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ABSTRACT 

This report summarizes the results of a study of cumulative absolute velocity (CAV) and Japan 

Meteorological Agency instrumental seismic intensity (IJMA) with the objectives of (1) analyzing 

the relationship between IJMA and the standardized version of CAV (standardized CAV) and our 

variant of this parameter (CAVS) that includes the operating basis earthquake (OBE) exceedance 

criteria proposed by the U.S. Nuclear Regulatory Commission for shutting down a nuclear power 

plant after an earthquake; (2) developing a ground motion prediction equation (GMPE) for CAVS 

and the geometric mean horizontal component of CAV (CAVGM), and (3) developing a GMPE 

for IJMA. All of these analyses used the Pacific Earthquake Engineering Research Center Next 

Generation Attenuation (PEER-NGA) strong motion database. We explored the relationship 

between CAVS and IJMA using both the full PEER-NGA database and a subset of that database 

(the CB08 subset) that we previously used to develop GMPEs for peak ground motion and 

linear-elastic and inelastic response spectra. We used only the CB08 subset of the PEER-NGA 

database to develop GMPEs for CAVGM, CAVS and IJMA in order to limit the analysis to those 

recordings that were considered to be most reliable. Thus far, we have found that CAVGM has 

less aleatory uncertainty than any of the peak ground motion and response-spectral parameters 

we have studied and that the aleatory uncertainty associated with CAVS is among the smallest. 
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1 Introduction 

One of the main objectives of this study was to use the Pacific Earthquake Engineering Research 

Center Next Generation Attenuation (PEER-NGA) Strong Motion Database of shallow crustal 

earthquakes in the western United States and other global active tectonic regions to develop 

ground motion prediction equations (GMPEs), also known as attenuation relationships, for 

several alternative, non-traditional ground motion parameters. These alternative ground motion 

parameters were selected because they were expected to better correlate with earthquake energy 

content and structural damage and to decrease the dispersion in the predicted value of ground 

motion as compared to the more common engineering ground motion parameters (e.g., peak 

ground motion and linear-elastic and inelastic response spectra). The alternative ground motion 

parameters that we analyzed for this report are the cumulative absolute velocity (CAV) (EPRI 

1988; 1991) and the Japan Meteorological Agency (JMA) instrumental seismic intensity (IJMA) 

(Japan Meteorological Agency 1996). Another main objective of this study was to use the PEER-

NGA database to develop a relationship between CAV and IJMA that can assist in establishing a 

relationship between CAV and the qualitative description of damage to well-engineered 

buildings provided by the vast amount of experience data contained within the JMA seismic 

intensity scale. Our study was performed in parallel to similar studies conducted by other 

investigators using different local and regional strong motion databases. 

The acronym CAV is used in this study as a generic term for the cumulative absolute 

velocity and its filtered variants (see Section 2.1 for a description of these variants). The different 

variants are identified by adding a unique subscript to this acronym. The variant of interest in 

this study is standardized CAV (EPRI 1991), which is used in conjunction with response-spectral 

acceleration and velocity to determine whether a U.S. nuclear power plant should be shut down 

after an earthquake (U.S. Nuclear Regulatory Commission 1997). The empirical GMPEs for 

CAV and IJMA developed in this study build on a five-year multidisciplinary study sponsored by 
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the Pacific Earthquake Engineering Research Center (PEER) to develop next generation 

attenuation (NGA) relationships for shallow crustal earthquakes in active tectonic regions 

(Power et al. 2008). This study is currently referred to as the NGA-West project. The “West” has 

been added to the NGA acronym to distinguish it from another multi-year PEER study that is 

under way to develop NGA relationships for shallow crustal earthquakes in stable continental 

regions referred to as the NGA-East project. The CAV and IJMA relationships developed in this 

study complement our existing NGA-West relationships for peak ground acceleration (PGA), 

peak ground velocity (PGV), peak ground displacement (PGD), 5%-damped linear-elastic 

pseudo-absolute response-spectral acceleration (PSA), and inelastic pseudo-absolute response-

spectral acceleration (Campbell and Bozorgnia 2008; Bozorgnia et al. 2010a, 2010b). 

Although the NGA-West relationships were intended originally for use in the western 

United States, several studies have shown that they are consistent with strong motion data from 

shallow crustal earthquakes in other active tectonic regions throughout the world, including 

Europe and the Mediterranean region (Campbell and Bozorgnia 2006; Stafford et al. 2008; Peruš 

and Fajfar 2009), Taiwan (Lin 2007), Italy (Scasserra et al. 2009), and Iran (Shoja-Taheri et al. 

2010). Unpublished results from similar ongoing studies are finding similar results for shallow 

crustal earthquakes in New Zealand, Japan, and Latin America. Therefore, we suggest that the 

ground motion prediction equations for CAV and IJMA developed in this study can be used in 

active tectonic regions worldwide. 

Since its introduction in 1988, CAV and its filtered variants have generated a great deal 

of interest. This interest has taken the form of correlating CAV parameters with macroseismic 

intensity and instrumental ground motion parameters (Cabañas et al. 1997; Koliopoulos et al. 

1998; EPRI 2006; Martinez-Rueda et al. 2008; Tselentis and Danciu 2008) and developing 

GMPEs that allow the estimation of CAV directly from physical parameters of an earthquake 

(Kostov 2005; Kramer and Mitchell 2006; Danciu and Tselentis 2007). Similarly, since its 

introduction in 1996, there has been a great deal of interest in IJMA, although this has been mainly 

restricted to Japanese researchers. Most of the interest has been in correlating IJMA with modified 

Mercalli intensity (MMI) and other instrumental ground motion parameters (Dong et al. 1996; 

Tong and Yamazaki 1996; Midorikawa et al. 1999; Sugawara et al. 1999; Davenport 2001, 2003; 

Shabestari and Yamazaki 2001; Karim and Yamazaki 2002; Fujimoto and Midorikawa 2005; 

Sokolov and Furumura 2008). Japanese colleagues have made us aware of four recently 
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published GMPEs for IJMA (Shabestari and Yamazaki 1998; Kataoka et al. 2006; Matsuzaki et al. 

2006; Morikawa et al. 2007); however, there could be others in the Japanese literature that we 

are not aware of. 

Chapter 2 presents a detailed definition of CAV and IJMA, followed by a description of the 

PEER-NGA Strong Motion Database in Chapter 3. The development of a relationship between 

CAV and IJMA are discussed in Chapter 4, the development of GMPEs for CAV and IJMA in 

Chapter 5, and the use of CAV in probabilistic seismic hazard analysis (PSHA) in Chapter 6. 

Chapter 7 is a discussion of results, followed by conclusions in Chapter 8. Additional 

documentation and justification of the database and the functional forms of the GMPEs used in 

this study can be found in Campbell and Bozorgnia (2007, 2008). 
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2 Parameter Definitions 

2.1 CUMULATIVE ABSOLUTE VELOCITY (CAV) 

Cumulative absolute velocity (CAV) is defined as the integral of the absolute value of an 

acceleration time series, which is represented mathematically by the following equation (EPRI 

1988): 

 
0

CAV ( )maxt
a t dt= ∫  (2.1) 

where ( )a t is the acceleration time series, t is time, and maxt  is the total duration of the time 

series. Figure 2.1 shows a hypothetical acceleration time series and the corresponding value of 

CAV as it evolves over time. In this figure, CAV is the summation of the shaded areas. It is 

evident from the definition of CAV that its value increases with time until it reaches its 

maximum value at. maxt . Therefore, CAV includes the cumulative effects of ground motion 

duration. This is a key advantage of CAV over other peak ground motion and response-spectral 

parameters and is one of the reasons that EPRI (1988) found it to be the ground motion 

parameter that best correlated with structural damage out of the many ground motion parameters 

that it investigated. 

Although named the cumulative absolute velocity, CAV is not directly related to the 

ground motion velocity ( )v t , although it does have units of velocity, typically g-sec. The name 

cumulative absolute velocity comes from the recognition that since ( ) ( ) /a t dv t dt= , the integral 

over acceleration in Equation (2.1) can be rewritten as the following summation of incremental 

velocities (i.e., peak-to-valley and valley-to-peak), regardless of sign, in the velocity time series 

(EPRI 1988): 

 
1

CAV
N

i
i

v
=

= Δ∑  (2.2) 
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where ivΔ  is the ith value of incremental velocity in the time series and N is the total number of 

incremental velocities. 
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Fig. 2.1 Definitions of CAV and standardized CAV showing their evolution with time. 
Hypothetical acceleration time series is that given in EPRI (1991). Acceleration 
threshold for determining when the value of standardized CAV in any one-second 
interval is included in the summation is 0.025g. Modified from EPRI (1988). 

In its review of the EPRI (1988) study, EPRI (1991) noted that the calculation of CAV 

could be overly influenced by a time series of long duration that contained small-amplitude (non-

damaging) accelerations. Therefore, EPRI found it necessary to standardize the method of 

calculating CAV to account for record length. We refer to this version of CAV as standardized 

CAV. The recommended method to standardize the CAV calculation for a given time series was 
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to window its calculation on a second-by-second basis. Only if the absolute value of acceleration 

exceeds 0.025g at any time during each non-overlapping one-second interval of an acceleration 

time series is the incremental value of CAV for that interval included in the summation. This 

calculation is mathematically represented by the following equation (EPRI 2006): 

 ( )
11

CAV (PGA 0.025) ( )i

i

N t

i t
i

H a t dt
−=

= −∑ ∫  (2.3) 

where N is the number of one-second non-overlapping time intervals in the acceleration time 

series, PGAi  is the peak ground acceleration (g) in time interval i, it  is the start time of time 

interval i, and ( )H x  is the Heaviside step function, given by the equation: 

 
0 0

( )
1 0

x
H x

x
<⎧

= ⎨ ≥⎩
 (2.4) 

Figure 2.1 shows the calculation of standardized CAV and its relationship to CAV for a 

hypothetical acceleration time series. Inspection of this figure and Equations (2.1) and (2.3) 

indicates that standardized CAV will always be equal to or less than CAV. This difference can 

be large for small-amplitude recordings. 

Although many investigators have evaluated both CAV and standardized CAV as 

potential damage indices, their use has been limited. The USNRC (U.S. Nuclear Regulatory 

Commission 1997) uses standardized CAV as one of the ground motion measures to determine 

whether a nuclear power plant must be shut down after an earthquake when the operating basis 

earthquake (OBE) ground motion is exceeded. Kramer and Mitchell (2006) recommend the use 

of a filtered variant of CAV, which they call CAV5, to replace PGA and magnitude in the 

assessment of liquefaction potential. EPRI (2006) and Watson-Lamprey and Abrahamson (2007) 

demonstrate how standardized CAV can be used to remove small-magnitude (non-damaging) 

earthquakes from contributing to a PSHA. 

2.2 JMA INSTRUMENTAL SEISMIC INTENSITY (IJMA) 

The JMA seismic intensity scale has been used in Japan as a measure of strong ground shaking 

effects for many years. It has traditionally been assessed after an earthquake based on the 

judgment of JMA officers. In 1996, the JMA seismic intensity scale was revised and became an 
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instrumental seismic intensity measure (IJMA) (Japan Meteorological Agency 1996; Earthquake 

Research Committee 1998). 

IJMA is computed by first taking the Fourier transform for a selected time window of each 

of the three components (i.e., two horizontal and one vertical) of an acceleration time series. 

Then, a band-pass filter is applied to these Fourier transforms in the frequency domain. This 

filter is composed of a period filter 1( )F f , a high-cut filter 2 ( )F f , and a low-cut filter 3( )F f , as 

given by the following equation (Fig. 2.2a): 

 1 2 3( ) ( ) ( ) ( )F f F f F f F f=  (2.5) 

where 

 1( ) 1/F f f=  (2.6) 

   2 4 6 8 10 12 1/2
2 ( ) (1 0.694 0.241 0.0557 0.009664 0.00134 0.000155 )F f x x x x x x −= + + + + + +  (2.7) 

 1/ cx f=  (2.8) 

 3
3 0( ) 1 exp( )F f f f= − −  (2.9) 

In the above equations, f is frequency, cf  is the reference frequency of the high-cut filter, 

and 0f  is the reference frequency of the low-cut filter. After taking the inverse Fourier 

transforms of the filtered Fourier spectra, the absolute value of the geometric mean of the three 

transformed times series is computed at each time increment and the total duration τ of those 

pulses that exceed acceleration values ranging from zero to the maximum of the time series is 

calculated (Fig. 2.2b). An acceleration value 0a  having a total duration 0τ  satisfying the 

condition 0( ) 0.3aτ ≥  sec is defined (Fig. 2.2c) after which IJMA is calculated from the following 

equation: 

 JMA 0I 2.0 log 0.94a= +  (2.10) 
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Fig. 2.2 Calculation of JMA instrumental seismic intensity: (a) applying a band-pass filter 
in the frequency domain, (b) summing time segments exceeding a reference PGA 
value of the absolute value of the geometric mean of the three components of the 
filtered acceleration time series, and (c) accounting for the effect of duration on 
PGA. Modified from Karim and Yamazaki (2002). 

According to Karim and Yamazaki (2002), the JMA has deployed a large number of 

seismometers (574 in total) to measure IJMA throughout Japan (Japan Meteorological Agency 

1996), and the Fire and Disaster Management Agency (FDMA) has deployed one seismometer 

measuring IJMA in each municipality (3255 in total). Using these seismometer networks, the 

distribution of JMA intensity can be determined rapidly after an earthquake even for a local 

event. The disaster management agencies in Japan use the JMA intensity as the most important 

index for estimating structural damage, identifying affected areas, and preparing for crisis 

management after an earthquake (Yamazaki 1996; Yamazaki et al. 1998). 
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3 Database 

3.1 STRONG MOTION DATABASE 

Two strong motion databases were used in this study: (1) the full PEER-NGA strong motion 

database (Chiou et al. 2008) and (2) a subset of this database used previously to develop NGA-

West empirical GMPEs (Campbell and Bozorgnia 2007, 2008). The full PEER-NGA database 

consists of 3551 publicly available multi-component recordings from 173 shallow crustal 

earthquakes with moment magnitudes ranging from 4.2 to 7.9 and rupture distances ranging from 

0.1 to 472 km. The subset of the PEER-NGA database that we used to develop the GMPEs for 

CAV and IJMA (hereafter referred to as the CB08 subset) consists of 1561 recordings from 64 

earthquakes with moment magnitudes ranging from 4.3 to 7.9 and rupture distances ranging from 

0.1 to 199 km. The distribution of these databases with respect to magnitude and distance is 

shown in Figure 3.1. 

The general criteria that we used to select the CB08 subset of the PEER-NGA database 

was intended to meet the following requirements: (1) the earthquake should be located within the 

shallow continental lithosphere (i.e., the earth’s crust) in a region considered to be tectonically 

active, (2) the recording should be located at or near ground level and exhibit no known 

embedment or topographic effects, (3) the earthquake should have enough recordings to reliably 

represent the mean horizontal ground motion (especially for small-magnitude events), and (4) the 

earthquake or the recording should be considered reliable. Additional details are available in 

Campbell and Bozorgnia (2007, 2008). A complete list of the selected earthquakes and recording 

stations are given in Appendix A of Campbell and Bozorgnia (2007). 
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Fig. 3.1 Distribution of recordings with respect to moment magnitude (M) and rupture 
distance ( RUPR ) for the CB08 subset of the PEER-NGA database used in the 
analysis of CAVGM and IJMA (upper left) and CAVS (lower left), and the full 
PEER-NGA database used in the analysis of CAVGM and IJMA (upper right) and 
CAVS (lower right). Red circles are additional recordings that pass the spectral 
velocity check. 

3.2 GROUND MOTION COMPONENTS 

3.2.1 Horizontal Geometric Mean of CAV (CAVGM) 

The ground motion component used to define CAV is the geometric mean of the two as-recorded 

horizontal components of a recording (CAVGM). Therefore, CAVGM is undefined if any one of 

the horizontal components is missing. This definition of the horizontal geometric mean is 

different from the GMRotI50 component (Boore et al. 2006) used in the NGA-West 

relationships, which is a version of the horizontal geometric mean that is independent of sensor 

orientation. However, the two geometric means have been shown on average to be within a few 
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percent of each other for peak ground motion and response-spectral parameters (Beyer and 

Bommer 2006; Boore et al. 2006; Bozorgnia et al. 2006, 2010a; Campbell and Bozorgnia 2007). 

Therefore, we consider the difference between these two definitions of the geometric mean to be 

negligible for purposes of this study. Since most of the recordings in the database have both 

horizontal components, we were able to use 3528 of the 3551 recordings (99.4%) from the full 

PEER-NGA database and all 1561 recordings from the CB08 subset of this database for the 

analysis of CAVGM (Table 3.1). 

Table 3.1  Ground motion components and databases used in the regression analyses. 

Parameter Database 
Spectral 

Velocity Check
No. of 

Recordings M 
RUPR  

(km) 

CAVS CB08 Yes 903 4.9 – 7.9 0.1 – 195 
CAVS CB08 No 819 4.9 – 7.9 0.1 – 161 
CAVS Full Yes 1281 4.8 – 7.9 0.1 – 195 
CAVS Full No 1182 4.8 – 7.9 0.1 – 176 

CAVGM CB08 – 1561 4.3 – 7.9 0.1 – 199 
IJMA CB08 – 1540 4.3 – 7.9 0.1 – 199 

3.2.2 Maximum Standardized CAV (CAVS) 

The USNRC proposes the use of both the standardized CAV (the CAV check) and the response 

spectrum (the response spectrum check) in its post-event procedures to determine whether the 

OBE response spectrum is exceeded and a nuclear power plant must be shut down after an 

earthquake (U.S. Nuclear Regulatory Commission 1997). These shutdown criteria are consistent 

with those originally recommended by EPRI (1988) except as noted below. The response 

spectrum check is exceeded if any one of the three components (i.e., two horizontal and one 

vertical) of the 5%-damped response spectra generated using the recorded free-field ground 

motion is larger than: 

1. The corresponding design spectral acceleration [OBE spectrum if used in the design; 

otherwise one third of the safe shutdown earthquake ground motion (SSE) spectrum] or 

0.2g, whichever is greater, for frequencies between 2 to 10 Hz; or 
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2. The corresponding design spectral velocity [OBE spectrum if used in the design; 

otherwise one third of the SSE spectrum] or a spectral velocity of 6 in. per sec (15.24 

cm/sec), whichever is greater, for frequencies between 1 and 2 Hz. 

The CAV check is exceeded if any one of the three components of the standardized CAV from 

the free-field ground motion is greater than 0.16 g-sec. If both the response spectrum check and 

the CAV check are exceeded, the OBE is considered exceeded and plant shutdown is required. 

These criteria differ from those originally proposed by EPRI (1988), which used a CAV of 0.3 g-

sec rather than a standardized CAV of 0.16 g-sec as later recommended by EPRI (1991) for the 

CAV check and which did not include a spectral velocity component in the response spectrum 

check. 

In order to embody the USNRC shutdown criteria in a single ground motion parameter, 

we defined a new variant of standardized CAV that met all of these criteria. However, like EPRI 

(1988), we questioned whether the spectral velocity check was necessary in order to fulfill the 

objectives of this study. To explore this further, we performed an analysis of our PEER-NGA 

database and found that the spectral velocity check allows primarily large magnitude ground 

motions at long distances to initiate plant shutdown when the spectral acceleration and CAV 

checks would not otherwise be exceeded. The average moment magnitude and rupture distance 

of those additional recordings in the CB08 subset and full version of the PEER-NGA databases 

that exceed the spectral velocity check are greater than 7.0 and 90 km, respectively. The smallest 

magnitude is 6.0 and the smallest distance is 30 km. These recordings are generally not 

important to our primary objective of screening out high-acceleration near-source recordings 

from small-magnitude earthquakes. Nevertheless, in order to demonstrate the impact of including 

the spectral velocity check, we provide results with and without this check. Thus, we develop 

four relationships for CAVS, one for each database and, for each database, one with and one 

without including the spectral velocity check. 

The standardized CAV ground motion component that meets both the response spectrum 

and CAV checks described above can be defined as the value of standardized CAV for which 

both of the following criteria are met for a given free-field recording: (1) the maximum value of 

PSA in the period range 0.1–0.5 sec (2–10 Hz) for all three components is at least 0.2g or the 

maximum value of PSV (5%-damped pseudo-relative response-spectral velocity) in the period 

range 0.5–1 sec (1–2 Hz) for all three components is at least 15.24 cm/sec, and (2) the maximum 
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value of the standardized CAV for all three components is at least 0.16 g-sec. The criterion 

involving PSV is omitted in order to test the sensitivity of the results to the spectral velocity 

check. We call this CAV component the maximum standardized CAV (CAVS). CAVS is 

undefined if any one of the three components of a recording is missing. Because of the strict 

criteria for determining whether a recording passes both the response spectrum and CAV checks, 

we were able to use only 1281 of the 3551 recordings from the full PEER-NGA database 

(36.1%) and only 903 of the 1561 recordings from the CB08 subset of this database (57.8%) for 

the analysis of CAVS (Table 3.1). If the spectral velocity check is ignored, the number of 

available recordings further reduces to 1182 from the full PEER-NGA database (33.3%) and to 

819 from the CB08 subset of this database (53.4%) (Table 3.1). 

3.2.3 JMA Instrumental Seismic Intensity (IJMA) 

IJMA is uniquely defined in terms of all three components of a recording. As a result, IJMA is 

undefined if any one of these three components is missing. Since most of the recordings in the 

database have all three components, we were able to use 3482 of the 3551 recordings (98.1%) 

from the full PEER-NGA database and 1540 of the 1561 recordings (99.7%) from the CB08 

subset of this database in the analysis of IJMA (Table 3.1). The number of useable recordings is 

reduced to the number of CAVS values for relationships that involve both of these parameters 

(Table 3.1). 



 

4 Relationship between CAVS and IJMA 

The purpose of developing relationships between CAVS and IJMA is twofold: (1) to evaluate the 

value of IJMA that corresponds to a CAVS value of 0.16 g-sec, which is defined in USNRC 

Regulatory Guide 1.166 (U.S. Nuclear Regulatory Agency 1997) as the threshold needed to shut 

down a nuclear power plant when the OBE response spectrum has been exceeded and (2) to 

correlate CAVS with the qualitative descriptions of damage to well-engineered buildings in the 

JMA seismic intensity scale. 

4.1 MEDIAN MODEL 

The median model for estimating CAVS is given by the following equation: 

 S 0 1 JMAln CAV Ic c= +  (4.1) 

where CAVS has units of g-sec. Analyses were performed for both the CB08 subset and the full 

version of the PEER-NGA database with and without the spectral velocity check (four analyses 

in all) using the random-effects regression algorithms of Abrahamson and Youngs (1992). The 

results of the analyses are listed in Table 4.1. Plots of the equations are shown in Figure 4.1. We 

also tested bi-linear and quadratic functional forms, but the additional coefficients were found to 

be insignificantly different from zero at the 90% confidence level and, therefore, they were not 

included in the relationship. Validation of the linear model is also visually demonstrated by the 

residual plot shown in Figure 4.1. 
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Table 4.1  Model parameters for the relationship between CAVS and IJMA. 

Parameter Database 

Spectral 
Velocity 
Check 0c  1c  

Sln CAVσ  
Sln CAVτ  Tσ  2R  

CAVS CB08 Yes -5.256 0.951 0.391 0.109 0.406 0.836 
CAVS CB08 No -5.274 0.955 0.400 0.108 0.414 0.817 
CAVS Full Yes -5.257 0.934 0.394 0.139 0.418 0.850 
CAVS Full No -5.306 0.944 0.402 0.137 0.425 0.838 

Note: CAVS has units of g-sec. 
 

 

Fig. 4.1 Relationships between CAVS and IJMA: (left) median models; (right) total 
residuals. Median models that use data that pass the spectral velocity check are 
indistinguishable from those that use data that do not pass this check at the scale 
of the plot. Plotted data and residuals include those recordings that pass the 
spectral velocity check. 

4.2 ALEATORY UNCERTAINTY MODEL 

Consistent with the random-effects regression analysis used to derive the median model, the 

aleatory uncertainty model for CAVS versus IJMA is defined by the following equation (Campbell 

and Bozorgnia 2008): 

 S S(ln CAV ) (ln CAV )ij ij i ijη ε= + +  (4.2) 

3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0
JMA Intensity

10-1

100

101

C
A

V S 
(g

-s
ec

)

CB08 Database
Full Database

3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0
JMA Intensity

-3.0

-2.0

-1.0

0.0

1.0

2.0

3.0

To
ta

l R
es

id
ua

l

Full Database
CB08 Database



 

 19

where iη  is the interevent residual for event i; and S(ln CAV )ij , S(ln CAV )ij , and ijε  are the 

predicted median value, the observed value, and the intra-event residual for recording j of event 

i. The independent normally distributed variables iη  and ijε  have zero means and estimated 

interevent, intra-event, and total standard deviations of 
Sln CAVτ τ= , 

Sln CAVσ σ= , and 
2 2

Tσ σ τ= + , respectively (Table 4.1). 

Figure 4.2 shows the distribution of the total residuals with respect to several physical 

parameters of the earthquake, including moment magnitude (M), rupture distance ( RUPR ), 30-m 

shear-wave velocity ( 30SV ), median estimate of PGA on rock ( 1100A ), sediment or basin depth 

( 2.5Z ), and rake angle (λ), for the CB08 subset of the PEER-NGA database that includes those 

data that pass the spectral velocity check. Biases in these residuals, especially with respect to 

magnitude and sediment depth, indicate that Sln CAV  and IJMA scale differently with respect to 

several of these physical parameters. Similar results were found for the full PEER-NGA 

database. One of the possible uses of these relationships is to evaluate CAVS as a tentative 

trigger for an automatic or operator-assisted emergency shutdown of a nuclear reactor, also 

known as a SCRAM. In such a case, the physical parameters of an earthquake would not 

generally be known. Therefore, accounting for the correlation with respect to these physical 

parameters in Equation (4.1) is not considered to be meaningful. 
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Fig. 4.2 Total residuals for the relationship between CAVS and IJMA showing their 
distribution with moment magnitude (M), rupture distance ( RUPR ), median PGA 
on rock ( 1100A ), 30-m shear wave velocity ( 30SV ) binned by NEHRP site class, 
sediment depth ( 2.5Z ), and rake angle (λ) binned by fault mechanism (SS, strike 
slip; NM, normal; RV, reverse). Residuals are calculated with respect to the 
median model derived from the CB08 subset of the PEER-NGA database that 
includes those data that pass the spectral velocity check. 

4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0
Moment Magnitude

To
ta

l R
es

id
ua

l

-3.0

-2.0

-1.0

0.0

1.0

2.0

3.0

10-1 100 101 102 103

Closest Distance to Rupture (km)

To
ta

l R
es

id
ua

l

-3.0

-2.0

-1.0

0.0

1.0

2.0

3.0

102 103

30-m Shear-Wave Velocity (m/sec)

-3.0

-2.0

-1.0

0.0

1.0

2.0

3.0

To
ta

l R
es

id
ua

l

E D C B A

10-2 10-1 100

PGA on Rock (g)

To
ta

l R
es

id
ua

l

-3.0

-2.0

-1.0

0.0

1.0

2.0

3.0

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0
Sediment Depth (km)

To
ta

l R
es

id
ua

l

-3.0

-2.0

-1.0

0.0

1.0

2.0

3.0

-180 -120 -60 0 60 120 180
Rake (deg)

-3.0

-2.0

-1.0

0.0

1.0

2.0

3.0

To
ta

l R
es

id
ua

l

SS NM SS RV SS



 

 21

4.3 RELATIONSHIP TO QUALITATIVE DAMAGE DESCRIPTIONS 

4.3.1 Qualitative Damage Descriptions in the JMA Intensity Scale 

According to the descriptions of intensity levels associated with the JMA seismic intensity scale 

(Earthquake Research Committee 1998), the lowest intensity level where the onset of structural 

damage to well-engineered structures has been observed is 5 Lower (IJMA 4.5–5.0). The effect of 

this intensity level on reinforced concrete buildings (a proxy for well-engineered structures) is 

described as “Occasionally, cracks formed in walls of less earthquake-resistant buildings.” 

However, it is at an intensity level of 5 Upper (IJMA 5.0–5.5) where structural damage to well-

engineered structures with special earthquake-resistant design occurs, where the effect of this 

intensity level on reinforced concrete (RC) buildings is described as “… even highly earthquake-

resistant buildings develop cracks.” An updated version of the JMA intensity scale (Japan 

Meteorological Agency 2007) suggests that these damages occur at one intensity level higher, or 

5 Upper for less earthquake-resistant buildings and 6 Lower (IJMA 5.5–6.0) for highly 

earthquake-resistant buildings, where damage to RC buildings is described as “Cracks may form 

in walls, crossbeams and pillars.” 

4.3.2 Qualitative Damage Descriptions in the MMI Intensity Scale 

To aid in the selection of an appropriate value for IJMA that corresponds with the onset of 

structural damage to well-engineered structures, it is useful to correlate it to MMI, or more 

specifically, to an instrumental measure of MMI (IMMI). One such correlation is given by 

Shabestari and Yamazaki (2001), who developed it from U.S. Geological Survey (USGS) 

assessments of MMI from the 1987 Whittier Narrows (M 6.0), the 1989 Loma Prieta (M 6.9), 

and the 1994 Northridge (M 6.7), California, earthquakes. Their relationship between IMMI and 

the geometric average of IJMA over specified values of MMI is given by the following equation: 

 MMI JMAI 1.95I 2.91= −  (4.3) 

which has a standard deviation of 0.283 and an r-square value of 0.974. This relationship is 

considered to be valid for intensities in the range IV MMI VIII≤ ≤ . According to this equation, 

the median values of IMMI that are consistent with the potential structural damage descriptions 
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corresponding to IJMA of 4.5, 5.0, and 5.5 are 5.87 0.28±  (MMI VI), 6.84 0.28±  (MMI VII), and 

7.82 0.28±  (MMI VIII). 

Another relationship between IMMI and IJMA was developed by Sokolov and Furumura 

(2008) from 598 recordings of nine earthquakes that occurred between 1999 and 2007. The 

recordings were obtained by the K-NET and KiK-net strong motion instruments deployed 

throughout Japan by the National Institute for Earth Science and Disaster Research (NIED) 

following the destructive Kobe, Japan, earthquake in 1995. The earthquakes ranged in magnitude 

from MJMA 6.3 to 8.0. IMMI was calculated using the Fourier amplitude spectra (FAS) method of 

Sokolov (2002). The relationship is given by the following equation: 

 MMI JMAI 1.743I 0.584= −  (4.4) 

which has a standard deviation of 0.384 and an r-square value of 0.984. It is considered to be 

valid for IMMI 5.5 to 10.5 and IJMA 3.5 to 6 Upper. According to this equation, the median values 

of IMMI that are consistent with the description of potential structural damage corresponding to 

IJMA of 4.5, 5.0, and 5.5 are 7.26 0.38±  (MMI VII), 8.13 0.38±  (MMI VIII), and 9.00 0.38±  

(MMI IX). 

The large difference between the estimates of IMMI given by Equations (4.3) and (4.4) 

poses a problem in our ability to reliably assign a specific value if IMMI to a potential structural 

damage threshold value of IJMA. Some insight into this discrepancy is offered by Sokolov and 

Wald (2002). They performed a direct comparison of IMMI from the 1999 (M 7.1) Hector Mine, 

California, and the 1999 (M 7.6) Chi-Chi, Taiwan, earthquakes between the FAS method of 

Sokolov (2002) and the peak amplitude method of Wald et al. (1999) and found that the latter 

method produced values that were approximately one intensity unit lower, more consistent with 

the estimates from Equation (4.3). Sokolov and Wald (2002) suggest that the FAS method, 

which is based on worldwide data and, therefore, averages different building codes and qualities 

of construction, provides the worst (pessimistic) assessment of IMMI. The peak amplitude method, 

which reflects improved building practices, gives a more current optimistic view. These authors 

go on to say that the relationship of Wald et al. (1999) also provides lower intensity levels for the 

same peak motions than the relationship of Trifunac and Brady (1975), which was based on the 

older MMI assessments similar to those used by Sokolov (2002). They suggest that the shift may 

be related to improved building practices and the replacement or retrofit of weak structures over 

time in the United States. Thus, so far as the peak amplitude method is based primarily on data 
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from recent earthquakes in California, the relationship characterizes existing building stock 

constructed in accordance with a stronger building code. Wald et al. (1999) also suggest that 

their relationship uses a more restricted intensity range than Trifunac and Brady (1975), which 

presumably removes the less reliable recordings. 

One drawback of the MMI scale is that it does not give an adequate description of 

damage to well-engineered structures. This shortcoming has been corrected in the recent 

European macroseismic scale (EMS-98). The EMS-98 scale, which is similar to both the MMI 

and the Medvedev-Sponheuer-Kárník (MSK-64) scales, was specifically designed to describe 

damage to engineered structures (Grünthal 1998). Well-engineered structures fall into the EMS 

structure types defined as RC frames and walls with a moderate level of earthquake-resistant 

design (Vulnerability Class D) and steel structures and RC frames and walls with a high level of 

earthquake-resistant design (Vulnerability Class E). According to EMS-98, the onset of slight 

structural damage (Damage Grade 2) to Class D structures begins at intensity level VIII (IMMI 

7.5–8.5) and to Class E structures at intensity level IX (IMMI 8.5–9.5). According to Equations 

(4.3) and (4.4), these intensity levels correspond to median IJMA values of 4.6–5.3 and 5.2–5.9, 

respectively. Damage Grade 2 is described as “Cracks in columns and beams of frames and in 

structural walls.” No structural damage is expected to Class D structures at intensity level VII or 

to Class E structures at intensity level VIII. 

The descriptions of damage in the EMS-98 (MMI) intensity scale and its correlation with 

IJMA would seem to confirm the relative assessment of damage to similar types of buildings 

described in the revision of the JMA intensity scale (Japan Meteorological Agency 2007). RC 

buildings of a less or moderate level of earthquake-resistant design begin to form cracks at IJMA 

5.0 or IMMI 7.5 and those with a high level of earthquake-resistant design begin to form cracks at 

IJMA 5.5 or IMMI 8.5. The relationships of Shabestari and Yamazaki (2001) and Sokolov and 

Furumura (2008) estimate IMMI values that bracket those inferred from the EMS-98 scale for the 

same values of IJMA. For IJMA values of 4.5, 5.0, and 5.5, these two relationships give average 

estimates of IMMI of 6.56 0.33± , 7.49 0.33± , and 8.41 0.33± , within one standard deviation of 

those inferred from similar descriptions of damage in the EMS-98 scale that correspond to IMMI 

values of 6.5, 7.5, and 8.5. It should be noted that EPRI (1988) selected MMI VII (IMMI 6.5–7.5) 

as the intensity level representing the possible onset of structural damage to engineered (not 
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necessarily well-engineered) industrial facilities, which lead EPRI (1991) to select 0.16 g-sec as 

the value of standardized CAV to associate with this MMI level. 

4.3.3 Correlation of CAVS with Qualitative Damage Descriptions in the JMA and MMI 
Intensity Scales 

Table 4.2 lists the estimates of CAVS from Equation (4.1) and Table 4.1 that are related to the 

potential values of IJMA and IMMI that correspond to the onset of structural damage to well-

engineered structures as described in the JMA, MMI, MSK-64, and EMS-98 intensity scales. 

Also listed in this table are the probabilities that these estimates of CAVS are less than the 

USNRC proposed threshold of 0.16 g-sec that is used as one of the criterion for plant shutdown 

after an earthquake. These latter probabilities are an indication of the likelihood that CAVS will 

be less than that required to trigger the USNRC shutdown criteria given the potential damage 

indicated by the specified values of IJMA and IMMI. According to Table 4.2, even the most 

conservative value for the potential structural damage thresholds of IJMA and IMMI, combined 

with the more conservative relationship between CAVS and IJMA developed without those data 

that exceed the spectral velocity check, leads to relatively small nonexceedance probabilities, 

ne S JMAP (0.16) P(CAV 0.16 | I )= < , of 1.9% for the CB08 subset and 3.4% for the full version of 

the PEER-NGA database. The nonexceedance probabilities for the larger, less conservative 

values of IJMA and IMMI are all less than 0.2%. 
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Table 4.2  Statistical correlation between CAVS and instrumental seismic intensity. 

CAVS 

IJMA IMMI Database 

Spectral 
Velocity 
Check 

Median
CAVS 

Sln CAVσ  Pne(0.16) Pne=5% Pne=2.5% Pne=1% 

4.5 6.5 CB08 Yes 0.377 0.406 21.75 10−×  0.193 0.170 0.146 

4.5 6.5 CB08 No 0.377 0.414 21.93 10−×  0.191 0.167 0.144 

5.0 7.5 CB08 Yes 0.606 0.406 45.19 10−×  0.311 0.273 0.236 

5.0 7.5 CB08 No 0.607 0.414 46.38 10−×  0.307 0.270 0.232 

5.5 8.5 CB08 Yes 0.975 0.406 64.27 10−× 0.500 0.440 0.379 

5.5 8.5 CB08 No 0.979 0.414 66.08 10−×  0.495 0.435 0.374 

4.5 6.5 Full Yes 0.349 0.418 23.13 10−×  0.175 0.154 0.132 

4.5 6.5 Full No 0.347 0.425 23.42 10−×  0.173 0.151 0.129 

5.0 7.5 Full Yes 0.556 0.418 31.44 10−×  0.280 0.245 0.210 

5.0 7.5 Full No 0.557 0.425 31.68 10−×  0.277 0.242 0.207 

5.5 8.5 Full Yes 0.887 0.418 52.09 10−× 0.446 0.391 0.335 

5.5 8.5 Full No 0.892 0.425 52.63 10−×  0.443 0.388 0.332 

Note: neP is probability of nonexceedance; S JMAneP (0.16) P(CAV 0.16 | I )= < ; CAVS has units of g-sec. 

 

EPRI (1988) and EPRI (1991) selected the minimum value of CAV and standardized 

CAV of those recordings with an assessed site intensity of MMI VII as the proposed trigger 

threshold for shutting down a nuclear power plant when the OBE response spectrum is exceeded. 

A more objective approach of making this selection would be to perform a statistical analysis as 

we have done in Table 4.2. This table lists the values of CAVS that are associated with 

nonexceedance probabilities ( neP ) of 5%, 2.5%, and 1%. This statistical analysis indicates that 

the 0.16 g-sec threshold for standardized CAV recommended by EPRI (1991) and used by the 

USNRC (U.S. Nuclear Regulatory Commission 1997) corresponds to a nonexceedance 

probability between 1% and 2.5% for a JMA instrumental seismic intensity corresponding to 

IJMA 4.5 (IMMI 6.5). For a JMA instrumental seismic intensity corresponding to IJMA 5.0 (IMMI 

7.5), Table 4.2 indicates that the value of CAVS with a probability of nonexceedance of 1% 

would be approximately 0.21–0.24 g-sec. This value increases to around 0.28–0.31 g-sec, or 

almost twice the value recommended by EPRI (1991) and the U.S. Nuclear Regulatory 

Commission (1997), for a nonexceedance probability of 5%. 
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5 Ground Motion Prediction Equations 

We adopted the same functional forms that we used to define our NGA-West GMPEs (Campbell 

and Bozorgnia 2007, 2008) to develop GMPEs for CAVGM and IJMA. However, the number of 

CAVS values in the CB08 subset of the PEER-NGA database (Table 3.1) is too small to use 

directly in the development of a GMPE for this parameter. Instead, we developed a relationship 

between CAVS from CAVGM and used the predicted median value of CAVGM from its GMPE to 

estimate CAVS. We found that a more simplified functional form could be used for the 

relationship between CAVS and CAVGM because of the similar dependence of these two 

parameters on many of the predictor variables. 

The functional forms were selected according to (1) their sound seismological basis; (2) 

their unbiased residuals; (3) their ability to be extrapolated to values of magnitude, distance, and 

other predictor variables that are important for use in engineering and seismology; and (4) their 

simplicity, although this latter consideration was not an overriding factor. The third criterion was 

the most difficult to achieve because the data did not always allow the functional forms of some 

predictor variables to be developed empirically. In such cases, theoretical constraints were used 

to define the functional forms based on supporting studies sponsored by the NGA-West project 

(Power et al. 2008). Specific details regarding how these general selection criteria were applied 

is given in Campbell and Bozorgnia (2007, 2008). Model coefficients were determined using the 

random-effects regression algorithms of Abrahamson and Youngs (1992). 
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5.1 PREDICTION EQUATIONS FOR CAVGM AND IJMA 

5.1.1 Median Model 

The median estimates of CAVGM and IJMA are given by the following general equation 

(Campbell and Bozorgnia 2008): 

 mag dis flt hng site sedY f f f f f f= + + + + +  (5.1) 

where the magnitude term is given by the expression: 
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 (5.2) 

the distance term is given by the expression: 

 ( )2 2
4 5 6( ) lndis RUPf c c R c= + +M  (5.3) 

the style-of-faulting (fault mechanism) term is given by the expressions: 

 7 , 8flt RV flt Z NMf c F f c F= +  (5.4) 

 ,

; 1
1; 1

TOR TOR
flt Z

TOR

Z Z
f

Z
<⎧

= ⎨ ≥⎩
 (5.5) 

the hanging-wall term is given by the expressions: 

 9 , , , ,hng hng R hng M hng Z hngf c f f f f δ=  (5.6) 
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the shallow site response term is given by the expression: 
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and the basin response term is given by the expression: 
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In the above equations, Y  is the median estimate of CAVGM (g-sec) or IJMA, designated 

GMln CAV  and JMAI ; M  is moment magnitude; RUPR  is the closest distance to the coseismic 

rupture plane (km); JBR  is the closest distance to the surface projection of the coseismic rupture 

plane (km); RVF  is an indicator variable representing reverse and reverse-oblique faulting 

( 1RVF =  for 30 150λ° < < ° , 0RVF =  otherwise, and λ  is rake angle defined as the average angle 

of slip measured in the plane of rupture between the strike direction and the slip vector); NMF  is 

an indicator variable representing normal and normal-oblique faulting ( 1NMF =  for 

150 30λ− ° < < − °  and 0NMF =  otherwise); TORZ is the depth to the top of the coseismic rupture 

plane (km); | | 90δ ≤ °  is the absolute value of the angle of dip of the rupture plane measured 

from a horizontal plane; 30SV  is the time-averaged shear-wave velocity in the top 30 m of the site 

(m/sec); 1100A  is the median estimate of PGA on a rock outcrop with 30 1100SV =  m/sec 

(Campbell and Bozorgnia 2008) (g); and 2.5Z  is the depth to the 2.5 km/sec shear-wave velocity 

horizon, typically referred to as basin or sediment depth (km). The empirical coefficients ic , 1k , 
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and 2k  and the theoretical coefficients c , n , and 3k  are listed in Table 5.1. For comparison, this 

table also includes the model coefficients for PGA, PGV, PGD, and PSA from Campbell and 

Bozorgnia (2008). 

The statistical robustness of CAVGM allowed us to statistically fit the theoretically 

constrained coefficients 1k  and 2k  in the original NGA-West relationship, which had not been 

possible with many of the peak ground motion and response-spectral parameters. A hypothesis 

test determined that the theoretically derived value of 1k  of 400 obtained for PGV and PSA for 

1T ≥  sec was not significantly different at the 99% confidence level from the statistically 

derived value of 397 and was, therefore, adopted in place of the statistically derived value. The 

value of 3k  was fixed at the value for PGV and one-second PSA to serve as a reference value in 

order to facilitate the comparison of the coefficient 12c  to the values found in the relationships 

for peak and response-spectral parameters. 

5.1.2 Aleatory Uncertainty Model 

The aleatory uncertainty models for CAVGM and IJMA are defined by the following random-

effects equation (Campbell and Bozorgnia 2008): 

 ij ij i ijY Y η ε= + +  (5.13) 

where iη  is the inter-event residual for event i and ijY , ijY , and ijε  are the predicted median 

value, the observed value, and the intra-event residual for recording j of event i. The independent 

normally distributed variables iη  and ijε  have zero means and estimated inter-event, intra-event, 

and total standard deviations (designatedτ , σ , and Tσ , respectively) given by the following 

equations: 

 lnYτ τ=  (5.14) 

 2 2 2 2
ln ln ln ln ln2

B B B BY AF A Y Aσ σ σ α σ αρσ σ= + + +  (5.15) 

 2 2
Tσ σ τ= +  (5.16) 

where lnYτ  is the standard deviation of the inter-event residuals; lnYσ  is the standard deviation of 

the intra-event residuals; 2 2 1 2
ln ln ln( )

BY Y AFσ σ σ= −  is the estimated intra-event standard deviation 
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of GMln CAV  or JMAI  at the base of the site profile; ln AFσ  is the estimated standard deviation of 

the logarithm of the site amplification factor sitef  assuming linear site response; 
2 2 1 2

ln ln PGA ln( )
BA AFσ σ σ= −  is the estimated standard deviation of ln PGA  at the base of the site 

profile (Campbell and Bozorgnia 2008); ρ  is the correlation coefficient between the intra-event 

residuals of the ground motion parameter of interest and PGA; and α  is the linearized functional 

relationship between sitef  and 1100ln A , which is estimated from the partial derivative 

1100lnsitef A∂ ∂  (Abrahamson and Silva 2008) according to the following expression: 

 
( ) ( ){ }1 1

2 1100 1100 30 1 1100 30 1

30 10

n
S S

S

k A A c V k A c V k

V k
α

− −⎧ ⎡ ⎤+ − + <⎪ ⎣ ⎦= ⎨
⎪ ≥⎩

 (5.17) 

The model coefficients 1k , 2k , c  and n  are listed in Table 5.1. The standard deviations 

lnYτ , lnYσ , Tσ , and ln AFσ  and the correlation coefficient ρ  are listed in Table 5.2. For 

comparison, this table also includes the standard deviations and correlation coefficients for PGA, 

PGV, PGD, and PSA from Campbell and Bozorgnia (2008). 



 

 32

Table 5.1  Model coefficients for the GMPEs of peak ground motion and response-spectral parameters, CAVGM, and IJMA. 

T (s) 0c  1c  2c  3c  4c  5c  6c  7c  8c  9c  10c  11c  12c  1k  2k  3k  

0.010 -1.715 0.500 -0.530 -0.262 -2.118 0.170 5.60 0.280 -0.120 0.490 1.058 0.040 0.610 865 -1.186 1.839 
0.020 -1.680 0.500 -0.530 -0.262 -2.123 0.170 5.60 0.280 -0.120 0.490 1.102 0.040 0.610 865 -1.219 1.840 
0.030 -1.552 0.500 -0.530 -0.262 -2.145 0.170 5.60 0.280 -0.120 0.490 1.174 0.040 0.610 908 -1.273 1.841 
0.050 -1.209 0.500 -0.530 -0.267 -2.199 0.170 5.74 0.280 -0.120 0.490 1.272 0.040 0.610 1054 -1.346 1.843 
0.075 -0.657 0.500 -0.530 -0.302 -2.277 0.170 7.09 0.280 -0.120 0.490 1.438 0.040 0.610 1086 -1.471 1.845 
0.10 -0.314 0.500 -0.530 -0.324 -2.318 0.170 8.05 0.280 -0.099 0.490 1.604 0.040 0.610 1032 -1.624 1.847 
0.15 -0.133 0.500 -0.530 -0.339 -2.309 0.170 8.79 0.280 -0.048 0.490 1.928 0.040 0.610 878 -1.931 1.852 
0.20 -0.486 0.500 -0.446 -0.398 -2.220 0.170 7.60 0.280 -0.012 0.490 2.194 0.040 0.610 748 -2.188 1.856 
0.25 -0.890 0.500 -0.362 -0.458 -2.146 0.170 6.58 0.280 0.000 0.490 2.351 0.040 0.700 654 -2.381 1.861 
0.30 -1.171 0.500 -0.294 -0.511 -2.095 0.170 6.04 0.280 0.000 0.490 2.460 0.040 0.750 587 -2.518 1.865 
0.40 -1.466 0.500 -0.186 -0.592 -2.066 0.170 5.30 0.280 0.000 0.490 2.587 0.040 0.850 503 -2.657 1.874 
0.50 -2.569 0.656 -0.304 -0.536 -2.041 0.170 4.73 0.280 0.000 0.490 2.544 0.040 0.883 457 -2.669 1.883 
0.75 -4.844 0.972 -0.578 -0.406 -2.000 0.170 4.00 0.280 0.000 0.490 2.133 0.077 1.000 410 -2.401 1.906 
1.0 -6.406 1.196 -0.772 -0.314 -2.000 0.170 4.00 0.255 0.000 0.490 1.571 0.150 1.000 400 -1.955 1.929 
1.5 -8.692 1.513 -1.046 -0.185 -2.000 0.170 4.00 0.161 0.000 0.490 0.406 0.253 1.000 400 -1.025 1.974 
2.0 -9.701 1.600 -0.978 -0.236 -2.000 0.170 4.00 0.094 0.000 0.371 -0.456 0.300 1.000 400 -0.299 2.019 
3.0 -10.556 1.600 -0.638 -0.491 -2.000 0.170 4.00 0.000 0.000 0.154 -0.820 0.300 1.000 400 0.000 2.110 
4.0 -11.212 1.600 -0.316 -0.770 -2.000 0.170 4.00 0.000 0.000 0.000 -0.820 0.300 1.000 400 0.000 2.200 
5.0 -11.684 1.600 -0.070 -0.986 -2.000 0.170 4.00 0.000 0.000 0.000 -0.820 0.300 1.000 400 0.000 2.291 
7.5 -12.505 1.600 -0.070 -0.656 -2.000 0.170 4.00 0.000 0.000 0.000 -0.820 0.300 1.000 400 0.000 2.517 
10.0 -13.087 1.600 -0.070 -0.422 -2.000 0.170 4.00 0.000 0.000 0.000 -0.820 0.300 1.000 400 0.000 2.744 
PGA -1.715 0.500 -0.530 -0.262 -2.118 0.170 5.60 0.280 -0.120 0.490 1.058 0.040 0.610 865 -1.186 1.839 
PGV 0.954 0.696 -0.309 -0.019 -2.016 0.170 4.00 0.245 0.000 0.358 1.694 0.092 1.000 400 -1.955 1.929 
PGD -5.270 1.600 -0.070 0.000 -2.000 0.170 4.00 0.000 0.000 0.000 -0.820 0.300 1.000 400 0.000 2.744 
IJMA 4.928 0.325 -0.091 -0.467 -1.845 0.170 3.40 0.347 -0.116 0.463 2.101 0.059 0.510 324 -2.105 1.929 
CAVGM -4.354 0.942 -0.178 -0.346 -1.309 0.087 7.24 0.111 -0.108 0.362 2.549 0.090 0.662 400 -2.690 1.929 

Note: 1.88c =  and 1.18n = ; PGA and PSA have units of g; PGV and PGD have units of cm/sec and cm, respectively; CAVGM has units of g-sec. 
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Table 5.2 Model standard deviations and correlation coefficients for the GMPEs of peak 
ground motion and response-spectral parameters, CAVGM, and IJMA. 

Standard Deviation for 30 1SV k≥  ρ  

T (s) lnYσ  lnYτ  Cσ  Tσ  Arbσ  PGA CAVS 

0.010 0.478 0.219 0.166 0.526 0.551 1.000 0.205 
0.020 0.480 0.219 0.166 0.528 0.553 0.999 0.205 
0.030 0.489 0.235 0.165 0.543 0.567 0.989 0.205 
0.050 0.510 0.258 0.162 0.572 0.594 0.963 0.205 
0.075 0.520 0.292 0.158 0.596 0.617 0.922 0.191 
0.10 0.531 0.286 0.170 0.603 0.627 0.898 0.176 
0.15 0.532 0.280 0.180 0.601 0.628 0.890 0.173 
0.20 0.534 0.249 0.186 0.589 0.618 0.871 0.168 
0.25 0.534 0.240 0.191 0.585 0.616 0.852 0.137 
0.30 0.544 0.215 0.198 0.585 0.618 0.831 0.115 
0.40 0.541 0.217 0.206 0.583 0.618 0.785 0.105 
0.50 0.550 0.214 0.208 0.590 0.626 0.735 0.090 
0.75 0.568 0.227 0.221 0.612 0.650 0.628 0.073 
1.0 0.568 0.255 0.225 0.623 0.662 0.534 0.058 
1.5 0.564 0.296 0.222 0.637 0.675 0.411 0.045 
2.0 0.571 0.296 0.226 0.643 0.682 0.331 0.045 
3.0 0.558 0.326 0.229 0.646 0.686 0.289 0.045 
4.0 0.576 0.297 0.237 0.648 0.690 0.261 0.045 
5.0 0.601 0.359 0.237 0.700 0.739 0.200 0.045 
7.5 0.628 0.428 0.271 0.760 0.807 0.174 0.045 
10.0 0.667 0.485 0.290 0.825 0.874 0.174 0.045 
PGA 0.478 0.219 0.166 0.526 0.551 1.000 0.205 
PGV 0.484 0.203 0.190 0.525 0.558 0.691 0.072 
PGD 0.667 0.485 0.290 0.825 0.874 0.174 0.045 
IJMA 0.396 0.157 – 0.426 – 0.824 0.040 
CAVGM 0.371 0.196 0.089 0.420 0.429 0.735 -0.009 

Note: ln 0.3AFσ = ; see text for calculation of standard deviations for 30 1SV k< . 

 

Equation (5.14) recognizes that τ  is approximately equal to the standard deviation of the 

inter-event residuals lnYτ , which is consistent with the common understanding that inter-event 

terms are not significantly affected by soil nonlinearity (e.g., Kwok and Stewart 2006; J. Stewart, 
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personal comm. 2007). Even if we were to assume that τ  was subject to soil nonlinearity effects 

as suggested by Abrahamson and Silva (2008), it would have only a relatively small effect on the 

total standard deviation because of the dominance of the intra-event standard deviation in 

Equation (5.16). The more complicated relationship for σ  takes into account the soil 

nonlinearity effects embodied in Equation (5.11), which predicts that as the value of 1100A  

increases, the corresponding value of sitef  decreases for soils with 30 1SV k<  m/sec. This 

nonlinearity impacts the intra-event standard deviation by reducing the variability in the site 

amplification factor at high values of 1100A  as expressed in the first-order second-moment 

approximation of σ  given by Equation (5.15). This approximation, a modified version of the 

propagation of uncertainty theorem, was first introduced by Bazzurro and Cornell (2004b) for the 

case where PSA is used as the reference rock ground motion and later extended to the case where 

PGA is used as the reference rock ground motion by Stewart and Goulet (2006). 

The development of the aleatory uncertainty model assumes that lnYσ  and ln PGAσ  

represent the aleatory uncertainty associated with linear site response. This assumption reflects 

the dominance of such recordings in the database. Another key element in this formulation is the 

selection of an appropriate value for ln AFσ . Although this value can be impacted by many 

factors, site response studies using both empirical methods (e.g., Baturay and Stewart 2003) and 

theoretical methods (e.g., Silva et al. 1999, 2000; Bazzurro and Cornell 2004a, 2005) have 

suggested that a period-independent value corresponding to ln 0.3AFσ ≈  is reasonable for deep 

soil sites once 3-D basin response has been removed as is the case in our model. This uncertainty 

is expected to decrease as sites become harder (Goulet and Stewart, 2009; Silva et al. 1999, 

2000), but since such sites do not respond nonlinearly, σ  becomes insensitive to ln AFσ  for these 

sites. Further justification of the dependence of the intra-event standard deviation on site 

classification and 30SV  is given in Campbell and Bozorgnia (2008). 

For some applications, engineers need an estimate of the aleatory uncertainty of the 

arbitrary horizontal component of ground motion (Baker and Cornell 2006). The standard 

deviation of this component can be calculated from the following equation: 

 2 2
Arb T Cσ σ σ= +  (5.18) 

where Cσ  is the intra-component standard deviation given by the expression (Boore 2005): 
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where ijy  is the value of the ground motion parameter for component i  of recording j  and N  is 

the total number of recordings. The standard deviations Cσ  and Arbσ  for ground motions subject 

to linear site response (i.e., for 30 1SV k≥  or small values of 1100A ) are listed in Table 5.2. Because 

IJMA is calculated from all three ground motion components, it does not have an arbitrary 

horizontal component and Arbσ  is undefined. 

5.1.3 Model Evaluation 

The distribution of the total residuals with respect to M, RUPR , 30SV , 1100A , 2.5Z , and λ are given 

in Figures 5.1 and 5.2 for CAVGM and IJMA, respectively. These plots confirm that there are no 

significant trends between the residuals and the predictor variables included in the regression 

analysis. Similar results (not shown) were found for δ, TOPZ , and hngf . Median estimates with 

respect to RUPR , M, fault mechanism ( RVF  and NMF  for both footwall and hanging-wall sites), 

NEHRP site class (BSSC 2994), and 2.5Z  are given in Figures 5.3 and 5.4 for CAVGM and IJMA, 

respectively. In all cases, NEHRP site classes B, C, D, and E were evaluated for 30SV  values of 

1070, 525, 255, and 150 m/sec, respectively, corresponding to the median (logarithmic average) 

value of 30SV  for each site class. 
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Fig. 5.1 Total residuals for the GMPE of CAVGM. See caption to Fig. 4.2 for a description 
of the plots. 
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Fig. 5.2 Total residuals for the GMPE of IJMA. See caption to Fig. 4.2 for a description of 
the plots. 
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Fig. 5.3 Predicted median estimates of CAVGM and CAVS with respect to rupture distance 
( RUPR ), moment magnitude (M), fault mechanism for footwall sites (SS, strike 
slip; RV, reverse; NM, normal), fault mechanism for hanging-wall sites, NEHRP 
site class, and sediment depth ( 2.5Z ). Unless otherwise noted, CAVGM and CAVS 
are evaluated for M = 7.5 , vertical ( = 90δ ° ) strike-slip faulting, 0TOPZ = , 
NEHRP site class BC ( S 30 760V =  m/sec), and 2.5 2Z =  km. CAVS is calculated 
from the relationship derived from the full version of the PEER-NGA database 
that includes those data that pass the spectral velocity check. 
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Fig. 5.4 Predicted median estimates of IJMA. See caption to Fig. 5.3 for a description of the 
plots. 

Figures 5.5 and 5.6 demonstrate the dependence of the predicted CAVGM site 

amplification and IJMA site increment terms on the median estimate of rock PGA and sediment 

depth. The plots with respect to rock PGA demonstrate the affect of soil nonlinearity on shallow 

site response for NEHRP site classes D and E. Figures 5.7 and 5.8 show the dependence of the 
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standard deviations of GMln CAV  and IJMA on the median estimate of rock PGA, which shows the 

affect of soil nonlinearity on ground motion variability for NEHRP site classes D and E. 

 

Fig. 5.5 Predicted site effects for CAVGM and CAVS: (left) amplification factors for 
NEHRP site classes B, C, D and E (see text for associated values of 30SV ); (right) 
amplification factors for sediment depths ( 2.5Z ) ranging between 0 and 10 km. 
CAVS is calculated from the relationship derived from the full version of the 
PEER-NGA database that includes those data that pass the spectral velocity 
check. 

 

Fig. 5.6 Predicted site effects for IJMA. See caption to Fig. 5.5 for a description of the plots, 
except that site effects are given in terms of intensity increments rather than 
amplification factors. 
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Fig. 5.7 Standard deviations of GMln CAV  and Sln CAV  showing their dependence on 
nonlinear site response for NEHRP site classes B, C, D and E (see text for 
associated values of 30SV ): (left) inter-event and intra-event standard deviations; 
(right) total standard deviations. Standard deviations of Sln CAV  are calculated 
from the relationship derived from the full version of the PEER-NGA database 
that includes those data that pass the spectral velocity check. 

 

Fig. 5.8 Standard deviations of IJMA showing their dependence on nonlinear site response 
for NEHRP site classes B, C, D and E (see text for associated values of 30SV ): (left) 
inter-event and intra-event standard deviations; (right) total standard deviations. 
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5.2 PREDICTION EQUATION FOR CAVS 

5.2.1 Median Model 

The median estimate of CAVS is given by the following general equation: 

 S 0 1 GMln CAV ln CAV mag disc c f f= + + +  (5.20) 

where the magnitude term is given by the expression: 

 
2

0; 6.5
( 6.5); 6.5magf

c
≤⎧

= ⎨ − >⎩

M
M M

 (5.21) 

and the distance term is given by the expression: 

 3dis RUPf c R=  (5.22) 

In the above equations, CAVGM is the horizontal geometric mean component of CAV (g-sec), M 

is moment magnitude, and RUPR  is the closest distance to the coseismic rupture plane (km). The 

model coefficients ic  and the r-square values 2R  are listed in Table 5.3. When CAVGM is 

unknown and must be estimated, the value of GMln CAV  in Equation (5.20) should be replaced 

with its predicted median value, GMln CAV , from Equation (5.1). 

Table 5.3  Model coefficients and standard deviations for the GMPEs of CAVS. 

Database 

Spectral 
Velocity 
Check 0c  1c  2c  3c  σ  τ  Tσ  2R  

When CAVGM is known (all 30SV ) 

CB08 Yes 0.0691 1.151 -0.173 -0.00265 0.130 0.101 0.165 0.973 
CB08 No 0.0666 1.137 -0.138 -0.00304 0.108 0.104 0.150 0.976 
Full Yes 0.0072 1.115 -0.067 -0.00330 0.147 0.115 0.187 0.970 
Full No 0.0152 1.105 -0.044 -0.00369 0.131 0.115 0.174 0.973 

When CAVGM is predicted ( 30 1SV k≥ ) 

CB08 Yes 0.0691 1.151 -0.173 -0.00265 0.446 0.247 0.510 0.973 
CB08 No 0.0666 1.137 -0.138 -0.00304 0.435 0.246 0.500 0.976 
Full Yes 0.0072 1.115 -0.067 -0.00330 0.439 0.247 0.504 0.970 
Full No 0.0152 1.105 -0.044 -0.00369 0.430 0.245 0.495 0.973 

Note: CAVS has units of g-sec; see text for calculation of standard deviations for 30 1SV k< . 
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5.2.2 Aleatory Uncertainty Model 

The aleatory uncertainty model for CAVS is similar to that for CAVGM and IJMA described in 

Section 5.1.2. One difference is that the intra-event standard deviation σ is not subject to 

nonlinear site effects, such that 
Sln CAVτ τ=  and 

Sln CAVσ σ= . As before, Tσ  is calculated from 

Equation (5.16). Since the shear-wave velocity 30SV  is not a parameter in the GMPE, soil 

nonlinearity effects are included through the intra-event variability of CAVGM. 

When CAVS is calculated from GMln CAV , the uncertainty in CAVGM must be included 

in the calculation of the standard deviation of Sln CAV  using the first-order second-moment 

approximation of the propagation of uncertainty theorem given by the following equations: 

 
S

2 2 2
ln CAV 1 GM(CAV )τ τ α τ= +  (5.23) 

 
S

2 2 2
ln CAV 1 GM(CAV )σ σ α σ= +  (5.24) 

where the values of τ(CAVGM) and σ(CAVGM) inside the radicals are calculated from Equations 

(5.14) and (5.15) and 1α  is the linearized functional relationship between Sln CAV  and 

GMln CAV  estimated from the following partial derivative of Equation (5.20): 

 S
1 1

GM

ln CAV
ln CAV

cα ∂= =
∂

 (5.25) 

The term involving ρ in Equation (5.15) is not included in the expressions for τ and σ 

because the residuals of Sln CAV  and GMln CAV  were found to be uncorrelated (i.e., 0ρ ≈ ). The 

model coefficient 1c  and the standard deviations τ , σ , and Tσ  are listed in Table 5.3. Because 

CAVS is defined as the maximum of the three ground motion components, it does not have an 

arbitrary horizontal component and Arbσ  is undefined. 

5.2.3 Model Evaluation 

The distribution of the total residuals with respect to CAVGM is shown in Figure 5.9 for the 

CAVS relationships that were derived from the CB08 subset and the full version of the PEER-

NGA database. Both databases include those data that pass the spectral velocity check. The lack 

of any biases or trends in these residuals confirms the adequacy of the linear relationship 
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between Sln CAV  and GMln CAV . This figure clearly shows the increased variability associated 

with the less reliable full PEER-NGA database, especially at low values of CAVGM. The 

distribution of the total residuals with respect to M, RUPR , 30SV , 1100A , 2.5Z , and λ for the 

relationship that was derived from the CB08 subset of the PEER-NGA database that includes 

those data that pass the spectral velocity check is given in Figure 5.10. These plots confirm that 

there are not only no significant biases or trends between the residuals and the two predictor 

variables that were included in the relationship, M and RUPR , but that there are no significant 

trends between the residuals and those variables that were not included in the relationship. This 

implies that CAVS and CAVGM scale similarly with respect to these additional variables. Similar 

results (not shown) were found for δ, TOPZ , and hngf . The only noticeable bias in the residuals is 

at small PGA values, where CAVS approaches its absolute limit of 0.16 g-sec. This bias is seen 

only for rock PGA values less than 0.03g. 

 
 

Fig. 5.9 Total residuals for the relationship between CAVS and CAVGM plotted as a 
function of CAVGM: (left) relationship derived from the CB08 subset of the 
PEER-NGA database; (right) relationship derived from the full version of the 
PEER-NGA database. Both databases include those data that pass the spectral 
velocity check. 
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Fig. 5.10 Total residuals for the relationship between CAVS and CAVGM derived from the 
CB08 subset of the PEER-NGA database that includes those data that pass the 
spectral velocity check. See caption to Fig. 4.2 for a description of the plots. 

Figure 5.11 shows the distribution of the total residuals with respect to M, RUPR , 30SV , 

1100A , 2.5Z , and λ for the relationship that was derived from the full version of the PEER-NGA 

database that includes those data that pass the spectral velocity check. This figure confirms the 

conclusions from Figure 5.10 and shows the increased variability associated with the less reliable 

full database. Similar results (not shown) were found for δ, TOPZ , and hngf . There appears to be a 
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slight bias in the residuals with respect to sediment depth, but since this bias was not found for 

the CB08 subset (Fig. 5.9) and since there were only a few additional recordings in the full 

database with known values of 2.5Z , we decided to exclude 2.5Z  as a predictor variable in this 

relationship. 

Figure 5.3 compares the median prediction of CAVS with the median prediction of 

CAVGM after combining the prediction equations for CAVS and CAVGM to create a single 

GMPE. CAVS was calculated using the full version of the PEER-NGA database that includes 

those data that pass the spectral velocity check. 

Figure 5.5 shows the dependence of the predicted site amplification of CAVS (from the 

GMPE) on the median estimate of rock PGA and sediment depth. This dependence is the same 

as that for CAVGM. The plots with respect to rock PGA demonstrate the affect of soil 

nonlinearity on shallow site response for NEHRP site classes D and E. Figure 5.7 compares the 

dependence of the standard deviations of Sln CAV  (from the GMPE) and GMln CAV  on the 

median estimate of rock PGA. The standard deviations of Sln CAV  were calculated from 

Equations (5.23) and (5.24) using values of 
Sln CAVτ  and 

Sln CAVσ  derived from the full version of 

the PEER-NGA database that includes those data that pass the spectral velocity check. 
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Fig. 5.11 Total residuals for the relationship between CAVS and CAVGM derived from the 
full version of the PEER-NGA database that includes those data that pass the 
spectral velocity check. See caption to Fig. 4.2 for a description of the plots. 
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6 Use of CAV Filter in Probabilistic Seismic 
Hazard Analysis 

6.1 HAZARD INTEGRAL WITH CAV FILTER 

It is standard practice to use a lower-bound moment magnitude in the probabilistic seismic 

hazard analysis (PSHA) of nuclear facilities (EPRI 1989) and civil structures (Petersen et al 

2008). However, this lower-bound magnitude cut-off is unrealistically sharp and can lead to the 

over-representation of small-magnitude non-damaging earthquakes in the PSHA in regions 

where the hazard is dominated by source zones rather than individual faults. This is particularly a 

problem in regions of low seismicity where the hazard at a site is dominated by nearby small 

earthquakes. To help overcome this problem, EPRI (2006) and Watson-Lamprey and 

Abrahamson (2007) proposed the use of a lower-bound (minimum) CAV in addition to a lower-

bound magnitude in the PSHA. This is based on the recommendation of EPRI (1988) that CAV 

can be used to quantify the potential for small earthquakes to cause structural damage to 

industrial facilities. In other words, CAV can be used as a means of screening out non-damaging 

earthquakes that have magnitudes larger than the assumed lower bound. 

A lower-bound magnitude is included in the PSHA by setting minm  as the lower limit of 

integration over magnitude in the following generalized hazard integral (modified from McGuire 

2004; EPRI 2006; Watson-Lamprey and Abrahamson 2007): 

 
max max

1
( ) ( ) ( ) ( | ) ( | , )

s

min min

m rN

i min i i i
i m r

Y y N m m f m f r m P Y y m r drdmν
=

> = ≥ >∑ ∫ ∫  (6.1) 

where ( )Y yν >  is the total frequency that the ground motion parameter Y exceeds the value y in 

a specified period of time (usually one year); m is magnitude; r is distance; ( )i minN m m≥  is the 
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rate of occurrence of earthquakes with minm m≥  on source i; sN  is the total number of seismic 

sources; ( )f m  and ( | )f r m  are probability density functions describing the distributions of 

magnitude ( min maxm m m≤ ≤ ) and distance ( min maxr r r≤ ≤ ); and ( | , )P Y y m r>  is the probability 

that Y is greater than y given m and r. Assuming lnY  is normally distributed, as has been 

demonstrated by many investigators (e.g., Campbell 1981), this latter probability is given by the 

following integral of the normal probability density function (PDF): 

 ( ) ( )X
x

P X x f x dx
∞

> = ∫  (6.2) 

where 

 
2

1 1( ) exp
22X

XX

x xf x
σσ π

⎡ ⎤⎛ ⎞−
⎢ ⎥= − ⎜ ⎟
⎢ ⎥⎝ ⎠⎣ ⎦

 (6.3) 

and lnX Y= , lnx y= , and lnx y=  and lnX Yσ σ=  are the predicted median value and standard 

deviation of lnY  given m and r, respectively (e.g., from a GMPE). 

The CAV filter is included in the PSHA by replacing the exceedance probability 

( | , )P Y y m r>  in the integrand of Equation (6.1) with the joint exceedance probability 

S( ,CAV CAV | , )minP Y y m r> > . This requires that we account for the correlation between the 

exceedance probabilities of Y and CAVS (EPRI 2006; Watson-Lamprey and Abrahamson 2007). 

At first, it might not be apparent why these two probability distributions might be correlated. 

After all, both parameters are dependent on magnitude and distance as well as other predictor 

variables. Thus, it would appear that their dependence is already being accommodated through 

the inclusion of these variables. However, Y and CAVS are not single valued; rather, they are 

defined by a lognormal distribution with a given median and logarithmic standard deviation. 

Therefore, even if the predictor variables are known, there is still a large range of possible values 

for each of these parameters. Because Y and CAVS are calculated from the same ground motion 

recordings, we might expect that a higher-than-average value of Y should correspond to a higher-

than-average value of CAVS. Conversely, we might expect that a lower-than-average value of Y 

should correspond to a lower-than-average value of CAVS. In other words, we might expect the 

variability in Y to be positively correlated with the variability in CAVS. 

We evaluated the potential correlation between the variability of Y and CAVS by 

calculating the correlation coefficients ρ between the residuals of lnY  and Sln CAV  from their 
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respective prediction equations and testing whether these correlation coefficients are 

significantly different from zero at the 95% confidence level. This could be done only for the 

CB08 subset of the PEER-NGA database for which we have residuals for PGA, PGV, and PSA 

from Campbell and Bozorgnia (2008). We found that the calculated correlation coefficients 

decreased from about 0.2ρ =  for PGA and PSA with 0.05T ≤  sec to 0.05ρ <  for PSA with 

1.5T ≥ sec (Table 5.2). The hypothesis tests indicated that the correlation coefficients are 

statistically significant for PGA, PGV, and PSA for 0.75T ≤  sec. 

Under the assumption that the joint probability distribution of two variables is normal if 

their marginal distributions are normal, their joint exceedance probability is given by the 

following double integral of the joint normal PDF (e.g., Benjamin and Cornell 1970): 

 
1 2

1 2

1 1 2 2 , 1 2 1 2( , ) ( , )X X
x x

P X x X x f x x dx dx
∞ ∞

> > = ∫ ∫  (6.4) 

where 

 

1 2

1 2

1 1 2 2

, 2

2 2

2

1 2

1 1 1 1 2 2 2 2

1
( , )

2 1

( )( )1
exp 2

2(1 )

X X

X X

X X X X

f x x

x x x x x x x x

πσ σ ρ

ρ
ρ σ σ σ σ

=
−

− − − −
− − +

−

⎧ ⎫⎡ ⎤⎛ ⎞ ⎛ ⎞ ⎛ ⎞⎪ ⎪⎢ ⎥⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎨ ⎬⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎢ ⎥⎪ ⎪⎝ ⎠ ⎝ ⎠ ⎝ ⎠⎣ ⎦⎩ ⎭

 (6.5) 

Following the vector-valued hazard approach proposed by Bazzurro and Cornell (2002), it is 

convenient to factor the above PDF into its marginal and conditional distributions (e.g., 

Benjamin and Cornell 1970), resulting in the alternative form: 

 
1 2 1

1 2

1 1 2 2 1 | 2 1 1 2( , ) ( ) ( , )X X X
x x

P X x X x f x f x x dx dx
∞ ∞

> > = ∫ ∫  (6.6) 

where 
1 1( )Xf x  is the marginal PDF of 1x  from Equation (6.3) and the conditional PDF is defined 

by the modified normal PDF: 

 
2 1

22

2

2 2
| 2 1

1 1( , ) exp
22X X

XX

x xf x x
σσ π

⎡ ⎤⎛ ⎞′−⎢ ⎥= − ⎜ ⎟
⎜ ⎟′⎢ ⎥′ ⎝ ⎠⎣ ⎦

 (6.7) 

where 
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 2

1

2 2 1 1( )X

X

x x x x
σ

ρ
σ

′ = + −  (6.8) 

 
2 2

21X Xσ σ ρ′ = −  (6.9) 

In the marginal and conditional form of the joint normal PDF, all of the parameters of the 

distribution are defined in terms of the marginal means and standard deviations of the two 

variables. In terms of Y and CAVS, this means that the joint exceedance probability given by 

Equations 6.6–6.9 can be evaluated by letting 1 lnX Y= , 1 lnx y= , 1 lnx Y= , 
1

( )X T Yσ σ= , 

2 Sln CAVX = , 2 ln CAVminx = , 2 Sln CAVx = , and 
2 S(CAV )X Tσ σ= , where lnY  is the predicted 

median value of Y for the ground motion parameter of interest (e.g., from Equation (5.1) and 

Table 5.1), Sln CAV  is the predicted median value of CAVS (from Equation (5.20) and Table 

5.3), ( )T Yσ  is the total standard deviation of lnY  for the ground motion parameter of interest 

(from Table 5.2), S(CAV )Tσ  is the total standard deviation of Sln CAV  when CAVGM is 

predicted (Table 5.3), and ρ is the correlation coefficient between the total variability of Y and 

CAVS (Table 5.2). 

It is easily shown that if the two variables are uncorrelated (i.e., 0ρ ≈ ), Equation (6.7) 

simplifies to the marginal PDF of 2x  and the integrand in Equation (6.6) simplifies to the product 

of the marginal PDFs of 1x  and 2x . In terms of Y and CAVS, this means that the joint exceedance 

probability simplifies to the following product of marginal exceedance probabilities: 

 S S( ,CAV CAV | , ) ( | , ) (CAV CAV | , )min minP Y y m r P Y y m r P m r> > = > >  (6.10) 

Taking into account the joint exceedance probability of Y and CAVS, the vector-valued 

hazard integral becomes 

       max max

S

S
1

( ,CAV CAV )

( ) ( ) ( | ) ( ,CAV CAV | , )
S

min min

min

m rN

i min i i i min
i m r

Y y

N m m f m f r m P Y y m r drdm

ν

=

> > =

≥ > >∑ ∫ ∫
 (6.11) 

where S( ,CAV CAV | , )minP Y y m r> >  is given by either Equation (6.10), if the variability of Y 

and CAVS is statistically independent (uncorrelated), or Equation (6.6), if it is not. The assumed 

bivariate normal distribution used to define the joint probability distribution can also be 

evaluated using bivariate normal probability tables (e.g., National Bureau of Standards 1956; 

Owen 1956, and references therein) or analytical approximations (e.g., Mee and Owen 1982; 
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Cox and Wermuth 1991). However, it should be noted that these latter approximations become 

less accurate at small exceedance probabilities. 

Although the hazard integral approach of applying the CAV filter is preferred, EPRI 

(2006) demonstrates how the CAV filter can be applied in an approximate manner to the 

deaggregation results of a standard PSHA (e.g., McGuire 2004), when the hazard software does 

not include a CAV filter. In this case, the total vector-valued hazard can be estimated from the 

following summation: 

 S
1 1

( | CAV CAV ) ( | , ,CAV )
m rN N

min i j min
i j

Y y Y y m rν ν
= =

> > = >∑∑  (6.12) 

where 

 S( | , ,CAV ) ( ) ( | , ) ( ,CAV CAV | , )i j min i j min i jY y m r Y y D Y y m r P Y y m rν ν> = > > > >  (6.13) 

and mN  is the number of magnitude bins, rN  is the number of distance bins (often defined in 

terms of ln r  rather than r), ( )Y yν >  is the exceedance frequency of Y from the standard PSHA 

given by Equation (6.1), S( ,CAV CAV | , )min i jP Y y m r> >  is the joint exceedance probability of 

Y and CAVS given by either Equation (6.6) or Equation (6.10), and ( | , )i jD Y y m r>  is the hazard 

deaggregation of Y, i.e., the fraction of the exceedance frequency of Y that is associated with 

events of magnitude im  and distance jr  (e.g., McGuire 2004). 

Based on the requirements in USNRC Regulatory Guide 1.166 (U.S. Nuclear Regulatory 

Commission 1997), EPRI (2006) and Watson-Lamprey and Abrahamson (2007) recommended 

0.16 g-sec as the lower-bound (minimum) value of standardized CAV to use in a PSHA. This 

value has subsequently been accepted by the USNRC for use in PSHA studies for nuclear power 

plants in the central and eastern United States. However, the above equations can be used with 

any minimum value of standardized CAV. 

EPRI (2006) and Watson-Lamprey and Abrahamson (2007) included both a magnitude 

filter and a CAV filter in their hazard integral. For consistency with these studies, we have also 

left the magnitude filter in Equation (6.11). One might argue that once the CAV filter is included 

in this integral there is no need for a magnitude filter. However, as we show in the next section, 

there is still a significant contribution to the probability that CAVS exceeds 0.16 g-sec for 

earthquakes with 4.6<M  ( 5bLgm < ) in low seismicity regions. EPRI (1989) concluded that 

even large values of PGA from earthquakes with 5<M  will not cause structural damage to 
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well-engineered structures. Therefore, it is still important to use a magnitude filter in addition to 

a CAV filter in order to eliminate all non-damaging earthquakes. In this case, the CAV filter is 

used to remove non-damaging earthquakes with magnitudes greater than the minimum 

magnitude from contributing to the calculated ground motion exceedance frequencies. This will 

not only make the hazard results more meaningful, but also the deaggregation results by shifting 

the mode and mean hazard away from smaller non-damaging earthquakes to larger damaging 

events. 

6.2 EXAMPLE HAZARD ANALYSIS WITH CAV FILTER 

We demonstrate the impact of including a CAV filter in the hazard integral with an example 

PSHA for the central and eastern United States (CEUS) presented by EPRI (2006) and Watson-

Lamprey and Abrahamson (2007). The hazard is computed for a CEUS rock site that is located 

away from the Charleston and New Madrid regions using the USGS smoothed seismicity sources 

(Frankel et al. 2002) and the Toro et al. (1997) GMPE. 

Figure 5.12 shows the hazard curves for the 0.05 sec (20 Hz) PSA with and without 

including the CAV filter. Removing the events with a standardized CAV less than 0.16 g-sec 

flattens the hazard curve at small ground motion levels. The hazard curve at high ground motion 

levels is not impacted, since these levels are associated with a standardized CAV that is greater 

than 0.16 g-sec. Figure 6.1 shows the same impact on the uniform hazard spectrum (UHS) for a 

mean annual exceedance probability of 410− . At this hazard level, the UHS is reduced by about 

10–25% due to the CAV filter. For sites close to the Charleston and New Madrid regions, the 

effect of the CAV filter on the low-frequency part of the UHS will be smaller, since the ground 

motions that form these larger magnitude earthquakes will have larger standardized CAV values. 

Figure 6.2 shows the results of a hazard deaggregation of the 0.05 sec (20 Hz) PSA for a 

mean exceedance probability of 410−  with and without the CAV filter. The CAV filter removes 

the contribution from smaller magnitudes, shifting the peak in the deaggregation to larger 

magnitudes and distances. For the PSHA using a fixed lower-bound magnitude of M 4.6 but no 

CAV filter, there is a significant contribution from M 4.6–5.0 earthquakes, but the contribution 

from these events are reduced significantly, although not totally eliminated, by the CAV filter. 
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Fig. 6.1 Example hazard curves for 5%-damped 0.05 sec (20 Hz) PSA for a site in the 
CEUS showing the impact of including (red curve) and excluding (blue curve) a 
CAV filter that screens out events with standardized CAV greater than 0.16 g-sec. 
After EPRI (2006) and Watson-Lamprey and Abrahamson 2007). 

 

 

Fig. 6.2 Example uniform hazard spectra with a mean annual exceedance probability of 
410−  for 5%-damped PSA at a site in the CEUS showing the impact of including a 

CAV filter that screens out events with standardized CAV greater than 0.16 g-sec. 
After EPRI (2006) and Watson-Lamprey and Abrahamson 2007). 
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Fig. 6.3 Example hazard deaggregation analysis for 5%-damped 0.05 sec (20 Hz) PSA 
with a mean annual exceedance probability of 410−  at a site in the CEUS showing 
the impact of excluding (top histogram) and including (bottom histogram) a CAV 
filter that screens out events with standardized CAV greater than 0.16 g-sec. 
After EPRI (2006) and Watson-Lamprey and Abrahamson 2007). 
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7 Discussion 

7.1 COMPARISON WITH EXISTING RELATIONSHIPS 

There are only a few GMPEs for CAV and IJMA that we can use to compare with ours (see 

Chapter 1 for a list of these relationships). For purposes of these comparisons, we evaluated our 

GMPE for vertical strike-slip faulting and a sediment depth of 2.5 2Z =  km. We evaluated 

shallow site conditions by setting the value of 30SV  in our GMPE to be as consistent as possible 

with one of the site categories in the GMPE we were evaluating. None of the relationships used 

in the comparisons include 30SV  or 2.5Z  as a predictor variable and some did not distinguish 

between different fault mechanisms. In other cases, magnitude and distance were defined using 

different metrics. Although we attempted to evaluate the relationships in a manner similar to 

ours, we did not attempt to correct for differences in parameter definitions in making the 

comparisons. 

7.1.1 Relationships for CAVS and Standardized CAV 

We are not aware of any published GMPE that uses our specific definition of CAVS. There are, 

however, two published relationships for standardized CAV that we can use to compare with 

ours. Recall that the only difference between these two parameters is that CAVS includes the 

response spectrum check, whereas, standardized CAV does not. The most relevant relationship is 

the GMPE developed by EPRI (2006) because of its use of the PEER-NGA strong motion 

database. For purposes of comparison, we use EPRI’s Equation (2-9) to estimate standardized 

CAV from PGA and our GMPE (Campbell and Bozorgnia 2008) to estimate PGA. Both 

relationships were evaluated for the set of parameter values listed in the caption to Figure 5.3. 
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The comparison in Figure 7.1 shows that there is good agreement between these relationships 

above the imposed CAV threshold value of 0.16 g-sec even though the EPRI relationship used 

both horizontal components in its development rather than the maximum of the horizontal and 

vertical components as stipulated in Regulatory Guide 1.166 (U.S. Nuclear Regulatory 

Commission 1997). The relationships developed in this study are not valid below the CAVS 

threshold of 0.16 g-sec, so any comparison below this value is irrelevant. 

The second relationship is the GMPE developed by Kostov (2005) using the European 

strong motion database. Like EPRI’s, this relationship used both horizontal components. It 

defines magnitude in terms of surface-wave magnitude rather than moment magnitude, and 

distance in terms of epicentral distance rather than closest distance to coseismic rupture. 

Furthermore, it does not contain terms to account for the effects of fault mechanism and site 

conditions. For comparison with the Kostov relationship, we evaluated our GMPE for NEHRP 

site class C ( 30 525SV =  m/sec), which we assume to be generally consistent with the 

predominant site type represented by the Kostov relationship. We used an average hypocentral 

depth of 8 km to evaluate this relationship and a variable depth-to-top of rupture ( TORZ ) of 10 km 

for M 5.0, 5 km for M 6.0, and 0 for M 7.0 in our relationship. The comparison in Figure 7.1 

shows that, although the two relationships have similar magnitude scaling, there is generally 

poor agreement between the two relationships in terms of amplitude and attenuation. 

7.1.2 Relationships for CAV and CAVGM 

There is only one published GMPE for the average horizontal component of CAV that we can 

use to compare with our relationship for CAVGM. This GMPE was developed using Greek 

recordings of the European strong motion database (Danciu and Tselentis 2007). It uses 

epicentral distance and the arithmetic average of the two horizontal ground motion components, 

whereas, we use closest distance to coseismic rupture and the geometric mean of the two 

horizontal components. They determined an average hypocentral depth of 14 km from the 

regression analysis. We evaluated their GMPE for their site category C ( 30 360 665SV = −  m/sec) 

and our relationship for local site conditions and depth-to-top of rupture as described in the 

previous section. The comparison in Figure 7.1 shows relatively good agreement between the 

two relationships at small magnitudes, but a lack of magnitude saturation causes the Danciu and 
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Tselentis relationship to predict much higher values of CAV close in to large magnitude 

earthquakes where data are lacking in the Greek database. 

 

Fig. 7.1 GMPEs for CAVS, CAVGM, and IJMA developed in this study [CB09] compared 
with those of: (top left) standardized CAV by EPRI (2006) [EPRI06]; (top right) 
standardized CAV by Kostov (2005) [K05]; (middle left) CAV by Danciu and 
Tselentis (2007) [DT07]; (middle right) IJMA by Morikawa et al. (2007) 
[MKNFF07]; (lower left) IJMA by Kataoka et al. (2006) [KSMK06]; (lower right) 
IJMA by Matsuzaki et al. (2006) [MHF06]. 
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7.1.3 Relationships for IJMA 

We used three Japanese GMPEs for IJMA published in the Japanese literature to compare with our 

relationship for IJMA. A fourth relationship (Shabestari and Yamazaki 1998) was not used 

because, unlike the others, it did not attempt to take into account near-source effects in its 

development. None of the relationships distinguish between different focal mechanisms as our 

relationship does; however, like ours, they all use rupture distance as the distance metric. We 

evaluated our GMPE and that of Morikawa et al. (2007) for 30 400SV =  m/sec. This is consistent 

with the engineering bedrock category of Kataoka et al. (2006) and the Soil Type 2 category of 

Matsuzaki et al. (2006), for which Zhao et al. (2006) determined a 30SV  in the range of 300–600 

m/sec. The relationship of Matsuzaki et al. uses JMA magnitude as the magnitude scale, whereas 

we use moment magnitude, and they include hypocentral depth as a predictor variable in order to 

distinguish between earthquakes of different tectonic environments (i.e., shallow crustal and 

shallow-to-intermediate depth subduction earthquakes). We use a focal depth of 5 km to evaluate 

this relationship in an attempt to constrain the prediction to shallow crustal earthquakes. The 

relationships of Kataoka et al. and Morikawa et al. both use moment magnitude as the magnitude 

scale. The former relationship used only shallow crustal earthquakes, or what are referred to as 

inland earthquakes. The latter relationship limits focal depths to 30 km, but includes both crustal 

and shallow subduction earthquakes. 

The comparison in Figure 7.1 shows that the closest agreement between the three 

Japanese relationships and ours is with the Kataoka et al. (2006) GMPE, which isolates shallow 

crustal earthquakes in Japan and uses moment magnitude as the magnitude scale. This 

relationship exhibits similar magnitude scaling as ours; however, it predicts much stronger 

attenuation at the smaller magnitudes. The other two Japanese relationships predict greater 

magnitude scaling than ours regardless of whether JMA or moment magnitude is used as the 

magnitude scale. However, unlike Kataoka et al., their attenuation characteristics are more 

similar to ours. The best agreement in both amplitude and attenuation amongst all of the 

relationships is at magnitude 7.0. 
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7.2 EVALUATION OF ALEATORY UNCERTAINTY 

One of the more significant results of this study is the statistical robustness of CAVGM, which is 

better than any of the peak ground motion and peak linear-elastic and inelastic response-spectral 

parameters that we have evaluated thus far (Campbell and Bozorgnia 2008; Bozorgnia et al. 

2006, 2010a, 2010b). Danciu and Tselentis (2007) found a similar result. Prior to this study, the 

smallest standard deviations that we had found were for PGA, PGV, and PSA for 0.02T ≤  sec 

(Table 5.2). A comparison of the standard deviations of GMln CAV  and ln PGA  in Table 5.2 

yields reductions of 11% in the inter-event standard deviation ( lnYτ ), 22% in the intra-event 

standard deviation ( lnYσ ), 20% in the total standard deviation ( Tσ ), 46% in the intra-component 

standard deviation ( Cσ ), and 22% in the arbitrary horizontal component standard deviation 

( Arbσ ). The largest reduction is found for the intra-component standard deviation. In the 

terminology of performance-based seismic hazard, these results indicate that CAV has a high 

level of predictability (Shome and Cornell 1999). 

The standard deviations of Sln CAV  when CAVGM is predicted are similar to those of the 

predicted values of PGA, PGV, and short-period PSA (Table 5.2). We can also compare the 

aleatory uncertainty in CAVS from our relationship with that of the GMPE for standardized CAV 

from EPRI (2006). The total standard deviation for the predicted natural logarithm of 

standardized CAV from their relationship is 0.46 when PGA is known. This value is 2.5 to 3 

times higher than our standard deviations of 0.150–0.187 for Sln CAV  when CAVGM is known 

(Table 5.3). The total standard deviation for ln PGA  is also larger than that of GMln CAV  (Table 

5.2), which adds to this difference. In order to compare the total aleatory uncertainty in 

standardized CAV and CAVS after accounting for the uncertainty in PGA and CAVGM, we need 

to take into account the uncertainty in the prediction of these later parameters. 

EPRI (2006) did not derive a relationship for estimating the total standard deviation of 

standardized CAV that includes the uncertainty in PGA. Therefore, we developed this 

relationship ourselves in order to compare their total standard deviation to ours. The first-order 

second-moment approximation of the propagation of uncertainty theorem as applied to their 

Equation 2-9 yields the following equation for the total aleatory uncertainty: 

 2 2 2
ln CAV|PGA 1 ln PGA 1 ln CAV|PGA ln PGATσ σ α σ α ρσ σ= + +  (7.1) 
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where CAV represents standardized CAV, ρ  is the correlation coefficient of the variability 

(residuals) between ln CAV  and ln PGA , and 1α  is the linearized functional relationship 

between ln CAV  and ln PGA , which is estimated from the partial derivative: 

 3
1 2 2

4

ln CAV
(ln PGA )ln PGA

dd
d

α ∂= = −
+∂

 (7.2) 

where 2 0.509d = , 3 2.11d = − , and 4 4.25d =  (EPRI 2006). 

EPRI (2006) did not provide an estimate of ρ. However, we assume that it is similar to 

the correlation coefficient of the variability between ln PGA  and Sln CAV  found in this study 

( 0.20ρ = ). Using this correlation coefficient and the total standard deviation of the arbitrary 

horizontal component of ln PGA  in Table 5.2 (0.551), consistent with EPRI’s regression 

analysis, we were able to calculate Tσ  for ln CAV  from Equations (7.1) and (7.2). These values 

are listed in Table 7.1, where they are compared to the estimates of Tσ  for Sln CAV  when 

CAVGM is predicted given in Table 5.3. Although our Tσ  values are similar to those for PGA, 

PGV, and short-period PSA (Table 5.2), Table 7.1 shows that the estimated EPRI Tσ  values for 

NEHRP BC site conditions are larger than ours by about 20% for PGA 0.6> g to more 100% for 

PGA 0.1< g. In the terminology of performance-based seismic hazard, our estimates have a 

higher level of predictability (Shome and Cornell 1999). These differences can have a significant 

impact on the calculated hazard. For example, Bommer and Abrahamson (2006) demonstrate 

that a difference of 40% between two logarithmic standard deviations can lead to ground motion 

differences of 39%, 48%, and 65% at annual exceedance frequencies of 210− , 310− , and 410− , 

respectively. 
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Table 7.1 Comparison of total standard deviations between CAVS in this study and 
standardized CAV in EPRI (2006). 

PGA (g) Tσ  (this study) Tσ  (EPRI 2006) Difference 

0.05 0.495 – 0.510 1.160 127 – 134% 
0.10 0.495 – 0.510 0.781 53 – 58% 
0.20 0.495 – 0.510 0.673 32 – 36% 
0.40 0.495 – 0.510 0.629 23 – 27% 
0.60 0.495 – 0.510 0.614 20 – 24% 
0.80 0.495 – 0.510 0.607 19 – 23% 
1.00 0.495 – 0.510 0.602 18 – 22% 

Note: ln CAV 0.46σ = , GM(ln CAV ) 0.420Tσ = , (ln PGA) 0.551Tσ = , 0.2ρ = , NEHRP BC site conditions. 

7.3 IMPACT OF DATABASE SELECTION 

The relationship between CAVS and CAVGM given by Equation (5.20) depends on the database 

that was used in the regression analysis (Table 5.3). The relationship with the lowest standard 

deviation and the highest r-square value uses the CB08 subset of the PEER-NGA database and 

does not invoke the spectral velocity check recommended by the USNRC (U.S. Nuclear 

Regulatory Commission 1997) for determining whether the OBE has been exceeded. This makes 

sense, since the CB08 subset was selected from the full PEER-NGA database using criteria that 

was intended to increase its reliability (Campbell and Bozorgnia 2007, 2008) and not invoking 

the spectral velocity check removes more small-amplitude ground motions that lead to higher 

variability in CAVS. Conversely, the relationship with the highest standard deviation and the 

lowest r-square value uses the full PEER-NGA database and invokes the spectral velocity check. 

The original recommendation by EPRI (1988) did not include the spectral velocity check. This 

check was added by the USNRC during the development of Regulatory Guide 1.166. 

All four relationships have relatively low standard deviations and high r-square values, 

which makes the decision as to which one to use more philosophical than statistical. Considering 

only data reliability as a decision metric, we would prefer the relationship derived from the CB08 

subset of the PEER-NGA database. However, use of the full database potentially provides a 

relationship that is more robust and, therefore, might be more transferable to other regions. If the 

objective is to screen out non-damaging, small-magnitude, high-amplitude ground motions from 
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triggering a SCRAM of a nuclear power plant, we would prefer the relationships that do not 

invoke the spectral velocity check. As we demonstrated in Section 3.2.2, the spectral velocity 

check would allow large magnitude, low-amplitude ground motions to meet the USNRC criteria 

for exceeding an OBE when the value of standardized CAV is greater than or equal to 0.16 g-

sec, even though these ground motions night not otherwise be damaging. If the objective is to 

apply the USNRC criteria exactly, then the spectral velocity check must be invoked. Engineers 

familiar with the vulnerability and fragility of nuclear structures ultimately should decide which 

relationship to use after considering all of the other conservatisms involved in determining 

whether a particular ground motion is potentially damaging to a specific structure or class of 

structures. 

7.4 CORRELATION WITH QUALITATIVE ASSESSMENTS OF DAMAGE 

We provide data and analyses in Section 4.3 that might be useful in establishing appropriate 

levels of JMA seismic intensity, MMI, and CAVS that relate to the onset of structural damage to 

well-engineered structures. This assessment suggests that structural damage to highly 

earthquake-resistant RC buildings might initiate at a JMA intensity of 6 Lower (IJMA 5.5) and a 

MMI, MSK-64, and EMS-98 intensity of IX (IMMI 8.5). This latter intensity level approximately 

corresponds to IJMA 5.85 0.15±  according to the relationship of Shabestari and Yamazaki (2001), 

which is somewhat higher than the potential structural damage threshold suggested by the JMA 

intensity scale. No structural damage to highly earthquake-resistant RC buildings is expected to 

occur at a JMA intensity 5 Upper (IJMA 5.0) or a MMI, MSK-64, and EMS-98 intensity of VIII 

(IMMI 7.5), but there could be structural damage to RC buildings with a more moderate level of 

earthquake-resistance design. EPRI (1988) recommended MMI VII (IMMI 6.5) as an appropriate 

structural damage threshold intensity for engineered (although not necessarily well-engineered) 

industrial facilities. 

The value of CAVS that is associated with the potential structural damage threshold levels 

of seismic intensity discussed in the previous paragraph depends on which database is used and 

whether the spectral velocity check is invoked in deriving the relationship between CAVS and 

CAVGM (Table 4.2). It also depends on the value of nonexceedance probability (Pne) that is 

considered to be acceptable. For IJMA 5.0 and IMMI 6.5, the statistical results in Table 4.2 indicate 
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that the probability of nonexceedance for a CAVS value of 0.16 g-sec ranges between 0.05% and 

0.17%. For IJMA 5.5, these probabilities decrease considerably, ranging between 0.0004% and 

0.003%. Both sets of probabilities are relatively small. Increasing these nonexceedance 

probabilities to larger values (e.g., 1% to 5%) would allow the selection of a larger value of 

CAVS to associate with a given intensity level. For a Pne of 1%, CAVS is estimated to be 0.207–

0.236 g-sec for IJMA 5.0 and 0.332–0.379 g-sec for IJMA 5.5. For a less conservative Pne of 5%, 

these values increase further to 0.277–0.311 g-sec for IJMA 5.0 and 0.443–0.500 g-sec for 

IJMA 5.5. 

7.5 APPLICATION TO OTHER REGIONS 

The GMPEs for CAVGM and CAVS given by Equations (5.1) and (5.20) were developed from the 

PEER-NGA strong motion database and, therefore, represent the attenuation properties of 

shallow crustal earthquakes in active tectonic regions throughout the world. In order to estimate 

these ground motion parameters in other types of tectonic environments, either new relationships 

will need to be developed or those developed in this study will need to be modified to better 

represent the attenuation properties of these environments. This can be done using the hybrid-

empirical, stochastic simulation, and numerical modeling methods that have been used to 

develop GMPEs for the eastern United States (see Petersen et al. 2008 for a list of these 

relationships). 

EPRI (2006) attempted to avoid this issue by making standardized CAV a function of 

PGA and allowing the regional differences in attenuation properties to be accounted for by using 

a regional GMPE for PGA. However, as discussed in Section 7.2, this approach leads to a 

substantially higher standard deviation for standardized CAV than the approach used to estimate 

CAVS in our study, which can lead to a substantially higher estimate of seismic hazard. 

Therefore, if possible, it is beneficial to develop regional GMPEs for standardized CAV, 

CAVGM, and CAVS rather than depend on potentially less regionally independent relationships 

that rely on PGA. 
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8 Conclusions 

Like the NGA-West relationships that precede them, the GMPEs for CAVS, CAVGM, and IJMA 

presented in this report represent a significant advancement in the empirical prediction of ground 

motion for use in engineering and seismology. They incorporate such important features as 

magnitude saturation, magnitude-dependent attenuation, style of faulting, depth of rupture, 

hanging-wall effects, shallow linear and nonlinear site response, basin response, and amplitude-

dependent (nonlinear) intra-event aleatory uncertainty. 

We consider the relationships developed in this study to be appropriate for shallow 

continental crustal earthquakes in active tectonic regions. We believe that they are most reliable 

when predictor variables are limited to the following range of values: (1) 5.0>M , (2) 8.5<M  

for strike-slip faulting, 8.0<M  for reverse faulting, and 7.5<M  for normal faulting; (3) 

100RUPR <  km for 7.0<M  and 200RUPR <  km for larger events; (4) 30 150 1500SV = −  m/sec 

or, alternatively, NEHRP site classes B ( 30 1070SV =  m/s), C ( 30 525SV =  m/s), D ( 30 255SV =  

m/s) and E ( 30 150SV =  m/s); (5) 2.5 10Z <  km; (6) 15TORZ <  km; and (7) | | 15 90δ = − ° . The 

recommended upper magnitude limits represent an extrapolation of approximately 0.5 from the 

largest magnitude of each type of fault mechanism in our database. We believe that this 

extrapolation is justified given the magnitude scaling constraints imposed in the model. We also 

have extended the applicable range of some of the other predictor variables beyond the limits of 

the data when we believe that the relationships have been adequately constrained either 

empirically or theoretically (Campbell and Bozorgnia 2007, 2008). 

A comparison of our CAVS relationship with that for standardized CAV developed by 

EPRI (2006) indicates that the median prediction from this latter relationship is consistent with 

ours for CAV values greater than 0.16 g-sec, the current threshold used to trigger the shutdown 

of a nuclear power plant in the United States when the OBE response spectrum is exceeded (U.S. 
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Nuclear Regulatory Commission 1997). However, the standard deviation associated with the 

EPRI relationship is substantially larger than ours after taking into account the added uncertainty 

in the statistical estimation of CAVGM and PGA. Our CAVGM relationship has less aleatory 

uncertainty than any of the peak ground motion and elastic and inelastic response-spectral 

parameters that we have analyzed thus far, suggesting that it has a higher level of predictability 

(Shome and Cornell (1999). Our CAVS relationship has aleatory uncertainty among the smallest 

of those parameters we have analyzed thus far. 

A comparison of our CAVS relationship with that for standardized CAV developed by 

Kostov (2005) and a comparison of our CAVGM relationship with that for CAV developed by 

Danciu and Tselentis (2007) shows that these relationships predict magnitude scaling effects for 

moment magnitudes greater than approximately 6.0–6.5 that are inconsistent with our 

relationships. Although some of this discrepancy can be explained by differences in the 

definitions of CAV or the predictor variables, most of it is likely due to there being an 

insufficient number of recordings in the near-source region of large magnitude earthquakes in 

order to constrain the magnitude scaling in this region. Interestingly, a comparison of our IJMA 

relationship with those developed from Japanese data show relatively good agreement at large 

magnitudes and relatively poor agreement at small magnitudes. 

The data, interpretations, and relationships provided in this report have been used to 

correlate CAVS with qualitative measures of ground shaking intensity and structural damage as 

described in the JMA, MMI, MSK-64, and EMS-98 intensity scales. Although these intensity 

scales present only a qualitative description of the damage to general classes of buildings of 

different earthquake-resistant design, they are useful in understanding the general relationship 

between CAVS and the physical damage that might be expected to occur to a structure during an 

earthquake. 
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