 3 m from the structure. 

L 
Near a two- to four-story structure. Instrument is located outside on the ground 
surface, within approximately 6 m of the structure. 

M 
Near a two- to four-story structure with basement. Instrument is located outside 
on the ground surface, within approximately 6 m of the structure. 

N 
Near a five- to eight-story structure. Instrument is located outside on the ground 
surface, within approximately 10 m of the structure. 

O 
Near a five- to eight-story structure with basement. Instrument is located 
outside on the ground surface, within approximately 10 m of the structure. 

P Castle of masonry construction, massive 1-3 stories 

Q Associated with a structure, size of structure is not known 

S Associated with a structure and in the basement, size of structure is not known 

T Associated with a tunnel 

U Il Moro is on an embankment between two roads and retaining walls. 
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Stations with codes C, D, E, F, and G, P, Q, R, S, T were excluded as not being 
representative of free-field conditions. In all, there are 423 recordings that were excluded based 
on the not being representative of the free field. Most of the excluded recordings were for GMX 
C1 class C. There are 3431 recordings stations without a GMX C1 classification. Even though 
we don't know if the recordings meet our definition of free field, we have not excluded these 
recordings. 

We have not excluded any stations based on topographic conditions, so our model has 
some variability due to topography. 

2.4 OTHER EARTHQUAKES EXCLUDED 

During our preliminary evaluations, we found that the residuals and spectral shape of the 
Wenchuan aftershocks were very different from other regions, which may reflect unreliable meta 
data for these events. While we included the Wenchuan mainshock, we removed the aftershocks. 

We also excluded earthquakes that had questionable hypocentral depths (less than 1 km) 
or were deeper than 30 km. As shown in Table 2.4, five earthquakes had hypocentral depths of 
less than 1 km that we considered to be unreliable. Six earthquakes had hypocentral depths 
greater than 30 km. Our GMPE is not intended to apply to these deep crustal earthquakes. 

 

Table 2.4 Other earthquakes excluded. 

EQID Mag Reason 

282345 

(Wenchuan 
Aftershocks) 

3.8 to 6.3 
unusual spectral shapes and 
questionable reliability of 

metadata 

1009 4.73 Hypocentral Depth < 1 km 

1256 3.19 Hypocentral Depth < 1 km 

1244 3.55 Hypocentral Depth < 1 km 

242 4.4 Hypocentral Depth < 1 km 

1136 3.5 Hypocentral Depth < 1 km 

154 5.93 Hypocentral Depth > 30 km 

214 4 Hypocentral Depth > 30 km 

222 4.8 Hypocentral Depth > 30 km 

250 5.4 Hypocentral Depth > 30 km 

259 4.6 Hypocentral Depth > 30 km 

203 3.7 Hypocentral Depth > 30 km 
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For the smaller magnitude earthquakes, there is a large number of earthquakes so we used 
a more selective criteria: only earthquakes with at least ten recordings that covered the distance 
range of 10 to 100 km were included. This lead to the removal of 157 earthquakes. 

We also excluded the four Taiwan earthquakes recorded only by the dense SMART1 
array (EQID 71, 86, 95, and 100). These earthquakes have more than three recordings per 
earthquakes, but the recordings sample a very limited distance range so they do not provide a 
good estimate of the event term. 

Finally, we only included earthquakes that had three or more recordings. This condition 
only eliminated 70 events from our final dataset. 

2.5 QUESTIONABLE RECORDINGS 

The large set of recordings from small magnitudes in California was reviewed for reliability of 
the recordings (Ancheta et. al. 2013). There were some recordings with questionable gains or 
questionable reliability due to very unusual spectral shapes. These were flagged in the flatfile. 
We removed all of the recordings that were flagged as questionable. This lead to the removal of 
178 recordings from the small magnitude data in California. 

The flatfile also flags recordings that are suspected of having a late S-trigger. Thirty-four 
recordings were removed due to a late S-trigger. 

2.6 MISSING METADATA 

Recordings missing required metadata such as magnitude, distances, or VS30, were excluded. In 
all, there were only fifteen recordings removed due to missing metadata. 

2.7 FINAL DATA SET 

Our final data set consists of 15,750 recordings from 326 earthquakes. The distribution of 
recordings by region is given in Table 2.5. The magnitude and distance distribution is shown in 
Figure 2.3. The final set of selected earthquakes and the number of recordings per earthquake are 
listed in Appendix A. 

 

The response spectral values for the selected recordings are only used in the regression 
analysis for spectral frequencies greater than 1.25 times the high-pass corner frequency used in 
the record processing, as defined in the NGA-West2 database. This requirement produces a data 
set that varies as a function of period. The period dependence of the number of earthquakes and 
number of recordings used in the regression analysis is shown in Figure 2.4. The steps which 
Figure 2.4 refers to are regression steps with increasing magnitude and distance ranges, as 
explained in Section 6. 
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Table 2.5 Summary of delected dubset by region. 

Region No. Region 
No. of 

Earthquakes 
Magnitude 

Range 
Total No. of 
Recordings 

1 California 274 3.17.3 12,044 

2 Other WUS 2 5.17.9 7 

3 Taiwan 6 5.97.6 1535 

4 Italy 25 4.06.9 175 

5 Middle East 5 6.67.5 43 

6 Central America 0  0 

7 New Zealand 2 6.27.0 72 

8 Europe 
(excluding Italy 

and Greece) 

1 7.1 6 

9 China 4 4.87.9 158 

10 Japan 5 6.16.9 1700 

11 Greece 1 6.4 3 

12 Other 1 6.2 5 
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Figure 2.1(a) Evaluation of censoring distance for earthquakes recorded between 

1933 and 1990. 
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Figure 2.1(b) Evaluation of censoring distance for earthquakes recorded between 

1991 and 1995. 
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Figure 2.1(c) Evaluation of censoring distance for earthquakes recorded between 

1996 and 2000. 
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Figure 2.1(d) Evaluation of censoring distance for earthquakes recorded between 

2001 and 2005. 
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Figure 2.1(e) Evaluation of censoring distance for earthquakes recorded between 

2006 and 2011. 

 

 

 

 

 

 



15 

 

 

 

 

 
 

Figure 2.2 Model used for the censoring distance. 
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Figure 2.3 Magnitude-distance distribution for the final subset. 
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Figure 2.4 Number of earthquakes (top) and number of recordings (bottom) in 

the selected subset by period. The different steps are described in 
the regression analysis section. 
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3 Model Parameters  

3.1 INTRODUCTION 

The independent parameters used in the regression analysis are described in this section. They 
are separated into source parameters, distance parameters, site parameters, and the ground 
shaking level parameter. 

3.2 SOURCE PARAMETERS 

The source parameters are listed in Table 3.1. The scaling of the source is described by five 
parameters: moment magnitude, depth to the top of rupture, reverse style-of-faulting (SOF), 
normal SOF, and Class 1Class 2 (aftershock) flag. The Class 1/Class 2 definition depends on 
the centroid Joyner-Boore distance, CRjb. Two additional source parameters, dip and width, are 
used only for the hanging-wall (HW) effects. 

These parameters are similar to the AS08 model. One difference is that in the current 
model, the normal oblique earthquakes are grouped into the normal class, whereas in the AS08 
model, normal oblique was grouped with strike-slip. There are still not enough normal faulting 
earthquakes in the data base to clearly define this grouping. The change was made to be 
consistent with the grouping of reverse oblique earthquakes with the reverse class. 

For complex ruptures with variable rake, dip, and width along strike, the parameters for 
the segment of the rupture closest to the site (in terms of the rupture distance) are used. 
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Table 3.1 Definition of source parameters used in the regression analysis. 

Parameter Definition Notes 

M Moment magnitude  

ZTOR Depth-to -top of rupture (km)  

FRV 
Flag for reverse faulting 

earthquakes 

1 for reverse and reverse/oblique 
earthquakes defined by rake angles 

between 30 and 150 degrees, 0 otherwise 

FN 
Flag for normal faulting 

earthquakes 

1 for normal and normal oblique 
earthquakes defined by rake angles 

between -30 and -120 degrees, 0 otherwise

CRjb 
Centroid Rjb (see Wooddell 

and Abrahamson (2012) 

Class 2 events are those with CRjb < 15 
km, and within the Gardner-Knopoff 

(1974) time window 

FAS Flag for aftershocks 1 for class 2, 0 for class 1 

dip Fault dip in degrees only used for the HW effects 

W Down-dip rupture width (km) only used for the HW effects 

3.3 SITE CLASSIFICATION 

The site condition is classified using two parameters: the average shear-wave velocity in the top 
30 m (VS30) and the depth to VS=1.0 km/sec (Z1.0). This does not imply that 30 m is the key depth 
range for the site response, but rather that VS30 is correlated with the deeper velocity structure 
that controls the site amplification. Because the correlation between VS30 and the deeper structure 
may vary from region to region, we allowed the scaling with VS30 to be region dependent. Using 
the soil depth in addition to VS30 allows the ground-motion model to distinguish between shallow 
soil sites, average depth soil sites, and deep soil sites.  Although the depth to 2.5 km/sec (Z2.5) 
may be more directly related to the long period site response, we selected Z1.0 because it is closer 
to the traditional geotechnical parameter of "depth to bedrock" and is easier to measure for 
specific projects. 

Table 3.2 Definition of site parameters used in the regression analysis. 

Parameter Definition Notes 

VS30 Shear-wave velocity over the 
top 30 m (m/s) 

 

Z1.0 Depth to VS=1.0 km/s at the 
site (km) 
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3.4 DISTANCE DEFINITION 

As with the AS08 model, we use the closest distance to the rupture plane, Rrup, as the primary 
distance measure. Four additional distance measures, RJB, Rx, R1, and Ry0,  are used to model the 
attenuation of hanging-wall effects: RJB is the closest horizontal distance to the surface projection 
of the rupture; Rx is the horizontal distance from the top edge of the rupture, measured 
perpendicular to the fault strike; R1 is the value of Rx at the bottom edge of the rupture, and Ry0 is 
the horizontal distance off the end of the rupture measured parallel to strike. 

Table 3.3 Definition of distance parameters used in the regression analysis. 

Parameter Definition Notes 

Rrup Rupture distance (km)  

Rjb Joyner-Boore distance (km)  

Rx 

Horizontal distance (km) from 
top edge of rupture measured 
perpendicular to the fault 
strike 

 

Ry 
Horizontal distance (km) from 
center of the rupture measured 
parallel to the fault strike 

(Not used in this version) 

Ry0 
Horizontal distance off the end 
of the rupture measured 
parallel to strike 

For sites located along the rupture, Ry0=0. 
Only used for sites on the HW side. Can 
be computed from Ry0=Rx*tan(Src2SiteA). 

** A version of the model without Ry0 is 
given, as this a new parameter (see 
equations 4-15a and 4-15b). 

3.5 GROUND MOTION LEVEL 

Nonlinear site effects will depend on the level of ground motion. Kamai et al. (2013) developed 
nonlinear site amplification models for two different measures of the level of shaking: the peak 
acceleration and the spectral acceleration on rock (VS30=1100 m/sec) at the period of interest. 
Kamai et al. (2013) showed that both parameters work about equally well. We selected the 
spectral acceleration on rock because it simplifies the models as the correlation of peak 
acceleration and spectral acceleration is no longer needed. 
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4 Functional Form of the Model 

The functional form for our ground-motion model is similar to the AS08 model form with the 
following changes: (1) the nonlinear site term is based on the spectral acceleration on rock; (2) 
there is an additional break in the magnitude scaling for M<5; (3) the HW scaling with 
magnitude, dip, and distance is modified; (4) the SOF factor is magnitude dependent; and (5) the 
form of the Z1 scaling is modified. The model for the median ground motion is given by: 

݈݊ܵܽሺ݃ሻ ൌ 	 ଵ݂൫ܯ, ܴ௨൯  ோܨ ݂ሺܯሻ  ே଼݂ܨ ሺܯሻ  ௌܨ ଵ݂ଵ൫ܥ ܴ൯ 

ହ݂൫ܵܽଵଵ, ௦ܸଷ൯  ுௐܨ ସ݂൫ ܴ, ܴ௨, ܴ௫, ܴ௬,ܹ, ,݅݀ ்ܼைோ,ܯ൯  ݂ሺ்ܼைோሻ 

ଵ݂ሺܼଵ., ௦ܸଷሻ  ሺ݈ܴܽ݊݅݃݁ ௦ܸଷ, ܴ௨ሻ		 (4.1) 

The parameters in Equation (4.1) are defined in Section 3. The functional forms for f1, f4, f5, f6, f7, 
f8, and f10 are given below. 

4.1 BASE MODEL 

The base form of the magnitude and distance dependence for strike-slip earthquakes is similar to 
our 2008 model, with additional breaks in the magnitude scaling for small magnitudes: 

 

ଵ݂ ൌ

ە
ۖ
۔

ۖ
ۓ ܽଵ  ܽହሺܯ െܯଵሻ  ଼ܽሺ8.5 െ ሻଶܯ  ሾܽଶ  ܽଷሺܯ െܯଵሻሿ lnሺܴሻ  ܽଵܴ௨										݂ݎ	ܯ  ଵܯ

ܽଵ  ܽସሺܯ െܯଵሻ  ଼ܽሺ8.5 െ ሻଶܯ  ሾܽଶ  ܽଷሺܯ െܯଵሻሿ lnሺܴሻ  ܽଵܴ௨				݂ݎ	ܯଶ  ܯ ൏ ଵܯ

ܽଵ  ܽସሺܯଶ െܯଵሻ  ଼ܽሺ8.5 െ ଶሻଶܯ  ܽሺܯ െܯଶሻ  ܽሺܯ െܯଶሻଶ																								
ሾܽଶ  ܽଷሺܯଶ െܯଵሻሿ lnሺܴሻ  ܽଵܴ௨																																					݂ݎ	ܯ ൏ ଶܯ

  

 (4.2) 

where 

ܴ ൌ ටܴ௨ଶ  ܿସெ
ଶ  (4.3) 

Based on preliminary regression results, the breaks in the magnitude scaling in Equation (4.2) are 
set at M1=6.75 and M2 = 5.0. 
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The fictitious depth term is modified to reduce to 1 km at small magnitudes. The c4M term is 
given by: 

ܿସெሺܯሻ ൌ ቐ
ܿସ ܯ	ݎ݂  5

ܿସ െ ሺܿସ െ 1ሻሺ5 െ ሻܯ 4	ݎ݂ ൏ ܯ  5
1 ܯ	ݎ݂  4

 (4.4) 

4.2 STYLE-OF-FAULTING MODEL 

A preliminary evaluation of the SOF factor found that the difference between ground motions for 
different faulting style was not seen for the large set of small magnitude data from California. 
Therefore, a magnitude dependent SOF factor was used for both RV (f7) and NML (f8) 
earthquakes in which the full scaling is only applied for magnitudes greater than 5 and is tapered 
to zero effect for magnitude 4 or smaller. The style-of-faulting scaling is shown below in 
Equations (4.5) and (4.6): 

 ݂ሺܯሻ ൌ ቐ
	ܽଵଵ ܯ	ݎ݂  5.0

ܽଵଵሺܯ െ 4ሻ 4	ݎ݂  ܯ  5
0 ܯ	ݎ݂ ൏ 4.0

 (4.5) 

଼݂ ሺܯሻ ൌ ቐ
	ܽଵଶ ܯ	ݎ݂  5.0

ܽଵଶሺܯ െ 4ሻ 4	ݎ݂  ܯ  5
0 ܯ	ݎ݂ ൏ 4.0

 (4.6) 

4.3 SITE RESPONSE MODEL 

Our model for the VS30 dependence of the site amplification is the same as the AS08 form, but 
uses the median spectral acceleration on hard rock (ܵܽଵଵ) instead of the peak acceleration to 
define the strength of shaking. We adopted the nonlinear site response developed by Kamai et al. 
(2013) using the Peninsular Range soil model: 

ହ݂൫ መܵܽଵଵ, ௌܸଷ
∗ ൯ ൌ

൞
ሺܽଵሻ݈݊ ቀ

ೄయబ
∗

ಽ
ቁ െ ܾ	݈݊൫ መܵܽଵଵ  ܿ൯  	ܾ	݈݊ ൬ መܵܽଵଵ  ܿ ቀೄయబ

∗

ಽ
ቁ

൰ 		ݎ݂		 ௦ܸଷ ൏ ܸ

ሺܽଵ  ܾ݊ሻ݈݊ ቀೄయబ
∗

ಽ
ቁ 		ݎ݂																																											 ௦ܸଷ  ܸ

	 (4.7) 

where 

ௌܸଷ
∗ ൌ 	 ൜ ௦ܸଷ						݂ݎ		 ௦ܸଷ ൏ ଵܸ

ଵܸ							݂ݎ		 ௦ܸଷ  ଵܸ
   (4.8) 

The model for the nonlinear site response was selected so that it becomes proportional to ln(VS30) 
as the input motion (ܵܽଵଵ) becomes small and as the VS30 approaches VLIN. We define a second 
shear-wave velocity, V1, above which there is no scaling with VS30. An example of the relation of 
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the VLIN and V1 parameters to the site response scaling is shown in Figure 4.1. For VS30>VLIN, 
there is no dependence on the ܵܽଵଵ, for VS30>V1, there is no dependence on VS30. 

 
Figure 4.1 Example of the VS30 scaling terms (from Abrahamson and Silva 

2008). 

To constrain the V1 term, non-parametric models of the VS30 scaling are used [Figure 
4.2(a-c)]. These plots show that at long periods, the scaling with VS30 becomes weaker for higher 
VS30 values. This indicates that for rock sites, the VS30 is not well correlated with deeper structure 
that controls the long-period amplification.  Based on Figures 4.2(a-c), the following model is 
used for the V1 scaling: 

ଵܸ ൌ ൞

1500 ܶ	ݎ݂  	ܿ݁ݏ0.5

exp	ሺെ0.35 ln ቀ ்

.ହ
ቁ  lnሺ1500ሻ ܿ݁ݏ0.5	ݎ݂  ܶ  ܿ݁ݏ3

800 ܶ	ݎ݂  ܿ݁ݏ3

 (4.9) 

The nonlinear site response terms (b, c, n, VLIN) were constrained by the results of the 
one-dimensional (1D) analytical site response model using the Peninsula Range soil model 
(Kamai et al. 2013), with one exception: although the b parameter was allowed to become 
positive at long periods in the Kamai et al. model, we constrain it to be smaller or equal to zero 
herein. Finally, note that the Kamai et al. model is constrained for 190 ≤ Vs30 ≤ 900 and should 
not be used for softer sites. 
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Figure 4.2(a) Non-parametric evaluation of the VS30 scaling, used to identify the 

V1 value. 
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 Figure 4.2(b) Non-parametric evaluation of the VS30 scaling, used to identify the 

V1 value. 
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 Figure 4.2(c) Non-parametric evaluation of the VS30 scaling, used to identify the 

V1 value. 

4.4 HANGING-WALL MODEL 

Our 2008 model included a HW factor, but the scaling with magnitude and distance were not 
well constrained. Donahue and Abrahamson (2013) used results from finite-fault simulations to 
constrain the dependence of the HW effects on magnitude, dip, and distance (over the rupture). 
The HW model includes five tapers to produce a smoothly varying HW effect as a function of 
the dip, magnitude, location over the rupture, depth, and distance off of the ends of the rupture. 

ସ݂൫ ܴ, ܴ௨, ܴ௫, ܴ௬, ,݅݀ ܼ௧,ܯ൯ ൌ ܽଵଷ ଵܶሺ݀݅ሻ ଶܶሺܯሻ ଷܶሺܴ௫,ܹ, ሻ݅݀ ସܶሺܼ௧ሻ ହܶሺܴ௫, ܴ௬ሻ 
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 (4.10) 

where 

ଵܶሺ݀݅ሻ ൌ ൜
ሺ90 െ ሻ/45݅݀ ݅݀	ݎ݂  30

60/45 ݅݀	ݎ݂ ൏ 30 (4.11) 

ଶܶሺܯሻ ൌ ቐ
1  aଶୌሺܯ െ 6.5ሻ ܯ	ݎ݂  6.5

1  aଶୌሺܯ െ 6.5ሻ െ ሺ1 െ aଶୌሻሺܯ െ 6.5ሻଶ 5.5	ݎ݂ ൏ ܯ ൏ 6.5
0 ܯ	ݎ݂  5.5

 (4.12) 

ଷܶሺܴ௫ሻ ൌ ൞

݄ଵ  ݄ଶሺܴ௫/ܴଵሻ  ݄ଷሺܴ௫/ܴଵሻଶ ௫ܴ	ݎ݂ ൏ ܴଵ
1 െ ቀோೣିோభ

ோమିோభ
ቁ ଵܴ	ݎ݂  ܴ௫  ܴଶ

0 ௫ܴ	ݎ݂  ܴଶ

 (4.13) 

ସܶሺ்ܼைோሻ ൌ ൝1 െ
ೀೃ
మ

ଵ
ைோ்ܼ	ݎ݂  10	݇݉

0 ைோ்ܼ	ݎ݂  10	݇݉
 (4.14) 

ହܶሺܴ௫, ܴ௬ሻ ൌ ൞

1 ௬ܴ	ݎ݂ ൏ ܴ௬ଵ

1 െ
ோబିோభ

ହ
௬ܴ	ݎ݂ െ ܴ௬ଵ ൏ 5

0 ௬ܴ	ݎ݂ െ ܴ௬ଵ  5

 (4.15a) 

where ܴଵ ൌ ሻ, ܴଶሺ݀݅ݏܹܿ ൌ 3ܴଵ , ܴ௬ଵ ൌ ܴ௫tan	ሺ20ሻ , ݄ଵ ൌ 0.25	, ݄ଶ ൌ 1.5 and ݄ଷ ൌ 	െ0.75. 

If the Ry0 distance metric is not available, the T5 taper can be replaced using the following 
model: 

ହܶሺ ܴሻ ൌ ൞

1 	ݎ݂ ܴ ൌ 0

1 െ
ோೕ್
ଷ

	ݎ݂ ܴ ൏ 30

0 	ݎ݂ ܴ  30

  (4.15b) 

The first three tapers (T1, T2, and T3) are constrained by the Donahue and Abrahamson 
(2013) HW model (called DA13), but include some modifications. For the magnitude taper (T2), 
we smoothed the a2HW term in the DA13 model to be 0.2 for all periods.  For the distance tapers 
(T3 and T5), the values of h1, h2, and h3 are set by DA13 while the models for R2 and Ry1 were set 
based on an evaluation of the HW residuals from the Chi-Chi data.  . There were only two ZTOR 
values considered in the DA13 model (ZTOR = 0 and ZTOR = 5 km) so this model did not provide 
constraints on the HW scaling with ZTOR for depths greater than 5 km. We assumed that the HW 
effect reduced to zero at ZTOR = 10 km. Finally, the scaling off the end of the rupture (T5) found 
in the Donahue and Abrahamson (2013) model showed the HW effect remaining for much larger 
Rx distances than seen in the empirical data. Although the empirical data is sparse, we relied on 
the empirical data from the Chi-Chi, Taiwan earthquake to set this scaling. 
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Although a complex form is used such that the HW effect scales in a reasonable manner 
with magnitude, dip, depth, and distance, only the a13 term (e.g. maximum amplitude of HW 
effect for M = 6.5, dip =45, ZTOR = 0) was estimated in regression analysis. 

4.5 DEPTH-TO-TOP OF RUPTURE MODEL 

Based on preliminary evaluations, we simplified the AS08 model to use the same depth scaling 
for all styles of faulting. Although there is some evidence for a reduction of the depth 
dependence at shallow depths, we used a linear scaling at all depths for simplicity. To avoid 
having the small magnitude data control the scaling for the large magnitudes, the scaling was 
constrained for the larger magnitudes (see Table 5.1). There is still sparse data at large ZTOR 
values (greater than 20 km). To avoid an unconstrained extrapolation, the depth scaling is capped 
at 20 km depth.  

݂ሺ்ܼைோሻ ൌ ቊ
ܽଵହ

ೀೃ
ଶ

ைோ்ܼ	ݎ݂ ൏ 20	݇݉

ܽଵହ ைோ்ܼ	ݎ݂  20	݇݉
 (4.16) 

4.6 SOIL DEPTH MODEL 

In the AS08 model, we used results from analytical modeling [both three-dimensional (3D) basin 
modeling and 1D shallow site response modeling] to constrain the soil depth scaling due to the 
sparse and sometimes inconsistent Z1 values in the 2008 NGA data set. In the NGA-West2 data 
set, there are many more sites with Z1 values. Therefore, we used the empirical data to set the Z1 
scaling. Of the 15750 recordings in our selected data set, 9668 have estimates of Z1.  For the 
remaining 6082 recordings without Z1 estimates, we set Z1=Z1,ref(VS30), where Z1,ref  is the 
average Z1 for the given Vs30 value.  

Preliminary evaluations showed that the Z1 scaling is dependent on the VS30 value. We 
used a non-parametric approach to model this dependence by using VS30 bins: 

ଵ݂ሺܼଵ, ௦ܸଷሻ ൌ

ە
ۖ
ۖ
۔

ۖ
ۖ
ସଷ݈݊ܽۓ ൬

భା.ଵ

భ,ೝା.ଵ
൰ 	ݎ݂ ௦ܸଷ  200

ܽସସ݈݊ ൬
భା.ଵ

భ,ೝା.ଵ
൰ 200	ݎ݂ ൏ 	 ௦ܸଷ 	 300
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 (4.17) 

For the reference Z1 value, we adopted the relationships developed by Chiou and Youngs (2013) 
for Z1 (in km) as a function of Vs30. The relationships for California and Japan are shown in 
Equations (4.18) and (4.19), respectively: 

ܼଵ, ൌ
ଵ

ଵ
ݔ݁ ቆെ .

ସ
݈݊ ቀ ೞయబ

ర ାଵర

ଵଷరାଵర
ቁቇ (4.18) 
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ܼଵ, ൌ
ଵ

ଵ
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ଶ
݈݊ ቀ ೞయబ

మ ାସଵଶమ

ଵଷమାସଵଶమ
ቁቇ (4.19) 

4.7 AFTERSHOCK SCALING 

Previous studies, such as AS08, have found that the median short-period ground motions from 
aftershocks are smaller than the median ground motions from mainshocks. The definition for 
aftershocks has been modified in this project using the definition of Class 1 and Class 2 events as 
described in Wooddell and Abrahamson (2012). According to this new terminology, we define 
Class 2 events as those events that have a CRjb < 15 km and that fall within the Gardner and 
Knopoff (1974) time window. Following the hypothesis that the stress drops are lower for 
earthquakes that re-rupture the Class 1 mainshock rupture plane, the ground motions from Class 
2 events are scaled using the following expression: 

ଵ݂ଵ൫ܥ ܴ൯ ൌ 	൞

ܽଵସ ܥ	ݎ݂ ܴ  5

ܽଵସ ቂ1 െ
ோೕ್ିହ

ଵ
ቃ 5	ݎ݂ ൏ ܥ ܴ ൏ 15

0 ܥ	ݎ݂ ܴ  15

 (4.21) 

4.8 REGIONALIZATION 

We allowed for regionalization of the VS30 scaling and the Q term for the data from Taiwan, 
Japan, and China. In all cases, the additional coefficient is added to the base model (all other 
regions, dominated by California), which is used as a reference. For all three regions, we allow 
for a difference in the large distance (linear R) terms, such that the linear R coefficients a25 for 
Taiwan, a28 for China, and a29 for Japan, are added to the base model coefficient, a17. The 
regionalization is given by: 

൫݈ܴܽ݊݅݃݁ ௦ܸଷ, ܴ௨൯ ൌ ௐ൫்ܨ	 ଵ݂ଵሺ ௦ܸଷሻ  ܽଶହܴ௨൯ 	ܨே൫ܽଶ଼ܴ௨൯ 
൫ܨ ଵ݂ଶሺ ௦ܸଷሻ  ܽଶଽܴ௨൯		 ሺ4.22ሻ	

where FTW equals 1.0 for Taiwan and 0 for all other regions, FCN equals 1.0 for China and 0 for 
all other regions, and FJP equals 1.0 for Japan and 0 for all other regions. 

The linear VS30 scaling in the base model is described by the coefficients a10+bn. For 
Taiwan, the change in the ln(VS30) slope is included, using the coefficient a31. 

ଵ݂ଵሺ ௦ܸଷሻ ൌ 	ܽଷଵ݈݊ ቀ
ೞయబ
ಽ

ቁ		 ሺ4.23ሻ	

 For Japan, the preliminary analyses showed a break in the VS30 scaling, such that there 
isn’t a constant slope for all Vs30 values and rather the scaling seems to be bi-linear. Therefore, 
for the Japanese data, we allowed for a non-parametric deviation from the base ln(VS30) scaling 
using VS30 bins, expressed by the coefficients a36 through a42 for the different Vs30 bins, as 
follows: 
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		 ሺ4.24ሻ	

The middle Vs30 bin 400< Vs30<500 m/sec was set as a reference value and its coefficient 
(a39) was set to zero to normalize the site amplification relative to the base model. A regionalized 
VS30 scaling for China was not included due to the smaller amount of data available. 

4.9 CONSTANT DISPLACEMENT MODEL 

In the AS08 model, the spectral displacement was constrained to reach a constant value at long 
periods. In the new model, this constraint is not applied, but the regression led to reasonably 
constant displacement spectra without the additional constraint. 
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5 Regression Analysis 

The random-effects model was used for the regression analysis following the procedure 
described by Abrahamson and Youngs (1992) with modifications for the effects of the nonlinear 
site response on the standard deviations described in Al Atik and Abrahamson (2010). The 
random-effects method leads to two types of residuals: inter-event residuals and intra-event 
residuals. The effects of nonlinear site response on  and  are included in the likelihood 
function. 

Our model includes a large number of coefficients; a recurring issue raised regarding our 
model is the model complexity. There has been a concern that the model is over-parameterized 
such that the parameters cannot be reliably estimated from the empirical data. Much of the model 
complexity is associated with nonlinear site response and HW scaling which are partly or fully 
constrained outside of the regression analysis. 

The regression is performed in a number of steps, starting with a more limited data set 
and then proceeding to the full range, including M>3, Rrup<300. Table 5.1 lists the parameters 
that were regressed in each step and those which were smoothed and fixed following each step. 
The step numbers are consistent with Figure 2.4, which shows the number of events and number 
of recordings for each step. 

A key issue we faced was the large magnitude scaling at long periods (T=1 to 3 sec). In 
this range, the Wenchuan earthquake (M7.9) has very weak ground motions. Including the data 
from the Wenchuan earthquake led to large magnitude (M6.5 to M8) scaling that was about 1/2 
of the scaling seen from finite-fault numerical simulations (Collins et al, 2006).  In contrast, 
excluding the data from the Wenchuan earthquake led to large magnitude scaling that was 
consistent with the scaling seen in the numerical simulations. With only a few large magnitude 
earthquakes (M>7.5) in our data set, we chose to remove the Wenchuan earthquake from the 
early regression steps (step 1 and 2). Once the magnitude scaling was fixed, the Wenchuan 
earthquake was then included in the regression.  This allows the Wenchaun data to affect the 
standard deviation, but not the median in terms of the magnitude scaling. 

To arrive at a smooth model, the coefficients were smoothed in a series of steps (Table 5-
1). Smoothing could be performed for a number of reasons, including (1) to assure a smooth 
spectra, and (2) to constrain the model to a more physical behavior where the data is sparse. For 
example – smoothing of the parameters a8, a10, a11, a12, a14, and a15 (shown in Figures 5-1, 
5-2, 5-3, 5-4, and 5-5, respectively) were performed to assure that the final model spectra will be 
smooth across the application range, including where it is extrapolated outside of the range well 
constrained by the data. Smoothing of the long distance scaling parameters (see Figure 5-6) was  
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Table 5.1 Constraints on the Model parameters. 

Step Data Set Estimated Parameters 
Parameters Smoothed 

after run 

1a 
M>5.5, Rrup< 80 km 

(PGA only) 
a1, a2, a3, a4, a5, a10, 
a11, a12, a13, a14, a15 

a4 (linear mag, M5-
M6.75) 

a5 (linear mag, 
M>7.75) 

1b 
M>5.5, Rrup < 80 km 

(HW data only) 
a1, a2, a3, a10, a11, a12, 

a13, a14, a15 
a13 (HW) 

1c M>5.5, Rrup < 80 km 
a1, a2, a3, a6, a8, a10, 

a11, a12, a14, a15 
c4 (ficticious depth) 

a3 (mag dep GS) 

1d M>4.5, Rrup < 80 km 
a1, a2, a6, a8, a10, a11, 

a12, a14, a15, a31 

a15 (ZTOR), 

a8 (quadratic 
magnitude) 

1e M>4.5, Rrup < 80 km 
a1, a2, a6, a10, a11, a12, 

a14,, a31 

a11 (RV SOF) 

a12 (NML SOF) 

a14 (eqk class) 

1f M>4.5, Rrup < 80 km 
a1, a2, a6, a10, a25, a29, 
a31, a36, a37, a38,, a40, 

a41, a42 
a10 (linear site) 

2a 

M>4.5 

Rrup <300 (CA, Japan, 
Taiwan) 

Rrup <80 (other) 

a1, a2, a6, a17, a25, a29, 
a31, a36, a37, a38,, a40, 
a41, a42, a43, a44, a45, 

a46 

a17 (linear R) 

 

2b 

M>4.5 

Rrup <300 (CA, Japan, 
Taiwan) 

Rrup<80 (other) 

a1, a2, a6, a25, a29, a31, 
a36, a37, a38, a40, a41, 
a42, a43, a44, a45, a46 

a2, a43, a44, a45, a46 

(Z1 for vs30 bins) 

 

3a 

M>3.0 

Rrup <300 (CA, Japan, 
Taiwan) 

Rrup <80 (other) 

a1, a6, a25, a29, a31, a36, 
a37, a38, a40, a41, a42 

a6 (small mag linear) 

 

3b 

M>3.0 

Rrup <300 (CA, Japan, 
Taiwan) 

Rrup <80 (other) 

a1, a25, a29, a31, a36, 
a37, a38, a40, a41, a42 

a1 
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constrained to be negative across all periods to assure that the ground motion will continue to 
attenuate at long distances and not curve upwards, as some of the regressed coefficients suggest. 
The smoothing of the Z1 scaling is shown in Figure 5-7. The values of the smoothed coefficients 
for the median ground motion are listed in Tables 5-2 to 5-5.   

The a14 term had an unexpected trend with period.  Previous studies have noted that 
there is a reduction in the short-period ground motions from aftershocks as compared to 
mainshocks (e.g. AS08 model).  Figure 5-4 shows the expected reduction at short periods, but it 
also shows a large increase in the long-period ground motion from aftershocks. Currently, we do 
not have an explanation for this increase, but we included it in our model to avoid biasing the 
ground motions from mainshocks. 

 
 

Table 5.2 Period-independent constants for the median ground motion. 

M2 a4 a5 a7 N c 

5.0 -0.10 -0.49 0.0 1.5 2.4 (2400 for PGV) 
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Table 5.3(a) Coefficients for the median ground motion. 

Parameter VLIN b c4 M1 a1 a2 a3 a6 a8 

PGA 660 -1.47 6 6.75 0.464 -0.790 0.281 2.28 0 

PGV 330 -2.02 3 6.75 6.168 -0.950 0.281 2.30 -0.120 

T=0.010 660 -1.47 6 6.75 0.464 -0.790 0.281 2.28 0 

T=0.020 680 -1.46 6 6.75 0.473 -0.790 0.281 2.28 0 

T=0.030 770 -1.39 6 6.75 0.457 -0.790 0.281 2.25 0 

T=0.050 800 -1.22 6 6.75 0.652 -0.790 0.281 2.18 0 

T=0.075 800 -1.15 6 6.75 0.950 -0.790 0.278 2.13 0 

T=0.100 800 -1.23 5.9 6.75 1.160 -0.790 0.27 2.14 0 

T=0.150 740 -1.59 5.8 6.75 1.487 -0.790 0.258 2.19 -0.029 

T=0.200 590 -2.01 5.7 6.75 1.712 -0.790 0.25 2.25 -0.050 

T=0.250 495 -2.41 5.6 6.75 1.796 -0.790 0.242 2.30 -0.066 

T=0.300 430 -2.76 5.5 6.75 1.849 -0.790 0.239 2.35 -0.079 

T=0.400 360 -3.28 5.2 6.75 1.825 -0.790 0.231 2.45 -0.099 

T=0.500 340 -3.6 4.8 6.75 1.768 -0.790 0.23 2.55 -0.115 

T=0.750 330 -3.8 4.4 6.75 1.543 -0.790 0.23 2.65 -0.144 

T=1.000 330 -3.5 4 6.75 1.292 -0.790 0.23 2.70 -0.165 

T=1.500 330 -2.4 3.75 6.75 0.855 -0.790 0.23 2.75 -0.194 

T=2.000 330 -1 3.5 6.75 0.521 -0.790 0.23 2.75 -0.214 

T=3.000 330 0 3.25 6.82 0.160 -0.790 0.23 2.75 -0.243 

T=4.000 330 0 3 6.92 -0.070 -0.790 0.23 2.75 -0.264 

T=5.000 330 0 3 7 -0.410 -0.756 0.23 2.75 -0.270 

T=6.000 330 0 3 7.06 -0.838 -0.700 0.23 2.75 -0.270 

T=7.500 330 0 3 7.15 -1.433 -0.620 0.23 2.75 -0.270 

T=10.000 330 0 3 7.25 -2.368 -0.515 0.23 2.75 -0.270 
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Table 5.3(b) Coefficients for the median ground motion. 

Parameter a10 a11 a12 a13 a14 a15 a17 

PGA 1.735 0 -0.1 0.60 -0.30 1.10 -0.0066 

PGV 2.360 0 -0.1 0.25 0.22 0.90 -0.0010 

T=0.010 1.735 0 -0.1 0.60 -0.30 1.10 -0.0066 

T=0.020 1.718 0 -0.1 0.60 -0.30 1.10 -0.0066 

T=0.030 1.615 0 -0.1 0.60 -0.30 1.10 -0.0066 

T=0.050 1.358 0 -0.1 0.60 -0.30 1.10 -0.0075 

T=0.075 1.258 0 -0.1 0.60 -0.30 1.10 -0.0092 

T=0.100 1.310 0 -0.1 0.60 -0.30 1.10 -0.0101 

T=0.150 1.660 0 -0.1 0.60 -0.30 1.10 -0.0097 

T=0.200 2.220 0 -0.1 0.60 -0.30 1.10 -0.0084 

T=0.250 2.770 0 -0.1 0.60 -0.24 1.10 -0.0074 

T=0.300 3.250 0 -0.1 0.60 -0.19 1.03 -0.0064 

T=0.400 3.990 0 -0.1 0.58 -0.11 0.92 -0.0043 

T=0.500 4.450 0 -0.1 0.56 -0.04 0.84 -0.0032 

T=0.750 4.750 0 -0.1 0.53 0.07 0.68 -0.0025 

T=1.000 4.300 0 -0.1 0.50 0.15 0.57 -0.0022 

T=1.500 2.650 0 -0.1 0.42 0.27 0.42 -0.0016 

T=2.000 0.550 0 -0.1 0.35 0.35 0.31 -0.0013 

T=3.000 -0.950 0 -0.1 0.20 0.46 0.16 -0.0010 

T=4.000 -0.950 0 -0.1 0 0.54 0.05 -0.0010 

T=5.000 -0.930 0 -0.1 0 0.61 -0.04 -0.0010 

T=6.000 -0.910 0 -0.1 0 0.65 -0.11 -0.0010 

T=7.500 -0.875 0 -0.1 0 0.72 -0.19 -0.0010 

T=10.000 -0.800 0 -0.1 0 0.80 -0.30 -0.0010 
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Table 5.3(c) Coefficients for the Z1 scaling of the median ground motion. 

Parameter a43 a44 a45 a46 

PGA 0.10 0.05 0.00 -0.05 

PGV 0.28 0.15 0.09 0.07 

T=0.010 0.10 0.05 0.00 -0.05 

T=0.020 0.10 0.05 0.00 -0.05 

T=0.030 0.10 0.05 0.00 -0.05 

T=0.050 0.10 0.05 0.00 -0.05 

T=0.075 0.10 0.05 0.00 -0.05 

T=0.100 0.10 0.05 0.00 -0.05 

T=0.150 0.10 0.05 0.00 -0.05 

T=0.200 0.10 0.05 0.00 0.03 

T=0.250 0.10 0.05 0.00 0.00 

T=0.300 0.10 0.05 0.03 0.03 

T=0.400 0.10 0.07 0.06 0.06 

T=0.500 0.10 0.10 0.10 0.09 

T=0.750 0.14 0.14 0.14 0.13 

T=1.000 0.17 0.17 0.17 0.14 

T=1.500 0.22 0.21 0.20 0.16 

T=2.000 0.26 0.25 0.22 0.16 

T=3.000 0.34 0.30 0.23 0.16 

T=4.000 0.41 0.32 0.23 0.14 

T=5.000 0.51 0.32 0.22 0.13 

T=6.000 0.55 0.32 0.20 0.10 

T=7.500 0.55 0.29 0.17 0.08 

T=10.000 0.42 0.22 0.14 0.08 
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Table 5.4 Coefficients for the median ground motion for other regions. 

Parameter a25 a28 a29 a31 

PGA -0.0015 0.0025 -0.0034 -0.1503 

PGV -0.0001 0.0005 -0.0037 -0.1462 

T=0.010 -0.0015 0.0025 -0.0034 -0.1503 

T=0.020 -0.0015 0.0024 -0.0033 -0.1479 

T=0.030 -0.0016 0.0023 -0.0034 -0.1447 

T=0.050 -0.0020 0.0027 -0.0033 -0.1326 

T=0.075 -0.0027 0.0032 -0.0029 -0.1353 

T=0.100 -0.0033 0.0036 -0.0025 -0.1128 

T=0.150 -0.0035 0.0033 -0.0025 0.0383 

T=0.200 -0.0033 0.0027 -0.0031 0.0775 

T=0.250 -0.0029 0.0024 -0.0036 0.0741 

T=0.300 -0.0027 0.0020 -0.0039 0.2548 

T=0.400 -0.0023 0.0010 -0.0048 0.2136 

T=0.500 -0.0020 0.0008 -0.0050 0.1542 

T=0.750 -0.0010 0.0007 -0.0041 0.0787 

T=1.000 -0.0005 0.0007 -0.0032 0.0476 

T=1.500 -0.0004 0.0006 -0.0020 -0.0163 

T=2.000 -0.0002 0.0003 -0.0017 -0.1203 

T=3.000 0 0 -0.0020 -0.2719 

T=4.000 0 0 -0.0020 -0.2958 

T=5.000 0 0 -0.0020 -0.2718 

T=6.000 0 0 -0.0020 -0.2517 

T=7.500 0 0 -0.0020 -0.1337 

T=10.000 0 0 -0.0020 -0.0216 
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Table 5.5 Coefficients for the Vs30 scaling of the median ground motion for 
Japan. 

Parameter a36 a37 a38 a40 a41 a42 

PGA 0.265 0.337 0.188 0.088 -0.196 0.044 

PGV 0.377 0.212 0.157 0.095 -0.038 0.065 

T=0.010 0.265 0.337 0.188 0.088 -0.196 0.044 

T=0.020 0.255 0.328 0.184 0.088 -0.194 0.061 

T=0.030 0.249 0.320 0.180 0.093 -0.175 0.162 

T=0.050 0.202 0.289 0.167 0.133 -0.090 0.451 

T=0.075 0.126 0.275 0.173 0.186 0.090 0.506 

T=0.100 0.022 0.256 0.189 0.160 0.006 0.335 

T=0.150 -0.136 0.162 0.108 0.068 -0.156 -0.084 

T=0.200 -0.078 0.224 0.115 0.048 -0.274 -0.178 

T=0.250 0.037 0.248 0.122 0.055 -0.248 -0.187 

T=0.300 -0.091 0.203 0.096 0.073 -0.203 -0.159 

T=0.400 0.129 0.232 0.123 0.143 -0.154 -0.023 

T=0.500 0.310 0.252 0.134 0.160 -0.159 -0.029 

T=0.750 0.505 0.208 0.129 0.158 -0.141 0.061 

T=1.000 0.358 0.208 0.152 0.145 -0.144 0.062 

T=1.500 0.131 0.108 0.118 0.131 -0.126 0.037 

T=2.000 0.123 0.068 0.119 0.083 -0.075 -0.143 

T=3.000 0.109 -0.023 0.093 0.070 -0.021 -0.028 

T=4.000 0.135 0.028 0.084 0.101 0.072 -0.097 

T=5.000 0.189 0.031 0.058 0.095 0.205 0.015 

T=6.000 0.215 0.024 0.065 0.133 0.285 0.104 

T=7.500 0.166 -0.061 0.009 0.151 0.329 0.299 

T=10.000 0.092 -0.159 -0.050 0.124 0.301 0.243 

  



41 

 

 

 
Figure 5.1 Smoothing of the quadratic magnitude coefficients. 

 

 
Figure 5.2 Smoothing of the VS30 scaling for the linear range. 
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Figure 5.3 Smoothing of the SOF coefficents. 

 

 
Figure 5.4 Smoothing of the earthquake class coefficients. 
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Figure 5.5 Smoothing of the ZTOR coefficients. 

 
 

 
Figure 5.6 Smoothing of the large distance scaling. 
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Figure 5.7 Smoothing of the Z1 scaling. 
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6 Residuals 

In this section, residuals from the regression analysis are shown as functions of all the main 
independent parameters to allow an evaluation of the model. The residuals are shown for PGA 
and spectral periods of 0.2, 0.5, 1.0, 3.0, 6.0 and 10.0 sec. 

6.1 INTER-EVENT RESIDUALS 

The inter-event residuals are plotted as functions of magnitude, depth-to-top of rupture, and rake 
in Figures 6-1a-g for PGA and spectral periods of 0.2, 0.5, 1.0, 3.0, 6.0 and 10.0 sec, 
respectively.  The open circles represent the Western U.S (WUS) data while the open squares 
represent all other regions. For all periods, there is not a strong magnitude or rake dependence. 
For ZTOR, there is no trend up to 15 km but the average residual beyond 15 km is slightly 
negative. Given the sparse data at that range (only nine events) we consider the model scaling of 
ZTOR to be acceptable, but note that it is poorly constrained for ZTOR > 15 km. 

6.2 INTRA-EVENT RESIDUALS 

6.2.1 Distance Scaling 

The basic model is evaluated through the distance dependence of the intra-event residuals. The 
distance dependence is evaluated by region, by magnitude bins for WUS data only and for a 
selected number of well-recorded events.  

The distance dependence of the intra-event residuals are shown in Figures 6.2(a) through 
6.2(n), separated by region (All regions, WUS, Taiwan, Japan, and China). Overall, there is no 
trend seen in the residuals up to distances greater than Rrup = 200 km. For those larger distances, 
the WUS data is generally over-estimated at periods between PGA and 1 sec, while the Chinese 
data is generally under-estimated. 

The distance scaling by magnitude bins, for the WUS data only, is presented in Figures 
6.3(a) through 6.3(g). The magnitude bins 3, 4, 5, 6, and 7 correspond to magnitude ranges of: 
3≤M<3.5, 3.5≤M<4.5, 4.5≤M<5.5, 5.5≤M<6.5 and 6.5≤M<8, respectively. There are no 
apparent trends in the residuals up to a distance of about 100 km at longer distance and periods 
of 0.5 sec and longer, the magnitude-bin 6 data is under-predicted while the magnitude-bin 7 
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data is over-predicted at distance of Rrup >200 and periods of 0.2 to 0.5 sec. The magnitude-bin 7 
data is clearly fit by the model out to distances of 300 km for all periods. 

Comparisons of our preliminary model with the preliminary models of the other NGA-
West2 developers showed that our model was producing much larger ground motions at large 
magnitudes (M>7) and large distances (Rrup> 100 km) for T=1 sec.  For the large magnitudes at 
T=1 sec, the other models attenuated much faster with distance. To evaluate the distance 
attenuation in our final model, we examined the residuals from four well-recorded California 
events - the 1989 M6.9 Loma Prieta, the 1994 M6.7 Northridge, the 1992 M7.3 Landers, and the 
2010 M7.2 El-Mayor Cucapah. Figures 6-4a and 6-4b present the residuals for these four events 
for periods of PGA and 1 sec, respectively. At PGA, the residuals show no trend with distance 
for all four events. At 1 sec, though, there are contradicting distance trends. For example, the El 
Mayor Cucapah earthquake, which is the best recorded large earthquake in California, has a 
faster attenuation than our model.  As most of the data were at large distances, the event term 
centered the model on the values near 200 km.  The steeper attenuation at large distances is 
reflected in the positive residuals at short distances. The Northridge data also have a steeper 
attenuation than our model, but the Loma-Prieta data have weaker distance attenuation and the 
Landers data have an attenuation rate that is consistent with our model. This suggests that these 
events have different long-period attenuation attributes but that they are all captured, on average, 
by the model as seen in Figure 6-3d. 

6.2.2 Site Response 

The linear site response model is evaluated through the VS30 dependence of the intra-event 
residuals, shown in Figures 6.5(a) through 6.5(f). Overall, there is no trend in the residuals as a 
function of VS30, but the three WUS recordings with VS30 = 2000 m/sec are high for all spectral 
periods. This could be related to lower kappa which is not accounted for in this model. 

The nonlinear site response model is evaluated through the Sa1100 dependence of the 
intra-event residuals for soil sites, shown in Figures 6.6(a) through 6.6(d) for sites with 
180<Vs30<360 m/sec only. Overall, for the WUS and other regions, there is no trend in the 
residuals as a function of the Sa1100 (apart for where the data is very sparse), indicating that for 
this range of Vs30, the nonlinear site response constrained by the PEN analytical model is 
consistent with the observations. Our model over-predicts the short-period ground motions from 
soil sites in Japan for high input rock motions, indicating that there is less non-linearity for the 
Japanese soil sites than given in the PEN model. 

The residuals for Vs30 ≤ 180 m/sec are not plotted since there are very few data points, but 
based on the sparse available data, nonlinearity seems to be over-predicted by the analytical 
model. We note that the model is not applicable at these low velocities and should not be used. 

Finally, the Z1.0 scaling is evaluated by examining the residuals for five different Vs30 bins 
in Figure 6.7(a) through 6.7(g). The intra-event residuals are plotted as a function of Z1.0. No 
trends are observed in the results. 
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6.2.3 Hanging Wall 

The Hanging Wall (HW) scaling is evaluated by examining the residuals for sites on the HW 
side of the rupture. Figure 6.8(a) through 6.8(g) show the dependence of the intra-event residuals 
for sites with source-to-site azimuths of 8595 (Using 8595 rather than 90 includes sites 
located just off the edge of the rupture). The residuals are plotted as a function of RJB and as 
functions of magnitude and dip for RJB< 2 km (sites either over the rupture or within 2 km of the 
edge of the surface projection of the rupture). No trend is observed with distance or dip, but the 
residuals below magnitude 6 are positive for short periods, indicating that the HW effects may 
extend to smaller magnitudes than assumed in developing the small magnitude part of the T2(M) 
taper. 

6.3 CORRELATIONS OF RESIDUALS ACROSS PERIODS 

The correlation of the residuals across periods is needed to develop mean conditional spectra 
(Baker and Cornell 2006) and for vector hazard calculations for multiple spectra periods that can 
be used to better predict structural response (Watson-Lamprey 2007). Contour plots of the 
correlation coefficient for the normalized inter-event and intra-event residuals are shown in 
Figures 6.9(a) and 6.9(b), respectively. For a subset of spectral periods, the digital values of the 
unsmoothed correlation coefficients for the normalized inter-event and intra-event residuals are 
listed in Tables 6.1 and 6.2, respectively. 

As discussed in Carlton and Abrahamson (2013), the correlation of the total residuals is 
given by the following equation: 

ሺ	௧௧ߩ ܶ , ܶ∗ሻ ൌ 	
ఛሺ்ሻ∙ఛሺ்∗ሻ

ఙሺ்ሻ∙ఙሺ்∗ሻ
ఛሺߩ ܶ, ܶ∗ሻ 

థሺ்ሻ∙థሺ்∗ሻ

ఙሺ்ሻ∙ఙሺ்∗ሻ
థሺߩ ܶ, ܶ∗ሻ (6.1) 

where ܶ∗ is the conditioning period, ܶ is the other period of interest, ߩథ is the correlation of the 
intra-event residuals and ߩఛ is the correlation of inter-event residuals. 

6.4  DEPENDENCE ON OTHER PARAMETERS 

A measure of the static stress-drop was also considered as a source parameter. We used the 
difference between the magnitude and [Log(Area) + 4] as a proxy for the scaling with static 
stress-drop: above average stress-drops will have positive values of [M-(log(A)+4)] and below 
average stress drops will have negative values of [M-(log(A)+4)].  Figure 6-10 shows the event 
terms from large magnitude (M>6.5) earthquakes for periods of T=1 sec, T=3 sec and T=6 sec.  
If we were simply scaling the slip and keeping all other parameters the same, we would expect 
that the ground motions would be larger (positive residual) for above average slip (positive M-
LOG(A)-4) and smaller for below average slip (negative M-LOG(A)-4); however, these figures 
show there is no trend in the residuals with static stress drop. We note that this result is not 
consistent with the finite-fault simulations which show a strong dependence on static stress drop.  
The implication is that there are correlations between static stress drop and other source 
parameters that are currently not account for in the finite-fault simulations.  
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We also evaluated the dependence of the inter-event residuals on the fault slip-
rate.  There are only 16 events in our selected data set that have a slip-rate associated with the 
event.  These 16 slip-rates range from 0.2 mm/yr to 35 mm/yr.  Our residuals do not show a trend 
with slip-rate for the 16 available events.  The small subset of events that were assigned slip-
rates in the NGA-West2 data set have larger slip-rates, so this comparison does not address the 
potential impact of slip-rate on ground motions for faults with very low slip-rates (e.g. < 0.1 
mm/yr).  

Finally, we evaluated the residuals for an indication of kappa scaling for rock sites.  The 
version of the flatfile that was available to the NGA-West2 developers did not include kappa 
estimates for the stations.  For this evaluation, we used a proxy for kappa based on the response 
spectral shape (Sa/PGA):  we used the smallest period at which the spectral shape reaches a 
value of 1.5 (called Tamp1.5).  For M>5 and Rrup< 50 km, there is little change in the high 
frequency spectral shape for a given Vs30.  Therefore, we used a subset of data with M>5, Rrup < 
50 km, and Vs30 > 600 m/s to evaluate the potential for kappa scaling. For this subset, there is a 
significant trend in the 0.02 sec to 0.1 sec intra-event residuals with larger residuals at smaller 
Tamp1.5 values. This suggests that kappa should be considered as a potential additional parameter 
in updates of the GMPE for short-period ground motions on rock sites  
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Table 6.1(a) Unsmoothed correlation coefficients for inter-event residuals. 

PGA T=0.02 T=0.03 T=0.05 T=0.075 T=0.1 T=0.15 T=0.2 T=0.25 T=0.3 T=0.4 

PGA 1.000 0.998 0.991 0.960 0.941 0.939 0.935 0.908 0.828 0.727 0.602 

T=0.02 0.998 1.000 0.995 0.969 0.948 0.942 0.929 0.895 0.810 0.705 0.578 

T=0.03 0.991 0.995 1.000 0.984 0.959 0.944 0.915 0.866 0.768 0.655 0.524 

T=0.05 0.960 0.969 0.984 1.000 0.981 0.954 0.897 0.812 0.684 0.560 0.413 

T=0.075 0.941 0.948 0.959 0.981 1.000 0.981 0.918 0.811 0.669 0.542 0.378 

T=0.1 0.939 0.942 0.944 0.954 0.981 1.000 0.950 0.848 0.710 0.585 0.414 

T=0.15 0.935 0.929 0.915 0.897 0.918 0.950 1.000 0.946 0.840 0.740 0.575 

T=0.2 0.908 0.895 0.866 0.812 0.811 0.848 0.946 1.000 0.956 0.880 0.745 

T=0.25 0.828 0.810 0.768 0.684 0.669 0.710 0.840 0.956 1.000 0.963 0.867 

T=0.3 0.727 0.705 0.655 0.560 0.542 0.585 0.740 0.880 0.963 1.000 0.940 

T=0.4 0.602 0.578 0.524 0.413 0.378 0.414 0.575 0.745 0.867 0.940 1.000 

T=0.5 0.479 0.454 0.397 0.283 0.243 0.275 0.441 0.623 0.762 0.857 0.963 

T=0.75 0.273 0.247 0.192 0.073 0.021 0.055 0.220 0.423 0.585 0.699 0.847 

T=1 0.165 0.142 0.088 -0.024 -0.072 -0.043 0.107 0.308 0.478 0.613 0.774 

T=1.5 0.162 0.139 0.085 -0.028 -0.083 -0.055 0.098 0.295 0.456 0.582 0.731 

T=2 0.148 0.126 0.078 -0.029 -0.086 -0.061 0.076 0.264 0.413 0.530 0.677 

T=3 0.205 0.184 0.142 0.037 -0.026 -0.010 0.125 0.310 0.438 0.519 0.645 

T=4 0.154 0.141 0.107 0.023 -0.030 -0.028 0.075 0.236 0.349 0.431 0.533 

T=5 0.241 0.230 0.198 0.117 0.064 0.063 0.152 0.279 0.377 0.443 0.521 

T=6 0.248 0.237 0.207 0.124 0.069 0.073 0.141 0.260 0.343 0.388 0.450 

T=7 0.284 0.274 0.250 0.169 0.118 0.116 0.164 0.277 0.336 0.340 0.379 

T=8 0.331 0.322 0.301 0.221 0.169 0.161 0.193 0.302 0.361 0.345 0.382 

T=10 0.316 0.307 0.289 0.199 0.136 0.133 0.133 0.247 0.308 0.268 0.291 
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Table 6.1(b) Unsmoothed correlation coefficients for inter-event residuals 
(continued). 

T=0.5 T=0.75 T=1 T=1.5 T=2 T=3 T=4 T=5 T=6 T=7 T=8 T=10 

PGA 0.479 0.273 0.165 0.162 0.148 0.205 0.154 0.241 0.248 0.284 0.331 0.316 

T=0.02 0.454 0.247 0.142 0.139 0.126 0.184 0.141 0.230 0.237 0.274 0.322 0.307 

T=0.03 0.397 0.192 0.088 0.085 0.078 0.142 0.107 0.198 0.207 0.250 0.301 0.289 

T=0.05 0.283 0.073 -0.024 -0.028 -0.029 0.037 0.023 0.117 0.124 0.169 0.221 0.199 

T=0.075 0.243 0.021 -0.072 -0.083 -0.086 -0.026 -0.030 0.064 0.069 0.118 0.169 0.136 

T=0.1 0.275 0.055 -0.043 -0.055 -0.061 -0.010 -0.028 0.063 0.073 0.116 0.161 0.133 

T=0.15 0.441 0.220 0.107 0.098 0.076 0.125 0.075 0.152 0.141 0.164 0.193 0.133 

T=0.2 0.623 0.423 0.308 0.295 0.264 0.310 0.236 0.279 0.260 0.277 0.302 0.247 

T=0.25 0.762 0.585 0.478 0.456 0.413 0.438 0.349 0.377 0.343 0.336 0.361 0.308 

T=0.3 0.857 0.699 0.613 0.582 0.530 0.519 0.431 0.443 0.388 0.340 0.345 0.268 

T=0.4 0.963 0.847 0.774 0.731 0.677 0.645 0.533 0.521 0.450 0.379 0.382 0.291 

T=0.5 1.000 0.933 0.873 0.822 0.772 0.736 0.629 0.599 0.517 0.433 0.421 0.324 

T=0.75 0.933 1.000 0.971 0.920 0.876 0.829 0.739 0.693 0.632 0.554 0.526 0.444 

T=1 0.873 0.971 1.000 0.965 0.926 0.861 0.788 0.720 0.649 0.556 0.513 0.427 

T=1.5 0.822 0.920 0.965 1.000 0.970 0.918 0.856 0.788 0.709 0.610 0.563 0.491 

T=2 0.772 0.876 0.926 0.970 1.000 0.950 0.891 0.832 0.754 0.655 0.604 0.555 

T=3 0.736 0.829 0.861 0.918 0.950 1.000 0.953 0.898 0.830 0.723 0.671 0.634 

T=4 0.629 0.739 0.788 0.856 0.891 0.953 1.000 0.964 0.908 0.816 0.762 0.715 

T=5 0.599 0.693 0.720 0.788 0.832 0.898 0.964 1.000 0.962 0.893 0.853 0.806 

T=6 0.517 0.632 0.649 0.709 0.754 0.830 0.908 0.962 1.000 0.964 0.925 0.885 

T=7 0.433 0.554 0.556 0.610 0.655 0.723 0.816 0.893 0.964 1.000 0.977 0.935 

T=8 0.421 0.526 0.513 0.563 0.604 0.671 0.762 0.853 0.925 0.977 1.000 0.958 

T=10 0.324 0.444 0.427 0.491 0.555 0.634 0.715 0.806 0.885 0.935 0.958 1.000 
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Table 6.2(a) Unsmoothed correlation coefficients for intra-event residuals. 

PGA T=0.02 T=0.03 T=0.05 T=0.075 T=0.1 T=0.15 T=0.2 T=0.25 T=0.3 T=0.4 

PGA 1.000 0.999 0.989 0.956 0.930 0.913 0.891 0.871 0.842 0.806 0.737 

T=0.02 0.999 1.000 0.993 0.963 0.933 0.913 0.885 0.863 0.833 0.795 0.725 

T=0.03 0.989 0.993 1.000 0.975 0.937 0.906 0.866 0.839 0.804 0.764 0.694 

T=0.05 0.956 0.963 0.975 1.000 0.959 0.908 0.838 0.791 0.741 0.694 0.618 

T=0.075 0.930 0.933 0.937 0.959 1.000 0.949 0.858 0.792 0.730 0.676 0.587 

T=0.1 0.913 0.913 0.906 0.908 0.949 1.000 0.906 0.831 0.763 0.705 0.608 

T=0.15 0.891 0.885 0.866 0.838 0.858 0.906 1.000 0.919 0.842 0.779 0.674 

T=0.2 0.871 0.863 0.839 0.791 0.792 0.831 0.919 1.000 0.928 0.858 0.753 

T=0.25 0.842 0.833 0.804 0.741 0.730 0.763 0.842 0.928 1.000 0.939 0.838 

T=0.3 0.806 0.795 0.764 0.694 0.676 0.705 0.779 0.858 0.939 1.000 0.904 

T=0.4 0.737 0.725 0.694 0.618 0.587 0.608 0.674 0.753 0.838 0.904 1.000 

T=0.5 0.675 0.663 0.632 0.551 0.516 0.534 0.595 0.674 0.760 0.822 0.926 

T=0.75 0.557 0.546 0.515 0.433 0.394 0.414 0.468 0.547 0.634 0.694 0.796 

T=1 0.487 0.475 0.445 0.367 0.329 0.348 0.396 0.467 0.548 0.611 0.709 

T=1.5 0.415 0.404 0.376 0.302 0.261 0.274 0.319 0.384 0.456 0.517 0.606 

T=2 0.386 0.377 0.352 0.284 0.241 0.246 0.280 0.338 0.405 0.459 0.538 

T=3 0.370 0.364 0.346 0.290 0.249 0.244 0.264 0.300 0.352 0.398 0.459 

T=4 0.340 0.336 0.323 0.276 0.238 0.228 0.241 0.274 0.314 0.352 0.403 

T=5 0.311 0.307 0.297 0.254 0.218 0.206 0.220 0.248 0.282 0.317 0.364 

T=6 0.270 0.267 0.256 0.216 0.181 0.172 0.182 0.207 0.240 0.274 0.322 

T=7 0.255 0.253 0.242 0.203 0.170 0.164 0.173 0.193 0.220 0.253 0.297 

T=8 0.247 0.244 0.235 0.196 0.163 0.159 0.169 0.187 0.215 0.248 0.287 

T=10 0.254 0.252 0.243 0.207 0.173 0.167 0.174 0.190 0.218 0.252 0.284 
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Table 6.2(b) Unsmoothed correlation coefficients for intra-event residuals 
(continued). 

T=0.5 T=0.75 T=1 T=1.5 T=2 T=3 T=4 T=5 T=6 T=7 T=8 T=10 

PGA 0.675 0.557 0.487 0.415 0.386 0.370 0.340 0.311 0.270 0.255 0.247 0.254 

T=0.02 0.663 0.546 0.475 0.404 0.377 0.364 0.336 0.307 0.267 0.253 0.244 0.252 

T=0.03 0.632 0.515 0.445 0.376 0.352 0.346 0.323 0.297 0.256 0.242 0.235 0.243 

T=0.05 0.551 0.433 0.367 0.302 0.284 0.290 0.276 0.254 0.216 0.203 0.196 0.207 

T=0.075 0.516 0.394 0.329 0.261 0.241 0.249 0.238 0.218 0.181 0.170 0.163 0.173 

T=0.1 0.534 0.414 0.348 0.274 0.246 0.244 0.228 0.206 0.172 0.164 0.159 0.167 

T=0.15 0.595 0.468 0.396 0.319 0.280 0.264 0.241 0.220 0.182 0.173 0.169 0.174 

T=0.2 0.674 0.547 0.467 0.384 0.338 0.300 0.274 0.248 0.207 0.193 0.187 0.190 

T=0.25 0.760 0.634 0.548 0.456 0.405 0.352 0.314 0.282 0.240 0.220 0.215 0.218 

T=0.3 0.822 0.694 0.611 0.517 0.459 0.398 0.352 0.317 0.274 0.253 0.248 0.252 

T=0.4 0.926 0.796 0.709 0.606 0.538 0.459 0.403 0.364 0.322 0.297 0.287 0.284 

T=0.5 1.000 0.874 0.787 0.678 0.606 0.517 0.451 0.403 0.362 0.340 0.326 0.317 

T=0.75 0.874 1.000 0.911 0.801 0.726 0.618 0.543 0.483 0.431 0.405 0.387 0.376 

T=1 0.787 0.911 1.000 0.886 0.810 0.701 0.609 0.535 0.471 0.437 0.420 0.405 

T=1.5 0.678 0.801 0.886 1.000 0.916 0.801 0.709 0.632 0.562 0.526 0.506 0.494 

T=2 0.606 0.726 0.810 0.916 1.000 0.877 0.787 0.709 0.635 0.588 0.562 0.546 

T=3 0.517 0.618 0.701 0.801 0.877 1.000 0.902 0.814 0.742 0.693 0.670 0.661 

T=4 0.451 0.543 0.609 0.709 0.787 0.902 1.000 0.914 0.830 0.765 0.729 0.704 

T=5 0.403 0.483 0.535 0.632 0.709 0.814 0.914 1.000 0.926 0.852 0.810 0.778 

T=6 0.362 0.431 0.471 0.562 0.635 0.742 0.830 0.926 1.000 0.941 0.888 0.835 

T=7 0.340 0.405 0.437 0.526 0.588 0.693 0.765 0.852 0.941 1.000 0.956 0.886 

T=8 0.326 0.387 0.420 0.506 0.562 0.670 0.729 0.810 0.888 0.956 1.000 0.930 

T=10 0.317 0.376 0.405 0.494 0.546 0.661 0.704 0.778 0.835 0.886 0.930 1.000 
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Figure 6.1(a) Event terms for PGA. 
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Figure 6.1(b) Event terms for T=0.2 sec. 
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Figure 6.1(c) Event terms for T=0.5 sec. 
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Figure 6.1(d) Event terms for T=1 sec. 
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Figure 6.1(e) Event terms for T=3 sec. 
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Figure 6.1(f) Event terms for T=6 sec. 
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Figure 6.1(g) Event terms for T=10 sec. 
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Figure 6.2(a) Distance dependence of the intra-event residuals, all regions and 

WUS, PGA. 
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Figure 6.2(b) Distance dependence of the intra-event residuals, Taiwan, Japan, 

and China, PGA. 
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Figure 6.2(c) Distance dependence of the intra-event residuals, all regions and 

WUS, T=0.2 sec. 
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Figure 6.2(d) Distance dependence of the intra-event residuals, Taiwan, Japan 

and China, T=0.2 sec 
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Figure 6.2(e) Distance dependence of the intra-event residuals, all regions and 

WUS, T=0.5 sec. 
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Figure 6.2(f) Distance dependence of the intra-event residuals, Taiwan, Japan, 

and China, T=0.5 sec. 
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Figure 6.2(g) Distance dependence of the intra-event residuals, all regions and 

WUS, T=1 sec. 
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Figure 6.2(h) Distance dependence of the intra-event residuals, Taiwan, Japan, 

and China, T=1 sec. 
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Figure 6.2(i) Distance dependence of the intra-event residuals, all regions and 

WUS, T=3 sec. 
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Figure 6.2(j) Distance dependence of the intra-event residuals, Taiwan, Japan, 

and China, T=3 sec. 
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Figure 6.2(k) Distance dependence of the intra-event residuals, all regions and 

WUS, T=6 sec. 
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Figure 6.2(l) Distance dependence of the intra-event residuals, Taiwan, Japan, 

and China, T=6 sec. 
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Figure 6.2(m) Distance dependence of the intra-event residuals, all regions and 

WUS, T=10 sec. 
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Figure 6.2(n) Distance dependence of the intra-event residuals, Taiwan, Japan, 

and China, T=10 sec. 
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Figure 6.3(a) Distance dependence of the intra-event residuals, WUS only, by 

Magnitude bins, PGA. 
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Figure 6.3(b) Distance dependence of the intra-event residuals, WUS only, by 

Magnitude bins, T = 0.2 sec. 
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Figure 6.3(c) Distance dependence of the intra-event residuals, WUS only, by 

magnitude bins, T = 0.5 sec. 
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Figure 6.3(d) Distance dependence of the intra-event residuals, WUS only, by 

magnitude bins, T = 1.0 sec. 
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Figure 6.3(e) Distance dependence of the intra-event residuals, WUS only, by 

magnitude bins, T = 3 sec. 
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Figure 6.3(f) Distance dependence of the intra-event residuals, WUS only, by 

magnitude bins, T = 6 sec. 
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Figure 6.3(g) Distance dependence of the intra-event residuals, WUS only, by 

magnitude bins, T =10 sec. 
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Figure 6.4(a) Distance dependence of the intra-event residuals for four WUS 

events, PGA. 
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Figure 6.4(b) Distance dependence of the intra-event residuals for four WUS 

events, T =1.0 sec. 
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Figure 6.5(a) Vs30 dependence of the intra-event residuals, PGA. 
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Figure 6.5(b) Vs30 dependence of the intra-event residuals, T = 0.2 sec. 
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Figure 6.5(c) Vs30 dependence of the intra-event residuals, T = 0.5 sec. 
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Figure 6.5(d) Vs30 dependence of the intra-event residuals, T = 1.0 sec. 
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Figure 6.5e) Vs30 dependence of the intra-event residuals, T = 3 sec. 
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Figure 6.5(f) Vs30 dependence of the intra-event residuals, T = 6 sec. 
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Figure 6.5(g) Vs30 dependence of the intra-event residuals, T =10 sec. 
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Figure 6.6(a) Sa1100 dependence of the Intra-event residuals for PGA. 

 

 

 



91 

 

 

 
Figure 6.6(b) Sa1100 dependence of the Intra-event residuals for T = 0.2 sec. 
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Figure 6.6(c) Sa1100 dependence of the Intra-event residuals for T = 0.5 sec. 
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Figure 6.6(d) Sa1100 dependence of the Intra-event residuals for T = 1.0 sec. 
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Figure 6.7(a) Z1 dependence of the intra-event residuals for PGA. 
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Figure 6.7(b) Z1 dependence of the Intra-event residuals for T = 0.2 sec. 
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Figure 6.7(c) Z1 dependence of the Intra-event residuals for T = 0.5 sec. 
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Figure 6.7(d) Z1 dependence of the Intra-event residuals for T = 1.0 sec. 
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Figure 6.7(e) Z1 dependence of the intra-event residuals for T = 3 sec. 
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Figure 6.7(f) Z1 dependence of the intra-event residuals for T = 6 sec. 
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Figure 6.7(g) Z1 dependence of the intra-event residuals for T = 10 sec. 
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Figure 6.8(a) HW intra-event residuals (source-to-site azimuth: 8595) for PGA. 
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Figure 6.8(b) HW intra-event residuals (source-to-site azimuth: 8595) for T = 0.2 

sec. 
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Figure 6.8(c) HW intra-event residuals (source-to-site azimuth: 8595) for T = 0.5 

sec. 
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Figure 6.8(d) HW intra-event residuals (source-to-site azimuth: 8595) for T = 1.0 

sec. 
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Figure 6.8(e) HW intra-event residuals (source-to-site azimuth: 8595) for T = 3 

sec. 
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Figure 6.8(f) HW intra-event residuals (source-to-site azimuth: 8595) for T = 6 

sec 
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Figure 6.8(g) HW intra-event residuals (source-to-site azimuth: 8595) for T =10 

sec. 
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Figure 6.9(a) Correlation coefficients for the normalized inter-event residuals 

across periods. 

 
Figure 6.9(b) Correlation coefficients for the normalized intra-event residuals 

across periods. 
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Figure 6.10 Static stress drop scaling of the inter-event residuals for T = 1, T = 3 
and T = 6 sec. 
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7 Equations for Standard Deviation 

7.1 STANDARD DEVIATION MODEL 

The intra-event and inter-event standard deviations are magnitude dependent, as follows: 

߶,ሺܯሻ ൌ 	ቐ

ଵݏ ܯ	ݎ݂ ൏ 4

ଵݏ 
௦మି௦భ
ଶ

ሺܯ െ 4ሻ 4	ݎ݂  ܯ  6

ଶݏ ܯ	ݎ݂  6
 (7.1) 

and 

߬,ሺܯሻ ൌ 	ቐ

ଷݏ ܯ	ݎ݂ ൏ 5

ଷݏ 
௦రି௦య
ଶ

ሺܯ െ 5ሻ 5	ݎ݂  ܯ  7

ସݏ ܯ	ݎ݂  7
 (7.2) 

 

where ߶, is the linear intra-event standard deviation and ߬, is the linear inter-event standard 
deviation. The smoothed s1 through s4 parameters are provided in Table 7.1 and presented in 
Figure 7.1. 

7.1.1 Regionalization of Standard Deviation 

The intra-event standard deviation of the Japanese data is significantly higher than that from 
California and Taiwan. Therefore, we created a separate model for the Japanese intra-event 
standard deviation so that it would not affect the results of the other regions. Since our dataset 
includes only five Japanese events, all with magnitudes between 6.0 and 7.0, we cannot 
determine the magnitude scaling for this data. On the other hand, we see a clear distance scaling 
for the Japanese standard deviation, which is not apparent for the other regions. Hence, the intra-
event standard deviation model for Japan has the following form: 

߶ି൫ܴ௨൯ ൌ 	൞

ହݏ ௨ܴ	ݎ݂ ൏ 30

ହݏ 
௦లି௦ఱ
ହ

ሺܴ௨ െ 30ሻ 30	ݎ݂  ܴ௨  80

ݏ ௨ܴ	ݎ݂  80
 (7.3) 
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7.2 EFFECT OF MEASUREMENT ERRORS IN THE INDEPENDENT 
PARAMETERS 

Some of the variability in the observed ground motions can be attributed to measurement errors 
in the independent parameters for our subset of the data. The standard deviation of the ground 
motion due to measurement error in a single parameter can be estimated by: 

ௌߪ
ଶ ሺΔ ܲሻ ൎ ቀడ	ሺௌሻ

డ
ቁ
ଶ
௱ߪ
ଶ  (7.4) 

where Pi is the ith independent parameter (e.g., M, Rrup, ….) and Pi
 is the standard deviation of 

measurement error in parameter Pi. If the model functional form is correct, then the standard 
deviation calculated from the regression, which assumed no errors in the independent 
parameters, can be reduced. For multiple parameters, the general form is 

ௌߪ
ଶ ሺܲሻ ൎ

ቀడ ୪୬
ሺௌሻ

డభ
ቁ
ଶ
௱భߪ
ଶ  2 డ ୪୬ሺௌሻ

డభ

డ ୪୬ሺௌሻ

డమ
ሺΔܸܱܥ ଵܲ, Δ ଶܲሻ  ቀడ ୪୬

ሺௌሻ

డమ
ቁ
ଶ
௱మߪ
ଶ . .. (7.5) 

where COV(P1,P2) is the covariance of the measurement errors in P1 and P2. 

In the Abrahamson and Silva (2008) model, measurement errors were evaluated 
explicitly for magnitude, distance, depth to top-of-rupture, style-of-faulting, distance, Vs30 
estimate, and HW location. Most of these parameters had a minor effect on reducing the total 
standard deviation. The only parameter that had a significant impact on the standard deviation 
was the uncertainty associated with an estimated Vs30 value. Therefore, we will only take into 
account that effect. Since the standard deviations from the regression are dominated by data in 
the near linear site response range, we assume linear site response in evaluating the impact of the 
measurement errors of the independent parameters.  

The effect of measurement errors in Z1 can also be significant but has not yet been 
evaluated. This effect on the standard deviation will be considered in updates of the GMPE. 

7.2.1 VS30 Uncertainty 

For linear site response, the partial derivative of the ln(Sa) with respect to the ln(VS30) is given by 

డ ሺௌሻ

డ	ሺೞయబሻ
ൌ 	ܽଵ  ܾ݊ (7.6) 

The partial derivative is shown in Figure 7.2 as a function of period. In the new NGA-
West2 database, nearly all stations have a Vs30 value associated with them, but only 22% of those 
are from direct measurements. The rest of the Vs30 values are estimations based on correlations of 
Vs30 with the local surface geology or the slope (see Ancheta et al. 2013 for a full description of 
the available Vs30 values in the database). The average standard deviation of the estimated VS30 
given in the flat-file is 0.31 natural log units, while the average standard deviation of the 
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measured Vs30 sites is 0.1. Hence, the measurement error we should account for is the difference 
between the two (in RSS) which results in a standard deviation due to use of proxy value for Vs30 
of 0.29 natural log units. . 

The uncertainty in the VS30 depends how it is estimated for a specific application. If the 
VS30 is estimated from the surface geology or from a broad site class (such as NEHRP class), then 
it is not appropriate to reduce the intra-event standard deviation for VS30 measurement 
uncertainty since this same level of uncertainty applies to the VS30 for the projects. On the other 
hand, if the VS30 is measured at the site or is specified (for example, for reference rock site 
conditions), then the effect of measurement errors in the VS30 should be removed from the total 
intra-event standard deviation. Therefore, two separate models for the total intra-event standard 
deviation are developed: one for VS30 estimated from site geology and one for VS30 measured or 
specified. 

The intra-event standard deviation for a site with a measured Vs30 can be computed using 
Equation (7.1) and the modified parameters for a measured Vs30, which are provided in Table 7.1. 
The magnitude dependence of the inter- and intra- event standard deviation models for periods of 
T = 0.2 and T = 1 sec is presented in Figure 7.3. The period dependence of the inter- and intra- 
event standard deviation models for magnitudes 5 and 7 is presented in Figure 7.4. Both also 
show the intra-event standard deviation for a measured Vs30, displaying the effect of such 
reduction. 

7.3 NONLINEAR EFFECTS ON THE STANDARD DEVIATION 

The standard deviation in the linear site response range is dependent on the earthquake 
magnitude. The non-linear site effects also affect the standard deviation and the same approach 
as used in AS08 is used here with the difference being that the level of shaking is parameterized 
by the ܵܽଵଵinstead of the ܲܣܩଵଵ.  

As discussed in Al Atik and Abrahamson (2010), the nonlinear effects on the standard 
deviation are influenced by the variability of the rock motion. If the rock motion is above 
average, the amplification will have more nonlinearity and hence will be below average. 
Similarly, if the rock motion is below average, the amplification will have less nonlinearity and 
hence will be above average. That effect leads to a reduction in the variability in the short-period 
soil motion.  

Because the NL effect depends on the variability of the rock motion, we need to estimate 
the standard deviation of the rock motion.  We can estimate the standard deviation of the rock 
motion by removing the site amplification variability from the surface motion: 

ϕሺM, Tሻ ൌ ටϕ,
ଶ ሺM, Tሻ െ ϕ୫୮

ଶ ሺTሻ	 ሺ7.7ሻ	

where ߶, is the linear intra-event standard deviation for soil which is derived from the 
regression, ߶ is the standard deviation of the site amplification, and ߶ is the standard 
deviation of the rock motion.  . We assume that ߶ሺܶሻ ൌ 0.4 for all periods based on the site 
response simulation results described in Kamai et al (2013). For the inter-event variability, the 
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standard deviation of the rock motion is the the observed inter-event variability for the linear 
range, so ߬ሺܯ, ܶሻ ൌ 	 ߬,ሺܯ, ܶሻ. 

To account for the effects of nonlinearity on the soil ground motion, the variability of the 
soil motion is computed using propagation of errors.  The intra-event standard deviation is given 
by: 

߶൫ܶ,ܯ, መܵܽଵଵ, ௦ܸଷ൯ ൌ ߶
ଶሺܯ, ܶሻ ቀ1  డ ሺ்,ௌመభభబబ,ೞయబሻ

డ  ௌభభబబ
ቁ
ଶ
 ߶

ଶ ሺܶሻ൨
ଵ/ଶ

 (7.8) 

and the inter-event standard deviation is given by 

߬൫ܶ,ܯ, መܵܽଵଵ, ௦ܸଷ൯ ൌ ߬ሺܯ, ܶሻ ቀ1 
డ ሺ்,ௌመభభబబ,ೞయబሻ

డ  ௌభభబబ
ቁ (7.9) 

where 

డ ሺ்,ௌመభభబబ,ೞయబሻ

డ  ௌభభబబ
ൌ 	ቐ

0 	ݎ݂ ௦ܸଷ  ܸ
ିሺ்ሻௌመభభబబ
ௌመభభబబା

 ሺ்ሻௌመభభబబ

ௌመభభబబା൬
ೇೞయబ
ೇಽ

൰
 	ݎ݂ ௦ܸଷ ൏ ܸ

 (7.10) 
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Table 7.1 Coefficients for the standard deviation. 

 Vs30 Estimated Vs30 Measured   Japan 

T (sec) s1 s2 s1 s2 s3 s4 s5 s6 

PGA 0.754 0.520 0.741 0.501 0.47 0.36 0.54 0.63 

PGV 0.662 0.510 0.660 0.510 0.38 0.38 0.58 0.53 

0.010 0.754 0.520 0.741 0.501 0.47 0.36 0.54 0.63 

0.020 0.760 0.520 0.747 0.501 0.47 0.36 0.54 0.63 

0.030 0.781 0.520 0.769 0.501 0.47 0.36 0.55 0.63 

0.050 0.810 0.530 0.798 0.512 0.47 0.36 0.56 0.65 

0.075 0.810 0.540 0.798 0.522 0.47 0.36 0.57 0.69 

0.100 0.810 0.550 0.795 0.527 0.47 0.36 0.57 0.7 

0.150 0.801 0.560 0.773 0.519 0.47 0.36 0.58 0.7 

0.200 0.789 0.565 0.753 0.514 0.47 0.36 0.59 0.7 

0.250 0.770 0.570 0.729 0.513 0.47 0.36 0.61 0.7 

0.300 0.740 0.580 0.693 0.519 0.47 0.36 0.63 0.7 

0.400 0.699 0.590 0.644 0.524 0.47 0.36 0.66 0.7 

0.500 0.676 0.600 0.616 0.532 0.47 0.36 0.69 0.7 

0.750 0.631 0.615 0.566 0.548 0.47 0.36 0.73 0.69 

1.000 0.609 0.630 0.541 0.565 0.47 0.36 0.77 0.68 

1.500 0.578 0.640 0.506 0.576 0.47 0.36 0.80 0.66 

2.000 0.555 0.650 0.480 0.587 0.47 0.36 0.80 0.62 

3.000 0.548 0.640 0.472 0.576 0.47 0.36 0.80 0.55 

4.000 0.527 0.630 0.447 0.565 0.47 0.36 0.76 0.52 

5.000 0.505 0.630 0.425 0.568 0.47 0.36 0.72 0.5 

6.000 0.477 0.630 0.395 0.571 0.47 0.36 0.70 0.5 

7.500 0.457 0.630 0.378 0.575 0.47 0.36 0.67 0.5 

10.000 0.429 0.630 0.359 0.585 0.47 0.36 0.64 0.5 
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Figure 7.1 Smooth coefficients for the standard deviation models. 

 

 
Figure 7.2 Partial derivative of ln(Sa) with respect to ln(VS30) 
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Figure 7.3 Magnitude scaling of A,L and A,L for T = 0.2 and T = 1.0 sec.  

 

 
Figure 7.4 Period dependence of A,L and A,L for magnitudes 5 and 7. 
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8 Model Results 

The median response spectra for the ASK13 model are compared to the AS08 model in Figures 
8.1(a) and (b) for a vertical strike-slip scenario at an RJB distance of 30 km and Vs30 values of 760 
m/sec and 270 m/sec, respectively. For this case, the ZTOR values are 8, 6.5, 3, and 0 for 
magnitudes 5, 6, 7, and 8, respectively. The Z1.0 values are set at the Zref value (Chiou and 
Youngs 2013) for the given VS30. Figure 8.1 shows that the medial spectra from the current 
model are generally lower than those from AS08, especially for lower magnitudes (e.g., M5.0). 
The difference between the two models is larger for rock sites [Figure 8.1(a)] than for soil sites 
[Figure 8.1(b)]. A similar comparison of the medians at a RJB distance of 1 km is shown in 
Figure 8.2(a-b) for VS30 values of 760 m/sec and 270 m/sec. Here, the decrease in median PGA is 
more significant. 

The distance scaling is shown in Figure 8.3 for PGA and spectral periods of 0.2, 1.0, and 
3.0 sec In this figure, the median ground motion from vertical strike-slip earthquakes on rock site 
conditions (VS30 = 760 m/sec) is shown for four different magnitudes.  

The magnitude scaling of the current model is shown in Figures 8.4 for vertical strike-slip 
earthquakes on rock site conditions (VS30=760 m/sec) for T =0.2 and T =3.0 sec. Note that the 
break in the magnitude scaling at M5.0 is driven by the additional small magnitude dataset which 
was not available at 2008, hence the large difference between the models for small magnitudes. 
The weak scaling of the short-period motion at short distances reflects the saturation with 
magnitude. 

The HW scaling for a reverse M6.7 rupture with 45 dip is shown in Figure 8.5 for PGA 
on rock site conditions (VS30 = 760 m/sec). While the AS08 model had a step in the ground 
motion from the Foot Wall (FW) to the HW for surface ruptures only, such a step is now current 
for both surface and buried ruptures but it is smoother. The HW term is more smoothly tapering 
now back to the base-line FW value, at a distance away from the down-dip fault edge that 
depends on the fault dip and width (see Section 4.4). The short-period ground motion for buried 
ruptures is larger than the short-period ground motion for surface ruptures at most locations even 
though the rupture distances are larger for the buried rupture. This is due to the scaling with 
ZTOR. 

The site response scaling for M7 vertical strike-slip earthquakes at a rupture distance of 
30 km is shown in Figures 8.6 and 8.7: Figure 8.6 shows the dependence of the spectra on the 
VS30 and Figure 8.7 shows that dependence of the spectra on the Z1.0 for a soil site with VS30=270 
m/sec. 
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The spectral displacements of a vertical strike slip at a RJB distance of 20 km is shown in 
Figure 8.8 for a range of magnitudes. Although the spectral displacement was not constrained to 
a constant value at long periods for this model, the regression leads to this condition without 
additional constraint. 

 

 

 

 
Figure 8.1(a) Comparison of the median spectral acceleration: SS, RJB = 30 km, 

VS30 = 760 m/sec. 
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Figure 8.1(b) Comparison of the median spectral acceleration: SS, RJB = 30 km, 

VS30 = 270 m/sec. 
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Figure 8.2(a) Comparison of the median spectral acceleration: SS, RJB = 1 km, 

VS30 = 760 m/sec. 
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Figure 8.2(b) Comparison of the median spectral acceleration: SS, RJB = 1 km, 

VS30 = 270 m/sec. 
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Figure 8.3(a) Comparison of the rupture distance scaling for a vertical strike slip 

at PGA. 
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Figure 8.3(b) Comparison of the rupture distance scaling for a vertical strike slip 

at T = 0.2 sec. 
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Figure 8.3(c) Comparison of the rupture distance scaling for a vertical strike slip 

at T = 1 sec. 
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Figure 8.3(d) Comparison of the rupture distance scaling for a vertical strike slip 

at T = 3 sec. 
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Figure 8.4(a) Comparison of the magnitude scaling for a vertical strike slip at T  = 

0.2 sec. 
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Figure 8.4(b) Comparison of the magnitude scaling for a vertical strike slip at T 

=3 sec. 
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Figure 8.5 HW scaling for a M6.7 reverse fault with 45 dip at T = 0.2 sec. 
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Figure 8.6 Example of VS30 scaling for a strike slip M7 at Rrup=30 km. 
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Figure 8.7 Example of Z1 scaling for a strike slip M7 at Rrup = 30 km and VS30 = 

270 m/sec. 
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Figure 8.8 Spectral displacements for a vertical strike slip fault at RJB = 20 km 

and VS30 = 760 m/sec. 
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Appendix A: Selected Earthquakes 

EQID Region Mag Class 
CRJB 
(km) 

Rake 
ZTOR 
(km) 

Depth 
(km) 

Dip 
Number 

of 
Stations 

25 1 6.19 1 0 0 0 10 90 4 
30 1 6.61 1 0 83 0 13 45 22 
35 1 5.2 1 0 0 18.13 21 72 3 
39 1 4.7 2 1.81 -89 5.95 7.6 46 9 
40 4 6.5 1 0 80 2.3 5.1 11.8 3 
42 4 5.5 2 0.2 75 5.06 6 16 4 
43 4 5.91 2 8.79 70 1 3.69 18.9 4 
46 5 7.35 1 0 70 1 5.75 25 3 
48 1 5.74 1 0 4 3.08 8 80 10 
49 4 5.9 1 0 -80 1.28 6 64 3 
50 1 6.53 1 0 0 0 9.96 80 32 
51 1 5.01 2 0 0 7.26 9.5 90 16 
53 1 5.8 1 0 20 7.06 12 85 6 
54 1 5.42 2 10.75 19 11.38 14.5 70 7 
55 1 5.19 1 0 10 10.79 13.6 70 5 
56 1 6.06 1 0 -35 1.34 9 50 3 
57 1 5.69 2 1.08 0 9 14 90 3 
58 1 5.91 2 2.34 -11 12 16 50 4 
59 1 5.7 2 0 28 3.57 5 50 4 
61 1 5.94 2 5.24 -28 10.58 14 50 5 
62 1 4.73 2 5 0 4.32 6 75 6 
63 1 4.8 2 5.52 0 4.22 6 75 7 
64 1 6.33 1 0 0 4 11 90 4 
65 1 4.85 2 0 0 6.3 7.63 67.5 7 
68 4 6.9 1 0 -90 0 9.5 60 12 
69 4 6.2 2 2.41 -90 1 7 70 10 
70 4 4.7 2 0 -90 13.12 15 65 6 
73 1 5.9 2 21.03 0 2 2.3 90 6 
76 1 6.36 1 0 90 3.4 4.6 30 45 
77 1 5.09 2 0 74 10.55 12 44 19 
78 1 5.38 2 3.62 90 0 2.4 50 3 
79 1 5.18 2 0.15 64 6.43 9 41 11 
80 1 5.77 2 0 78 5.41 7.4 38 11 
88 2 5.1 2 0 -65 7.56 10 51 3 
90 1 6.19 1 0 0 0.5 8.5 90 23 
91 4 5.8 1 0 -84 8 14 48 8 
97 4 6.76 1 0 90 2 8 25 3 
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101 1 6.06 1 0 30 4 11 46 33 
102 1 5.77 -1 0 20 2 6.7 90 5 
103 1 6.19 1 0 -17 4 10 55 11 
104 1 5.65 2 4.01 0 2.32 5 90 3 
113 1 5.99 1 0 30 14.5 14.6 30 111 
114 1 5.27 2 0 40 10.98 13.3 70 69 
116 1 6.54 1 0 0 0 9 90 11 
118 1 6.93 1 0 40 3.85 17.48 70 77 
120 12 6.2 1 0 90 2.38 6 30 5 
123 1 7.01 1 0 75 5.2 9.5 14 13 
125 1 7.28 1 0 0 0 7 90 76 
126 1 6.46 2 35.4 -10 3.93 13 85 43 
127 1 6.69 1 0 77 5 17.5 40 149 
129 10 6.9 1 0 0 0.2 17.9 85 22 
130 11 6.4 1 0 -85 2.8 12.64 43 3 
136 5 7.51 1 0 0 0 16 -80 17 
137 3 7.62 1 0 55 0 8 30 394 
138 5 7.14 2 15.68 -2 0 14 65 15 
143 1 5.63 1 0 5 0.79 4.49 77 3 
144 5 7.37 1 0 -9 0 16 88 4 
145 1 5.61 1 0 82 10 12 50 9 
146 1 6.1 -1 23.31 0 5 12.4 90 5 
147 1 6.05 2 0 90 3.82 6 40 19 
148 1 5.2 2 0 90 5.37 6 40 7 
149 1 5.93 2 4.28 32 7.26 9.83 40 8 
150 1 5.13 -1 7.21 35 9.86 11.34 54 7 
151 1 5.28 2 0.73 74 10.99 13.09 40 59 
152 1 5.65 1 0 -70 6.36 12 70 5 
157 1 5.17 1 0 -9 6.82 9.13 85 3 
158 1 7.13 1 0 1 0 14.8 82 107 
160 1 5 1 0 10 7.76 10.12 90 15 
161 1 4.53 1 0 11 7.91 9.1 90 42 
162 1 5.17 1 0 -7 0.01 3.95 81 10 
163 1 4.92 1 0 -32 12.48 15.2 78 94 
164 1 5.7 1 0 -17 6.91 10 59 11 
165 1 5.31 1 0 -23 4.2 7 74 8 
166 1 4.9 1 0 -3 7.86 10.12 84 29 
167 1 4.27 1 0 13 6.02 7 88.3 101 
169 2 7.9 1 0 9 0 8.9 82 4 
170 1 4.92 1 0 -6 4.86 6.3 72 39 
171 3 5.9 2 0 80 6.47 8 50 182 
172 3 6.2 2 0 80 6.7 7.8 10 227 
173 3 6.2 2 0 15 1.5 18 89 234 
174 3 6.2 2 4.99 80 7.74 10 70 228 
175 3 6.3 2 0 80 10 16 30 270 
176 10 6.61 1 0 0 0.5 12.5 90 169 
177 1 6.5 1 0 83 2 8.5 52 28 
178 5 6.6 1 0 -3 1.4 6 85.5 4 
179 1 6 1 0 -5 2.5 8.1 89 90 
180 10 6.63 1 0 87 4.02 10.6 47 530 
189 4 4.7 1 0 0 6.25 8 90 3 
191 4 4 2 9.82 -90 3.32 4 55 3 
199 4 5.5 2 0.49 90 10.86 12 40 3 
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202 4 6 1 0 0 9.47 15 90 4 
224 4 5.6 1 0 -90 5.65 9 55 6 
233 4 5.7 -1 0 -90 3.98 7 55 7 
234 4 6 1 0 -90 0 6 55 9 
235 4 5.3 2 0 -90 3.58 6 55 4 
237 4 5.5 2 0 -90 4.2 7 55 9 
241 4 5.2 2 10.59 -90 5.01 6 55 5 
243 4 5.6 2 8.84 -90 3.55 7 55 11 
251 4 5.1 2 16.31 -90 4.14 6 55 4 
254 4 5.7 1 0 -15 12 21.4 86 3 
262 8 7.1 1 0 88 3.61 7 14 6 
274 4 6.3 1 0 -82 0.8 9.27 48 16 
275 4 5.6 2 0 -46 9.98 15.1 53 19 
276 4 5.4 2 6.88 -81 11.88 15.4 46 16 
277 9 7.9 1 0 70 0 10.04 -35 124 
278 10 6.8 1 0 90 3.12 9 36 613 
279 10 6.9 1 0 76 0.71 6.5 40 367 
280 1 7.2 1 0 0 0.61 5.5 50 324 
281 7 7 1 0 0 0 10.9 82.2 36 
309 9 4.8 2 0 70 11.97 13 35 11 
319 9 5.2 2 11.44 70 17.46 19.1 35 12 
329 9 4.9 2 0.88 15 0 1.8 65 11 
346 7 6.2 2 23.68 45 0.5 6 67 36 

1001 1 5.45 1 0 0 4.26 7.49 87 141 
1002 1 5.39 1 0 34 12.38 14.89 66 193 
1003 1 5.2 1 0 8 13.18 15.48 58 112 
1004 1 5.1 -1 0.78 -5 16.23 18.65 66 5 
1005 1 5.06 1 0 -23 6.89 9.33 79 14 
1006 1 5.03 1 0 7 4.79 7.3 82 96 
1007 1 4.88 1 0 32 15.79 17.5 64 109 
1011 1 4.7 1 0 -22 10.11 11.59 83 168 
1012 1 4.69 1 0 46 8.49 9.25 28 99 
1013 1 4.6 1 0 5 8.77 10.22 76 12 
1014 1 4.59 1 0 -52 9.49 10.66 35 108 
1015 1 4.18 1 0 79 10.43 11.15 55 101 
1016 1 4.34 1 0 20 8.55 9.56 56 95 
1018 1 4.45 -1 34.82 15 13.86 14.8 60 235 
1019 1 4.66 1 0 83 6.97 8.04 42 170 
1020 1 4.26 1 0 -4 9.13 10.06 83 82 
1021 1 4.3 1 0 -25 2.59 3.36 78 130 
1023 1 4.5 1 0 -2 5.8 6.99 69 94 
1024 1 4.4 1 0 1 5.93 6.96 74 29 
1025 1 4.42 1 0 16 11.98 12.83 60 86 
1026 1 4.39 1 0 28 4.8 5.9 86 28 
1027 1 4.78 1 0 -14 4.3 5.97 81 46 
1028 1 4.73 1 0 10 8.58 10.02 68 189 
1029 1 4.51 1 0 -74 8.45 9.4 30 16 
1030 1 4.3 1 0 -14 6.36 7.26 83 62 
1031 1 4.25 1 0 -11 2.5 3.69 80 73 
1032 1 4.2 1 0 8 6.62 7.51 89 66 
1033 1 4.3 1 0 14 2.4 3.44 89 48 
1034 1 4.5 1 0 -22 7.81 8.94 89 47 
1035 1 4.26 1 0 85 7.45 8.03 35 97 
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1036 1 4.24 1 0 -13 6.22 7.29 83 12 
1038 1 4.27 1 0 80 5.8 6.22 23 74 
1039 1 4.37 -1 36.69 -11 14.81 15.83 83 37 
1040 1 4.42 1 0 7 3.35 4.57 72 21 
1042 1 4.42 1 0 26 15.84 16.97 87 36 
1043 1 4.12 1 0 -5 2.37 3.46 84 70 
1044 1 4.14 1 0 2 4.85 5.73 77 66 
1045 1 4.2 1 0 -4 3.22 4.13 82 150 
1046 1 4.23 1 0 -3 13.41 14.38 90 95 
1048 1 4.27 1 0 -18 3.04 4.06 87 30 
1049 1 4 -1 34 -10 13.32 14.03 72 60 
1050 1 4.18 2 31.72 2 7.61 8.48 84 104 
1051 1 4.1 1 0 0 12.56 13.32 86 116 
1052 1 4.11 1 0 -16 11.37 12.27 87 66 
1053 1 4.34 1 0 -30 5.68 6.86 51 42 
1054 1 4.26 1 0 8 6.82 7.7 87 74 
1055 1 3.81 2 39.96 -4 2.32 2.88 85 18 
1056 1 4.02 1 0 6 12.15 12.81 54 44 
1057 1 4.11 1 0 -89 2.93 4.03 82 32 
1058 1 4.41 1 0 8 8.99 10.16 77 24 
1059 1 4 1 0 -9 2.77 3.48 89 92 
1060 1 4 1 0 -2 9.23 10.02 77 100 
1061 1 4.11 1 0 68 7.59 8.33 44 40 
1062 1 4.06 1 0 -5 9.65 10.53 83 58 
1063 1 4.11 1 0 15 11.74 12.56 68 23 
1064 1 4.19 2 26.1 23 8.64 9.49 74 94 
1065 1 4.2 1 0 36 8.05 8.93 63 45 
1066 1 3.9 1 0 13 13.35 13.61 23 91 
1067 1 4.29 1 0 -10 10.1 10.89 71 19 
1068 1 4.06 1 0 29 6.43 7.17 89 48 
1069 1 3.9 1 0 -17 7.25 7.86 87 77 
1070 1 3.96 1 0 9 4.73 5.49 84 81 
1071 1 3.9 1 0 -32 10.97 11.87 83 10 
1072 1 3.97 1 0 2 11.05 11.87 82 36 
1073 1 3.88 1 0 70 7.58 7.9 25 20 
1074 1 4.06 1 0 15 10.69 11.36 80 33 
1075 1 4.17 1 0 -19 4.28 4.96 85 91 
1076 1 3.79 1 0 84 10.59 11.02 40 66 
1077 1 4.15 2 32.11 30 11.74 12.65 80 19 
1079 1 3.7 -1 8.46 -5 11.12 11.55 89 92 
1080 1 3.8 2 3.39 0 6.28 6.78 85 19 
1081 1 3.8 -1 11.34 -2 4.99 5.57 66 42 
1082 1 3.81 1 0 -3 9.45 10.08 87 31 
1083 1 3.69 1 0 2 9.65 10.11 77 21 
1084 1 4.02 2 34.78 -2 6.54 7 40 10 
1085 1 3.94 1 0 5 19.54 20.24 85 50 
1086 1 4.19 1 0 12 7.94 8.88 65 69 
1087 1 3.75 1 0 -25 3.84 4.26 53 36 
1088 1 4.14 1 0 -14 5.52 6.47 85 40 
1089 1 4.05 1 0 -13 7.05 7.82 69 41 
1090 1 4.01 1 0 -34 4.77 5.76 86 31 
1091 1 3.78 1 0 23 14.5 14.93 59 48 
1093 1 4.11 1 0 4 8.24 9.05 87 32 
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1094 1 3.9 2 5.91 -5 9.22 9.91 80 60 
1095 1 3.84 1 0 -1 7.95 8.59 90 73 
1096 1 3.58 1 0 -36 5.75 6.48 84 90 
1097 1 3.67 1 0 -4 7.58 8.08 60 49 
1098 1 3.68 -1 37.34 15 5.56 6.07 87 79 
1100 1 3.7 2 27.43 4 0.9 1.33 67 31 
1101 1 3.7 1 0 9 6.49 6.97 51 112 
1102 1 3.7 1 0 0 5.85 6.53 84 19 
1103 1 3.74 1 0 5 7.29 7.88 75 73 
1104 1 3.52 1 0 6 4.74 5.22 88 18 
1105 1 3.56 1 0 0 14.19 14.52 45 14 
1106 1 3.97 1 0 -3 5.14 5.84 67 9 
1107 1 3.78 1 0 0 5.16 5.86 68 48 
1108 1 3.9 1 0 -54 11.35 11.86 36 82 
1110 1 3.86 2 37.37 6 13.46 14.18 74 69 
1111 1 3.74 1 0 57 10.91 11.07 17 26 
1112 1 3.87 1 0 10 17.8 18.5 60 34 
1113 1 3.99 1 0 -3 14.31 15 63 89 
1114 1 3.88 1 0 7 8.42 9.01 74 18 
1115 1 3.77 1 0 -17 5.87 6.32 50 16 
1116 1 3.68 1 0 -5 2.3 2.73 65 14 
1118 1 4.06 1 0 9 9.16 9.76 71 37 
1119 1 3.87 1 0 5 8.07 8.76 89 40 
1120 1 3.59 1 0 34 8.39 8.88 83 25 
1121 1 3.81 1 0 -1 12.6 13.18 72 32 
1122 1 3.81 1 0 -4 5.04 5.73 77 27 
1123 1 3.6 1 0 -62 8.35 8.93 61 73 
1124 1 3.57 1 0 -20 5.34 5.85 90 45 
1125 1 3.6 1 0 -3 4.51 5.01 64 109 
1126 1 3.6 2 6.24 87 4.55 4.91 55 19 
1127 1 3.96 1 0 -7 11.62 12.34 79 34 
1128 1 3.64 1 0 22 1.65 2.16 71 75 
1129 1 3.73 1 0 -21 2.21 2.69 88 30 
1130 1 3.71 2 29.75 65 16.34 16.7 39 85 
1131 1 3.58 -1 33.38 -1 14.82 15.13 45 54 
1132 1 3.64 1 0 41 12.31 12.78 59 66 
1133 1 3.63 1 0 -16 12.63 13.11 80 32 
1134 1 3.64 1 0 -4 8.29 8.69 89 68 
1135 1 3.74 1 0 21 12.2 12.93 88 61 
1137 1 3.5 1 0 -28 1.84 2.39 86 75 
1138 1 3.5 1 0 -18 4.57 5.08 84 106 
1139 1 3.61 1 0 70 12.21 12.48 32 60 
1140 1 3.69 1 0 -1 9.1 9.69 58 84 
1141 1 3.79 1 0 -72 15.32 15.93 44 33 
1142 1 3.73 1 0 -13 15.71 16.28 81 44 
1143 1 3.72 -1 26.44 -5 6.88 7.49 64 44 
1145 1 3.49 1 0 -7 9.29 9.68 79 51 
1146 1 3.6 1 0 -3 7.07 7.54 84 66 
1147 1 3.63 1 0 -15 8.92 9.56 86 42 
1148 1 3.59 1 0 23 6.68 7.01 41 27 
1149 1 3.45 1 0 63 9.3 9.54 37 26 
1150 1 3.43 1 0 54 5.81 6.09 44 31 
1151 1 3.52 2 27.89 -48 4.32 4.64 27 46 
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1152 1 3.53 -1 2.92 -15 13.55 13.86 50 90 
1153 1 3.55 -1 1.28 67 11.38 11.64 39 24 
1154 1 3.53 1 0 0 5.84 6.28 72 69 
1156 1 3.56 2 7.13 -50 10.06 10.56 53 49 
1157 1 3.56 -1 39.9 -5 10.2 10.84 88 43 
1158 1 3.66 1 0 4 14.83 15.28 67 10 
1159 1 3.73 1 0 39 7.5 7.92 74 27 
1160 1 3.4 1 0 13 6.87 7.21 71 64 
1161 1 3.4 1 0 -13 8.12 8.47 75 45 
1162 1 3.59 -1 16.24 3 2.66 3.02 74 15 
1163 1 3.62 -1 2.36 -8 8.53 9.07 87 55 
1166 1 3.4 1 0 42 10.41 10.65 44 45 
1167 1 3.52 1 0 55 9.48 9.73 41 37 
1168 1 3.47 1 0 -72 6.87 7.37 74 47 
1169 1 3.59 1 0 22 6.54 7 83 12 
1170 1 3.41 1 0 -5 8.7 9.08 90 103 
1171 1 3.63 -1 25.84 -89 7.31 7.89 57 34 
1172 1 3.08 -1 21.99 63 11.14 11.33 43 22 
1174 1 3.25 1 0 68 12.98 13.12 25 25 
1175 1 3.14 1 0 26 7.47 7.73 74 25 
1176 1 3.14 1 0 -24 6.46 6.77 80 33 
1178 1 4.04 -1 0.22 2 8.64 9.44 76 28 
1182 1 5 -1 0.62 -3 5.58 7.41 86 25 
1186 1 5.19 1 0 -5 6.73 9.42 82 37 
1188 1 4.08 -1 0.74 -5 6.95 7.66 74 19 
1190 1 4.2 1 0 -13 7.85 8.83 78 30 
1193 1 3.47 1 0 2 8.89 9.15 35 10 
1194 1 3.05 -1 3.53 -6 11.16 11.46 82 22 
1195 1 3.34 1 0 -3 10.73 11.15 68 27 
1202 1 4.17 1 0 4 9.58 10.38 87 17 
1203 1 3.54 2 0.66 1 8.55 9.13 84 4 
1204 1 3.68 1 0 5 5.97 6.53 82 4 
1205 1 3.45 -1 3.93 0 7.59 8.05 89 6 
1206 1 4.48 1 0 -10 8.3 9.52 88 7 
1207 1 3.27 2 0 10 10.63 10.96 80 6 
1208 1 4.01 2 11.35 -8 8.25 9.13 85 26 
1209 1 3.4 1 0 69 12.36 12.65 45 4 
1210 1 3.48 1 0 -10 6.45 6.94 85 8 
1211 1 3.3 2 15.23 19 9.92 10.32 86 5 
1212 1 3.43 1 0 -6 6.86 7.18 86 5 
1213 1 3.4 1 0 6 9.34 9.77 87 7 
1214 1 3.3 2 21.67 -40 7.03 7.53 80 26 
1215 1 3.5 1 0 6 5.92 6.36 67 40 
1216 1 3.69 1 0 52 7.02 7.42 77 40 
1217 1 3.2 -1 6.52 -1 8.29 8.64 83 29 
1218 1 3.49 1 0 0 5.65 6.13 80 13 
1219 1 3.5 1 0 39 7.61 7.93 52 33 
1220 1 3.39 2 13.33 10 5.89 6.27 70 20 
1221 1 4.05 1 0 6 10.08 11.01 76 143 
1222 1 3.73 2 0.48 56 9.19 9.63 55 34 
1223 1 3.37 -1 38.69 11 9.36 9.78 87 22 
1224 1 3.22 2 17.72 70 9.57 9.86 55 19 
1226 1 4.51 1 0 71 4.83 5.56 49 7 
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1228 1 3.92 2 0.61 89 5.03 5.44 49 4 
1230 1 4.07 1 0 60 5.46 6.03 45 7 
1231 1 3.5 2 28.72 50 3.98 4.38 60 6 
1233 1 3.48 2 1.77 83 4.13 4.38 45 3 
1234 1 3.9 2 0.32 58 5.5 5.81 27 5 
1235 1 3.63 2 5.1 50 7.14 7.32 20 6 
1236 1 3.67 2 5.18 60 7 7.3 35 5 
1237 1 3.16 -1 4.94 -45 3.73 4.1 90 5 
1239 1 3.36 1 0 -10 6.98 7.34 90 4 
1241 1 4 -1 22.95 9 5.56 6.38 80 13 
1243 1 3.6 1 0 8 5.97 6.35 73 19 
1245 1 3.54 -1 1.47 -15 5.32 5.8 90 15 
1246 1 3.7 -1 0.91 7 5.55 6.1 79 15 
1247 1 3.9 1 0 -9 4.28 5 71 19 
1248 1 3.8 1 0 -2 4.28 4.74 69 17 
1250 1 3.8 1 0 -2 3.84 4.45 80 13 
1251 1 3.5 2 0.84 -9 5.2 5.68 78 15 
1258 1 3.8 -1 4.58 -2 7.01 7.59 76 18 
1259 1 3.8 2 1.18 17 13.5 14.01 56 15 
1260 1 3.64 2 0 -17 13.09 13.63 80 17 
1261 1 3.09 2 0.65 -26 12.87 13.11 87 15 
1264 1 3.43 -1 32.61 -14 5.36 5.77 73 52 
1265 1 3.6 0 -999 -3 7.92 8.47 88 36 
1266 1 3.5 0 -999 60 4.15 4.46 45 27 
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