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Abstract 

This paper introduces the updated Component Attenuation Model (CAM) which is a tool for 

translating a seismological Ground Motion Model (GMM) into a Ground Motion Predictive 

Equations (GMPE) for use in seismic hazard analysis and in other engineering applications. 

Input parameters into CAM includes M and R as well as other key seismological parameters 

namely the whole path transmission quality factor Q0, shear wave velocity parameter VS30 and 

the anelastic attenuation parameter k0. The inclusion of these parameters enables CAM to be 

adapted for use in a diversity of crustal environments in one model. In places like Central-

East North America (CENA) GMPEs cannot possibly be developed in the empirical manner 

because of lack of strong motion recordings. Some GMMs have been identified as being most 

representative of the ground motion  behaviour of intraplate regions given the amount of 

representative seismological information that have been incorporated into their model 

development by highly acclaimed researchers. However, translating these models into 

GMPEs requires stochastic simulations and consequently the full engineering potentials of 

GMMs have not been realised to the full. This paper presents the use of CAM to translate 

four selected GMMs into GMPEs in order that direct comparisons with the benchmark 

GMPE of NGA-West2 becomes possible. CAM has been verified by demonstrating 

consistencies between predictions provided by the model and that from stochastic 

simulations.  
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1. Introduction 

In regions of low-to-moderate seismicity, developing a representative GMPE from regression 

analysis is much more challenging, due to the lack of indigenous strong motion data (Lam, 

Wilson et al. 2000). The generally accepted approaches for developing GMPEs for data-

paucity regions can be summarized into three approaches.  

The first approach is called the Hybrid Empirical Method (HEM). The model development 

consists of the following steps: (i) inversion of recorded data based on selected assumptions 

for a subset of point-source (PS) parameters, (ii) simulations beyond the magnitude and 

distance range that were covered by the  recorded data, and (iii) making use of the simulated 

results to develop GMPEs (Campbell 2003, Pezeshk, Zandieh et al. 2011). Adjustment 

factors in the form of response spectral ratios of stochastic simulations may then be derived 

for the host and target regions (PEER 2015).  

The second approach is called the Referenced Empirical Method (REM) which was first 

proposed by Atkinson (2008). This method is very similar to HEM wherein adjustment 

factors are obtained from the spectral ratios of the recorded motions to empirical GMPE 

predictions for the host region (Atkinson 2010, Atkinson and Boore 2011, Atkinson and 

Motazedian 2013, Hassani and Atkinson 2014). Both approaches have limitations in their 

utility. With HEM, detailed information is required to determine the adjustment factors in 

both the host and target regions. Dealing with magnitude scaling and saturation effects can 

also be problematic in data-poor regions (Campbell 2003). With REM, it is unrealistic to 

expect that all important regional features can be represented by the available ground motion 

data in the target regions (Atkinson 2008).  

The third approach is purely based on stochastic numerical simulations. Synthetic ground 

motions are first generated over a wide range of magnitude and distance. GMPEs may then 

be obtained from the regression of simulated data (Atkinson and Boore 1995, Lam, Wilson et 

al. 2000, Lam, Wilson et al. 2000, Silva, Gregor et al. 2002, Frankel 2009). The simulations 

are basically derived from the seismological models (the GMMs) which encapsulate 

information over the earthquake source, path, and site conditions. Implementation of this 

method often relies on the use of computer software such as GENQKE (Lam, Wilson et al. 

2000) and SMSIM (Boore 2003). Source factors that have been developed with the notion of 

a “point source” have been reported in the literature (Brune 1970, Boore 1983, Atkinson and 

Boore 1995, Atkinson 2004, Atkinson and Boore 2014). To solve for the near-source 

saturation effects, finite-fault source and equivalent-point source have been proposed by 

scholars (Motazedian and Atkinson 2005, Atkinson and Boore 2006, Yenier and Atkinson 

2014). The path factor which is used to mimic the attenuation mechanism of seismic wave 

energy covers the geometric and anelastic attenuation phenomena. Finally, the crustal 

structure factor (referred by the literature as “site” factor) is to take into account of the effects 

of amplification and attenuation of the upper crusts. 

From the engineering perspectives scientific GMMs cannot be used directly for seismic 

hazard analyses nor for earthquake resistant design of structures. Thus, an effective and easy-
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to-use facility for translating GMMs into GMPEs is potentially of great value. In this study, 

the Component Attenuation Model (CAM) was developed with the of aim of translating 

GMMs into GMPEs in a systematic manner in order that a diversity of regional conditions  

can be taken into account by varying values of (geophysical) parameters within the same 

(generic) GMPE.  

This concept of ground motion modelling was first proposed in the study reported in Lam et 

al. (2000). In the first generation of CAM only values of the maximum response spectral 

acceleration (RSA), velocity (RSV) and displacement (RSD) can be predicted. In the next 

generation of CAM that was developed recently specific values of RSA can be predicted at 

designated natural periods covering the whole range of natural periods encountered in 

structural engineering practices. The first step of developing CAM is the generation of 

synthetic accelerograms and the calculation of the response spectral values at designated 

natural periods.  

A MATLAB program called Ground Motion Simulation System (GMSS) has been developed. 

GMSS is a much enhanced computational tool which carries similar objectives as the “early 

days software” namely GENQKE (Lam, Wilson et al. 2000) and SMSIM (Boore 2003). In 

this study, 100 synthetic accelerograms have been generated for earthquakes with magnitudes 

ranging from M4.0 to M8.0 (with increments of 0.5 M units) and distance from 4 km to 800 

km. The median simulations (geometric mean) of 5% damped RSA for each M-R 

combinations have been calculated for designated natural period values in the range of 0.01 s 

to 8 s. 

2. Framework of Component Attenuation Model  

The generic framework of GMPE (CAM) is defined in a simple functional form which 

decouples the source and attenuation effects into different components. The basic form is: 

𝑌 = ∆ ∗ 𝛼 ∗ 𝛽 ∗ 𝐺 ∗ 𝛾 ∗ 𝑆 ∗ 𝐶                                                      (1) 

Equation (1) can also be presented in the logarithmic (base 10) format as follows: 

𝑙𝑜𝑔𝑌 = 𝑙𝑜𝑔∆ + 𝑙𝑜𝑔𝛼 + 𝑙𝑜𝑔𝛽 + log 𝐺 + 𝑙𝑜𝑔𝛾 + 𝑙𝑜𝑔𝑆 + 𝑙𝑜𝑔𝐶                  (2) 

where Y is the (orientation-independent) predicted ground motion intensity measure assuming 

5% damping; ∆ is the referenced intensity measure for the referenced scenario (e.g. M=6, 

R=30); 𝛼 is the source factor, which is function of the earthquake magnitude (M) and Brune 

stress drop ( ∆𝜎 ); 𝛽  is the path factor which is responsible for the attenuation effects 

excluding geometric attenuation; G is the geometric attenuation factor shaping Fourier 

Amplitude Spectrum (FAS); 𝛾 is the crustal structure factor which accounts for the upper 

crustal amplification and attenuation phenomena within the rock crust; and S is the site factor 

which takes into account modifications of the upward propagating seismic waves by soil 

sediments overlying bedrock; and C is the calibration factor (which is to minimise 

discrepancies between the model predictions and empirical recordings). An overview of the 

modelling parameters introduced in the above is summarised in Table 1. 
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Table 1. Parameter values used in stochastic simulations 

Parameter Value 

Source shear-wave velocity 3.8 km/s 

Source density 2.8 𝑔 𝑐𝑚3⁄  

Source model 
Generalized additive double-corner frequency model (Boore, 

Alessandro et al. 2014) 

Spectral sag 100.605−0.255𝑀 

Distance Hypocentre distance 

Geometrical attenuation model 𝑅−1 

Anelastic attenuation model 
𝑄 = 𝑄0𝑓𝑛, 𝑄0=120, 150, 200, 300, 400, 500, 600, 680, 800. 𝑛 =

0.0000008𝑄0
2 − 0.0014𝑄0 + 0.93 (Mak, Chan et al. 2004). 

Site amplification 𝑉𝑆30=0.618, 0.76, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0, 2.2, 2.4, 2.6, 2.78 km/s 

Site attenuation 

𝑘0= 0.001, 0.0025, 0.005, 0.0075, 0.01, 0.015, 0.02, 0.025, 0.03, 

0.035, 0.04, 0.045, 0.05, 0.055, 0.06, 0.065, 0.07, 0.075, 0.08, 0.085 

0.09, 0.095, 0.1, 0.15, 0.2, 0.3s 

Source duration 0.5 𝑓𝑎⁄ + 0.5 𝑓𝑏⁄ , 𝑓𝑎  and 𝑓𝑏 are corner frequencies 

Path duration 0.05*R, R is hypocentre distance 

 

2.1 Source factor 

The source factor is of the form shown by equation (3). 

𝑙𝑜𝑔𝛼 = 𝑎1 ∗ 𝑀𝑎2 ∗ ∆𝜎𝑎3 + 𝑎4                                                  (3) 

where 𝑎1 - 𝑎4 are period-dependent model coefficients; M is moment magnitude, and ∆𝝈 is 

stress drop in bars. Equation (3) was derived from the simulated data which has been 

normalized at M=6. The model covers the scope of M = 4 - 8 and ∆𝝈 = 30 - 300 bars. 

The underlying seismological model for the source effects is based on the generalized 

(additive format) of the double-corner frequency model as first proposed by Boore et al. 

(2014). The Fourier Amplitude Spectrum representing the source model is defined by the 

following series of equations. 

𝐴0(𝑓) = (2𝜋𝑓)2𝐶𝑀0[
1−𝜀

1+(𝑓 𝑓𝑎⁄ )2
+

𝜀

1+(𝑓 𝑓𝑏⁄ )2
]                                       (4) 

In which,  

𝑙𝑜𝑔𝑓𝑎 = 2.181 − 0.496𝑀                                                      (5) 

𝑙𝑜𝑔𝜀 = 0.605 − 0.255𝑀                                                        (6) 

𝑓0 = 4.906 × 106𝛽0(∆𝜎 𝑀0⁄ )1 3⁄                                                   (7) 

𝑓𝑏 = [
𝑓0

2−(1−𝜀)𝑓𝑎
2

𝜀
]1/2                                                          (8) 

In the equations shown above, 𝑓0 , 𝑓𝑎 , 𝑓𝑏  are the corner frequencies (Hz);  𝐶 =

(𝑅∅𝑉𝐹) (4𝜋𝜌𝛽0
3)⁄ ,  𝑅∅ is the radiation parameter (equals to 0.55 on average for shear waves), 

𝑉 is the partitioning of seismic energy onto horizontal component (0.71), and 𝐹 is the free 

surface amplification factor (2.0); 𝑀0 is the seismic moment, 𝑀0 = 101.5(𝑀+10.7);  𝜌 and 𝛽0 

represent source density (𝑔 𝑐𝑚3⁄ ) and shear wave velocity (km/s) respectively.  
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Another key source parameter that is relevant to simulating ground motions is the duration of 

strong motion. The following expression for estimating the duration of motion is based on 

resolving the total duration as the sum of the source duration and path duration as shown by 

equation (9). 

𝑇 = 𝑇0 + 𝑑𝑅                                                                 (9) 

where d=0.05 is taken for all conditions. 

Equal weights have been assigned to the two corner frequencies in deriving the source 

duration as shown by equation (10). 

𝑇0 = 0.5
1

𝑓𝑎
+ 0.5

1

𝑓𝑏
                                                           (10) 

Results of simulated data alongside the model predictions of the source factor 𝛼 are shown in 

Figure 1. 

  

  
 

Figure 1. Simulated values of RSA normalized at M=6 (symbols) shown alongside 

predictions by CAM (lines) for varying moment magnitude and stress drop, at R=30 km.  

It is shown that the influence of variations, and uncertainties, of the value of ∆𝝈 on the 

simulated values of RSA is very minor. Consequently, the value of the exponent a3 is very 

close to zero meaning that the term ∆𝝈𝒂𝟑 can be taken to be equal to unity approximately. 
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Figure 2. Simulated values of RSA normalized at M=6 (symbols) shown alongside 

predictions by CAM (lines) as function of moment magnitude, at R=30 km and ∆𝝈=200 bar. 

The steeper the slope of the graph in Figure 2 the higher the influence of moment magnitude 

on the ground motion intensity. Thus, the value of RSA as the ground motion intensity 

measure would become more sensitive to changes in the value of M as the natural period is 

increased. This trend is consistent with the fundamental principle that the seismic moment of 

the earthquake (which is represented directly by the moment magnitude) correlates best with 

the “permanent” deformation of the ground (i.e. which is at “infinite” natural period by 

definition).  

2.2 Path factor 

The path factor () is to account for the attenuation effects of the ground motions along the 

entire transmission path of the seismic wave from the source to the site. In CAM, as for most 

GMMs, attenuation that is associated with the spatial spread of energy is taken care of by a 

separate factor which is known as the Geometric factor (G). Thus, the factor is only to 

model attenuation that is associated with dissipation of energy by the inelastic behaviour of 

the crustal medium. Results of attenuation so obtained from numerical simulations of the 

GMM have to be normalised at R=30 km, and having the effects of geometric attenuation 

removed. The  factor so derived is expressed in the following form: 

𝑙𝑜𝑔𝛽 = (𝑏1 ∗ 𝑀 + 𝑏2) ∗ (𝑄0
𝑏3) ∗ ((𝑙𝑜𝑔𝑅)𝑏4) + 𝑏5                               (11) 

where M is moment magnitude, 𝑸𝟎  is the regional dependent factor wave transmission 

Quality factor and R is the hypocentre distance.  

In Figure 3 simulated values of RSA normalized at M=6 are shown alongside predictions by 

CAM based on combining the source and path factors (for Q0 = 680).   The same dataset has 

been subject to residual analysis wherein the residual value is defined as 𝛿 =

log (𝑌𝑠𝑖𝑚 𝑌𝑝𝑟𝑒𝑑⁄ ), where 𝑌𝑠𝑖𝑚 and 𝑌𝑝𝑟𝑒𝑑 are intensity measurements obtained from simulations 

and predictions respectively. 𝛿 >0 refers to underestimation; and 𝛿 <0 overestimation by the 

predictive expression. A 4th order polynomial expression (as function of R) has been 

incorporated to minimize the values of the residuals and to reduce systematic modelling 
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errors as much as possible. The overall residuals (based on combining the source and path 

factors) are shown in Figures 3 and 4 respectively.  

It is evident from Figures 3 and 4 that the best curve-fitted model is reliable for predicting 

ground motion intensity measures for all distances, and for magnitude range of M4.5 - M7.5. 

Individual values of the residuals are mostly within 0.1. The value of the mean residual is 

close to zero, and with no apparent trending of the residual values with distance.  

 

  

  

 

Figure 3. Simulated values of RSA normalized at M=6 (symbols) for varying moment 

magnitudes and distances shown alongside predictions by CAM (lines) for Q0 = 680. 

 

 

 

 

0.001

0.01

0.1

1

10

4 40 400

R
S

A
 (

g
)

Hypocenter Distance (km)

Tn=0.3s

M=4.0

M=4.5

M=5.0

M=5.5

M=6.0

M=6.5

M=7.0

M=7.5

M=8.0

0.001

0.01

0.1

1

10

4 40 400

R
S

A
 (

g
)

Hypocenter Distance (km)

Tn=0.5s

0.001

0.01

0.1

1

10

4 40 400

R
S

A
 (

g
)

Hypocenter Distance (km)

Tn=1.0s

0.001

0.01

0.1

1

10

4 40 400

R
S

A
 (

g
)

Hypocenter Distance (km)

Tn=5.0s



Australian Earthquake Engineering Society 2017 Conference, Nov 24-26, Canberra, ACT 

 

  

  

 

Figure 4 Results of residual analysis (based on the dataset presented in Figure 3). Black 

squares denotes mean of residuals whereas error bars denotes standard error about the mean.  

2.3 Regional crustal factor 

 The regional crustal factor  𝛾 is to account for the combined effects of the amplification and 

attenuation of the earth crust which is mainly dependent on the shear wave velocity profile in 

the upper 1 km of the earth crust (Boore and Joyner 1997). The literature refers those 

phenomena as upper crustal phenomena. In this study, BJ97 and its updates have been 

adopted to construct shear-wave velocity profiles along with the inferred density profiles 

(Brocher(2005)) to derive the upper crustal amplification factors through the square-root-

impedance (SRI) method. The assumed correlations between the shear wave velocity (𝑉𝑆) and 

crustal density values are listed in Table 2. These shear-wave velocity profiles have been 

constructed using the slowness interpolation method (Boore 2016). Twelve shear wave 

velocity profiles that are characterised by parameter 𝑉30 ranging from 0.68 km/s (generic 

rock) to 2.78 km/s (generic very hard rock) have been incorporated into the parametric study 

to derive values for the upper-crustal amplification factor. The modelled shear wave velocity 

profiles and the corresponding frequency-dependent amplification factors so obtained from 

the analyses as described are presented in Figure 5 and Figure 6 respectively. 
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The upper-crustal amplification factor 𝛾𝑎𝑚 has been obtained accordingly as function of 𝑉𝑆30 

(time-averaged shear wave velocity in the upper 30 meters of the earth crusts). The general 

form of the function can be expressed as follows: 

𝑙𝑜𝑔𝛾𝑎𝑚 = 𝛾1 ∗ 𝑉𝑆30
𝛾2 + 𝛾3                                                          (12) 

where 𝛾1 to 𝛾3 are period dependent coefficients. The predicted values are shown alongside 

results from numerical simulated values in Figure 7. 

No apparent correlation has been found between values of the moment magnitude (M) and  

𝛾𝑎𝑚. Thus, 𝛾𝑎𝑚 is expressed solely as function of 𝑉30, and is taken to be independent of M 

and R. 

Kappa parameter (𝜅0) is a significant parameter in ground-motion modelling, and its value 

controls the attenuation behaviour of the ground motion at high-frequencies. Numerous 

studies that were targeted at modelling the value of 𝜅0  have been reported in the literature 

(Silva, Darragh et al. 1999, Chandler, Lam et al. 2006, Drouet, Cotton et al. 2010, Edwards, 

Fäh et al. 2011, Van, Drouet et al. 2011).  The functional form for the expression for 

determining the values of  𝛾𝑎𝑛 to take into account the effects of upper crustal attenuation is 

as follows: 

𝑙𝑜𝑔𝛾𝑎𝑛 = 𝛾4 ∗ 𝑀𝛾5𝜅0
𝛾6+𝛾7*𝜅0 +𝛾8                                                (13) 

Table 2. Relationship between shear-wave velocity and crustal density 

Vs (km/s) Density (𝑔 𝑐𝑚3⁄ ) 

< 0.30 1+
1.53𝑉𝑠

0.85

0.35+1.889𝑉𝑠
1.7 

0.30~3.55 1.74𝑉𝑃
0.25 

3.55~∞ 1.6612𝑉𝑃-0.4721𝑉𝑃
2+0.0671𝑉𝑃

3-0.0043𝑉𝑃
4+0.000106𝑉𝑃

5 

In which, 𝑉𝑝 = 0.9409 + 2.0947𝑉𝑆 − 0.8206𝑉𝑆
2 + 0.2683𝑉𝑆

3 − 0.0251𝑉𝑆
4 

 

 

Figure 5. Shear wave velocity profiles considered in this study 
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Figure 6. Frequency dependent upper crustal amplification 

  

  

 

Figure 7. Trends of upper-crustal amplification factor.  

Results shown in Figure 8 are consistent with observations by Yenier and Atkinson (2015) 

that the value of 𝑘0 affects the response spectrum more at short periods than longer periods  
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Finally, the middle-crustal modification factor is expressed as: 

𝛾𝑚𝑐 =
𝜌𝑠𝑖𝑚𝛽0𝑠𝑖𝑚

𝑛

𝜌𝑆𝛽0𝑆
𝑛                                                               (14) 

where 𝜌𝑠𝑖𝑚  and 𝛽0𝑠𝑖𝑚  are source density and shear-wave velocity used in simulations 

respectively (𝜌𝑠𝑖𝑚=2.8 𝑔 𝑐𝑚3⁄ , and 𝛽0𝑠𝑖𝑚=3.8 𝑘𝑚 𝑠⁄  in this study), and 𝜌𝑆 and 𝛽0𝑆 are source 

density and shear-wave velocity. The value of exponent n depends on the format of the 

response spectrum (with n = 1, 2 and 3 denoting acceleration, velocity and displacement 

formats respectively). 

The listing of the value of the coefficients obtained from regression analysis are summarized 

in Table 3. 

  

  

Figure 8. Simulated values of RSA (symbols) shown alongside predictions by CAM (lines) 

 for 𝑘0 = 0.001s – 0.3s, ∆𝜎=200 bar, R=30 km, on generic rock sites.  
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Table 3. Model coefficients for CAM 

Tn 

(s) 
∆ 

𝒍𝒐𝒈𝜶 𝒍𝒐𝒈𝜷 𝒍𝒐𝒈𝜸 

𝒂𝟏 𝒂𝟐 
𝒂𝟑  

(10-4) 
𝒂𝟒 𝒃𝟏 𝒃𝟐 𝒃𝟑 𝒃𝟒 𝒃𝟓 𝒃𝟔 𝒃𝟕 𝒃𝟖 𝒃𝟗 𝒃𝟏𝟎 𝒓𝟏 𝒓𝟐 𝒓𝟑 𝒓𝟒 𝒓𝟓 𝒓𝟔 𝒓𝟕 𝒓𝟖 

0.01 0.9859 1.756 0.5136 1.36 -4.416 0.0306 -0.5123 -0.2147 3.286 0.3401 0.2288 -1.253 2.192 -1.559 0.4035 -19.15 0.02272 19.68 -7 -0.155 0.181 0.6193 1.43 

0.02 0.7350 1.721 0.5235 -2.8 -4.399 0.0206 -0.3296 -0.2425 3.824 0.2256 0.2989 -1.861 3.946 -3.451 1.045 2.876 -0.1352 -2.41 -10.24 -0.209 0.388 4.425 0.47 

0.03 0.6242 1.836 0.5093 -1.2 -4.575 0.0161 -0.2534 -0.2673 4.183 0.1828 0.2599 -1.661 3.643 -3.302 1.02 1.679 -0.2259 -1.25 -16.02 -0.186 0.566 10.2 0.25 

0.05 0.4702 1.981 0.4958 -8.3 -4.804 0.0119 -0.1856 -0.304 4.629 0.1324 0.1421 0.9229 2.068 -1.941 0.6394 1.221 -0.2949 -0.81 -83.48 -0.045 0.908 77.79 0.09 

0.10 0.3052 3.991 0.3409 -4.4 -7.343 0.0094 -0.1505 -0.3894 5.13 0.09245 0.0101 -0.061 0.1328 -0.176 0.1003 0.764 -0.4258 -0.40 9.581 0.389 1.65 -15.99 0.01 

0.14 0.2436 6.128 0.2648 -4.8 -9.833 0.0945 -0.1497 -0.4372 5.296 0.0713 -0.011 0.0880 -0.233 0.1876 -0.026 0.489 -0.6369 -0.16 3.372 0.698 1.943 -10.41 0.01 

0.18 0.1949 8.178 0.2218 -2.5 -12.16 0.0115 -0.1801 -0.4902 5.337 0.06476 -0.007 0.0615 -0.172 0.1366 -0.016 0.5184 -0.5764 -0.20 -169 -0.005 0.993 162.7 0.02 

0.22 0.1615 11.81 0.1742 -2.6 -16.11 0.0119 -0.1943 -0.5262 5.369 0.05658 -0.007 0.0645 -0.185 0.1569 -0.038 0.4157 -0.6863 -0.12 -291.4 -0.000 0.997 285.7 0.01 

0.26 0.1357 8.29 0.2306 2.71 -12.56 0.0134 -0.12 -0.557 5.417 0.04402 -0.013 0.1053 -0.289 0.2671 -0.063 0.3586 -0.769 -0.08 -4.092 -0.335 0.829 -2.062 0.01 

0.30 0.1169 8.109 0.2399 -8.1 -12.44 0.0150 -0.2274 -0.5788 5.419 0.04241 -0.007 0.0591 -0.167 0.1427 -0.016 0.3446 -0.8133 -0.07 -2.992 -0.493 0.783 -2.713 0.01 

0.40 0.0863 24 0.11 1.68 -29.25 0.0195 -0.2755 -0.6289 5.476 0.0447 0.005 -0.006 -0.047 0.0656 -0.066 0.3081 -0.7762 -0.09 -8.008 -2.094 0.484 -3.108 0.01 

0.50 0.0609 21.42 0.1262 5.45 -26.94 0.0202 -0.2825 -0.6617 5.556 0.03494 -0.003 0.0536 -0.199 0.222 -0.089 0.2685 -0.8711 -0.05 -17.21 -2.645 0.459 -2.603 0.01 

0.60 0.0449 58.72 0.0550 3.48 -64.92 0.0234 -0.3204 -0.6991 5.585 0.03179 0.0044 -0.002 -0.051 0.0586 -0.022 0.2036 -1.07 0.00 -30.09 -2.984 0.46 -2.216 0.01 

0.70 0.0338 24.73 0.118 3.63 -30.62 0.0283 -0.3764 -0.7411 5.639 0.02613 0.0046 -0.001 -0.064 0.0814 -0.009 0.1646 -1.254 0.03 -30.09 -2.984 0.46 -2.216 0.01 

0.80 0.0278 11.33 0.2202 8.01 -16.9 0.0307 -0.3912 -0.7596 5.696 0.02231 0.0116 -0.048 0.0464 -0.021 0.0115 0.1434 -1.366 0.03 -393.8 -4.77 0.471 -1.825 0.00 

0.90 0.2324 25.14 0.1214 9.11 -31.4 0.0306 -0.3897 -0.7738 5.741 0.01836 0.012 -0.051 0.0543 -0.033 0.0042 0.1474 -1.303 0.01 -349.4 -4.629 0.489 -1.636 -0.00 

1.00 0.0195 26.53 0.1187 7.81 -32.96 0.0288 -0.3635 -0.7827 5.829 0.00925 0.0152 -0.076 0.1286 -0.123 0.0512 0.1215 -1.516 0.02 -115 -3.738 0.484 -1.415 0.01 

1.50 0.0092 21.9 0.1436 7.71 -28.46 0.0411 -0.4731 -0.8733 6.073 0 0.0210 -0.108 0.1937 -0.190 0.1101 0.1703 -0.8065 -0.03 -483.5 -4.57 0.510 -1.038 0.00 

2.00 0.0053 19.44 0.1598 9.36 -26.04 0.0772 -0.7933 -0.9901 6.301 -0.00818 0.0151 -0.076 0.1392 -0.164 0.1386 0.1276 -1.14 0.02 -254.1 -3.952 0.53 -0.740 0.00 

3.00 0.0024 26.81 0.1303 11.9 -34.08 0.1891 -1.713 -1.196 6.859 0.00465 0.0033 0.0069 -0.050 -0.022 0.1028 0.1062 -1.356 0.02 -484.2 -4.315 0.572 -0.585 0.00 

4.00 0.0013 24.19 0.1432 5.69 -31.36 0.4871 -4.202 -1.402 7.273 0.01409 -0.005 0.0697 -0.201 0.0916 0.1029 0.1039 -1.325 0.02 -1144 -4.897 0.577 -0.596 -0.00 

5.00 0.0008 9.233 0.2892 10.4 -15.58 2.271 -18.47 -1.597 7.171 0.02252 -0.014 0.1482 -0.418 0.308 0.0369 0.109 -1.223 0.01 -2116 -5.348 0.609 -0.639 -0.01 

6.00 0.0006 4.589 0.4345 18 -10.08 2.423 -19.3 -1.504 6.695 0.02346 -0.023 0.2388 -0.692 0.5819 -0.025 0.1084 -1.245 0.01 -34470 -7.403 0.631 -0.811 -0.02 

8.00 0.0003 2.349 0.5977 29.8 -6.954 0.8278 -6.66 -1.226 6.161 0.02116 -0.025 0.2708 -0.805 0.6959 -0.044 0.1089 -1.336 0.02 -60650 -7.77 0.669 -1.007 -0.02 
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3. Verification of CAM 

An important accomplishment of the study was to verify that CAM can be used effectively 

and reliably to translate GMMs into GMPEs. Four well known GMMs that have been 

developed for use in ENA (refer Table 4) have been translated into GMPEs using CAM. 

These GMMs contain different geometric attenuation and anelastic attenuation functions 

whereas the same source model has been specified (generalized additive double-corner 

frequency model with stress drop of 200 bars). Identical NEHRP B/C site conditions, with 

𝑉𝑆30 =0.76 km/s and 𝑘0=0.025 s as proposed by Yenier and Atkinson (2015) have been taken. 

The verifications were based on comparing the simulated values of the 5% damped response 

spectral acceleration at the designated natural periods of 0.3s, 0.5s, 1.0s, and 5.0s with values 

predicted from CAM. 

Table 4. Summary of the selected NGA-East GMMs (PEER 2015) 

Geometric spreading 

functions 
“𝐑” “𝑸” 

Applicable 

range 
Model and Reference 

R ≤ 70, G(R) = R−1; 

70 ≤ R ≤ 130, G(R) =

70−1 ∗ (
R

70
)0;  R >

130, G(R) = 70−1 ∗

1300 ∗ (
R

130
)−0.5 

R = Rhyp 𝑄(𝑓) = 680𝑓0.36 

4≤M≤7.25 

10≤R≤500 

0.5≤f≤20 

AB95 

(Atkinson and Boore 

1995) 

R ≤ 80, G(R)

= R−(1.0296−0.0422(M−6.5)) 

R > 80, G(R)

= 80−(1.0296−0.0422(M−6.5))

∗ R−0.5∗(1.0296−0.0422(M−6.5)) 

R = Rhyp 𝑄(𝑓) = 351𝑓0.84 

4.5≤M≤8.5 

1≤R≤400 

0.1≤f≤100 

SGD02 

(Silva, Gregor et al. 

2002) 

R ≤ 70, G(R) = R−1.3 

70 ≤ R ≤ 140, G(R) =

70−1.3 ∗ (
R

70
)0.2;  R >

140, G(R) = 70−1 ∗

1400.2 ∗ (
R

140
)−0.5 

R = Rhyp 
𝑄(𝑓)

= 𝑚𝑎𝑥 (1000, 893𝑓0.32) 

4.4≤M≤6.8 

10≤R≤800 

0.05≤f≤20 

A04 

(Atkinson 2004) 

G(R) = R−1, for all R                                                                                                                                       
      R = (Rhyp

2 + hFF
2)0.5 ,                                                                                                                                                                     

 hFF = 10−00405+0.235M 
𝑄(𝑓) = 2850 

4.4≤M≤6.8 

10≤R≤800 

0.05≤f≤20 

BCA10d 

(Boore, Campbell et al. 

2010) 
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3.1 AB95 

The geometric attenuation factor defined in AB95 is of the tri-linear form. The source density 

(2.8𝑔 𝑐𝑚3⁄ ) and shear-wave velocity (3.8 km/s) are consistent with values used to develop   

CAM. Results of comparison between results from simulations of AB95 and predictions by 

CAM are shown Figure 9.  

 

 

 

 

 

 

 

 
 

Figure 9. Comparison between predictions by CAM (lines) and simulations of AB95 

(symbols). The geometric attenuation factor is of tri-linear form, distance is hypocentral 

distance. 
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All the simulated results and predictions by CAM match well for all magnitudes, indicating 

that CAM is able to accurately representing the AB95 model (but with the exception of 

results presented for Tn =0.5s). Most of the minor mismatches have little engineering 

significances. 

3.2 SGD02 

Results of comparison between results from simulations of SGD02 and predictions by CAM 

are shown Figure 10. Good consistencies between the two have been demonstrated. 

3.3 A04 

A prominent feature of A04 is that the function for determining the Q factor is not of the 

typical form involving parameters 𝑄0  and n but is instead defined as follows: 𝑄(𝑓) =

max (1000, 893𝑓0.32). The strategy of setting 𝑄0=893 for all Tn< 1s, and 𝑄0=1000 for all 

Tn≥ 1s has been adopted. 

As for AB95, the predictive estimates (obtained from CAM) tend to be higher than the 

simulated results for short distances and lower than the simulated results for longer distances, 

and particularly so at long natural periods.  

3.4 BCA10d 

The geometric attenuation factor is this model is the simplest of all GMMs. Results of 

comparison between results from simulations of BCA10d and predictions by CAM are 

shown Figure 12. 

The distance in the geometric attenuation model is a comprehensive one that also considers 

finite-fault effects (ℎ𝐹𝐹  factor). As shown in Figure 12, the near source saturation effects have 

been effectively modelled. 

 

In summary, CAM (as a generic GMPE) has been demonstrated to be able to represent the 

four selected GMMs with a reasonable level of accuracies in terms of providing predictions 

of the response spectral values at designated natural periods of 0.3s, 0.5s, 1.0s, and 5.0s for 

magnitudes of the range M4.5 – M7.5 and distance of 4 km to 400 km (except for M-R 

combinations where the level of ground shaking has little engineering significances or where 

the site is too close to the source of a very large magnitude earthquake).  
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Figure 10. Comparison between predictions by CAM (lines) and simulations of SGD02 

(symbols). The geometric attenuation factor is of tri-linear form, distance is hypocentral 

distance.  
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Figure 11. Comparison between predictions by CAM (lines) and simulations of A04 

(symbols). The geometric attenuation factor is of the tri-linear form and distance is 

hypocentre distance. 
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Figure 12. Comparison between predictions by CAM (lines) and simulations of BCA10d 

(symbols). The geometric attenuation factor is linear and distance is point-source distance. 

0.001

0.01

0.1

1

10

4 40 400

R
S

A
 (

g
)

Hypocenter Distance (km)

Tn=0.3s (without crustal factor) M=4.5

M=5.0

M=5.5

M=6.0

M=6.5

M=7.0

M=7.5

0.0001

0.001

0.01

0.1

1

10

4 40 400

R
S

A
 (

g
)

Hypocenter Distance (km)

Tn=0.3s (with crustal factor)

0.001

0.01

0.1

1

10

4 40 400

R
S

A
 (

g
)

Hypocenter Distance (km)

Tn=0.5s (without crustal factor)

0.0001

0.001

0.01

0.1

1

10

4 40 400

R
S

A
 (

g
)

Hypocenter Distance (km)

Tn=0.5s (with crustal factor)

0.001

0.01

0.1

1

10

4 40 400

R
S

A
 (

g
)

Hypocenter Distance (km)

Tn=1.0s (without crustal factor)

0.001

0.01

0.1

1

10

4 40 400

R
S

A
 (

g
)

Hypocenter Distance (km)

Tn=5.0s (without crustal factor)

0.0001

0.001

0.01

0.1

1

10

4 40 400

R
S

A
 (

g
)

Hypocenter Distance (km)

Tn=1.0s (with crustal factor)

0.0001

0.001

0.01

0.1

1

10

4 40 400

R
S

A
 (

g
)

Hypocenter Distance (km)

Tn=5.0s (with crustal factor)



Australian Earthquake Engineering Society 2017 Conference, Nov 24-26, Canberra, ACT 

 

4. Incorporating Seismological Models into Probabilistic Seismic Hazard Analysis 

The mainstream methodology that has been adopted for deriving ground motion models for 

Next Generation Attenuation Relationships for Eastern North America (NGA-East) is 

stochastic simulation of the seismological model. In the evaluation work of Boore (Chapter 2 

in PEER 2015/04) the point source simulation models of Atkinson and Boore (1995), and 

Boore et al. (2010) (abbreviated herein as AB95 and BCA10d respectively) have been 

considered by the review to be very consistent with data recorded in the field. An 

independently developed GMM (DASG15) as introduced in Chapter 3 of PEER 2015/04 has 

also been constructed from a seismological model that had been derived (more recently) from 

the broadband inversion of the NGA-East database. Other models from reputable sources 

including the hybrid empirical models (PZCT15), the Central and Eastern North America 

(CENA) finite fault models (e.g. SP15), and the traditional empirical model of ANC15 that 

were derived from macro-seismicity data (that are introduced in Chapters 5, 7 and 8 of PEER 

2015/04) have also been included in this investigatory study.  

Table 3   A selection of ground motion models for use in tectonically stable regions 

Literature citations Acronyms in legends Remarks 

Atkinson and Boore (1995) AB95 BSSA article 1995 

Atkinson and Boore (2006) AB06 BSSA article 2006 

Pezeshk, Zandieh, Campbell and Tavakoli(PEER 2015) PZCT15 PEER report 2015/04 

Darragh et al. (PEER 2015) DASG15 PEER report 2015/04 

Shahjouei and Pezeskh (PEER 2015) SP15 PEER report 2015/04 

Al Noman and Cramer (PEER 2015) ANC15 PEER report 2015/04 

Silva, Gregor et al. (2002) SGD02 PEA report 2002 

Atkinson (2004) A04 BSSA article 2014 

Boore, Campbell et al. (2010) BCA10d BSSA article 2014 

Results of PSHA showing RSA values at 0.3 s and 1.0 s are presented in Figures 13a and 13b 

respectively. The analyses were based on employing CAM to represent a selection of GMMs 

of NGA-East (refer Table 3). These ground motion predictions are then superposed onto 

counter predictions based on employing the widely used GMPEs of NGA-West2.  Generic 

hard rock conditions have been assumed for the crustal structure (i.e. crustal structure factor 

equal to unity). Results of analyses that have been repeated for generic rock conditions are 

shown in Figures 14a – 14b.  

Sensitivity analyses involving PSHA and simulations for a range of crustal conditions that are 

characterised by VS30, ranging from 0.76 to 1.6 km/s have been undertaken. The value of k0  

was varied accordingly based on the correlating relationships defined by equations (15) and 

(16) which were based on recommendations by Chandler et al (2006) and modified by PEER 

Report 2014-12 (2014).  
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(a) 0.3s period 

 

 

(b) 1.0s period 

Figure 13.   Results of PSHA employing CAM to represent GMMs of NGA-East and 

GMPEs of NGA-West 2 based on generic very hard rock conditions. Analyses were based 

on uniform spatial distribution of seismic activities with intensity defined by Log10N = 

5.5-0.9M  
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(a) 0.3s period 

 
(b) 1.0s period 

Figure 14.   Results of PSHA employing CAM to represent GMMs of NGA-East and 

GMPEs of NGA-West 2 based on generic rock conditions (VS30=0.76 km/s, k0=0.025s). 

Analyses were based on uniform spatial distribution of seismic activities with intensity 

defined by Log10N = 5.5-0.9M  

 



Australian Earthquake Engineering Society 2017 Conference, Nov 24-26, Canberra, ACT 

 

𝑘0 = 14.318(𝑉𝑆30 𝑐⁄ )−0.8 − 0.02                                    (15) 

𝑐 = {

0.75              𝑉𝑆30 ≤ 0.76

0.75 + 0.25 {1 − [
3−𝑉𝑆30

2.24
]}

1.0             3.0 ≤ 𝑉𝑆30

        0.76 ≤ 𝑉𝑆30 ≤ 3.0                 (16) 

 Other seismological parameters of the source and path that were assumed in the analyses 

were based on the AB95 model. Results of PSHA showing RSA values at 0.3 s and 1.0 s 

are presented in Figures 15a and 15b respectively. 

 

(a) 0.3s period 

 

(b) 1.0s period 

Figure 15.   Results of PSHA on different rock sites for Log10N = 5.5-0.9M (i.e., KD = 

2) for NGA-East Mmin = 5 and Mmax = 7 (response spectral values are based on 5% 

viscous damping. 
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5. Conclusions  

The Component Attenuation Model (CAM) is introduced in this paper as a generic ground 

motion predictive expression (GMPE) which can be used in seismic hazard analysis and 

in other engineering applications. CAM features the use of separate factors to represent 

the effects of the source, path, crustal structure and site soil conditions consistent with the 

makeup of a seismological ground motion model (GMM).  Key seismological parameters 

namely the transmission quality factor Q0, shear wave velocity parameter V30 and the 

anelastic attenuation parameter k0 are input parameters into CAM. Thus CAM is a tool for 

translating GMMs into GMPEs to facilitate engineering applications. The advantage of 

such a GMPE is that ground motion properties in a diversity of crustal environment 

(represented by different GMMs) can be represented in one GMPE.  Full details of the 

algebraic formulations for each of the component factors and a listing of the values of the 

natural period dependent coefficients are provided in the paper. Residual analyses have 

been undertaken to demonstrate the level of accuracies of the predictive relationships 

based on comparison of results predicted using CAM with results from stochastic 

simulations. CAM has also been verified further by using it to translate four well known 

GMMs developed in Central North America (i.e. NGA-East models) into GMPEs. The 

accuracy of CAM has been confirmed by comparison with the simulated results. At the 

end of the paper comparisons between the NGA-East and NGA-west2 model were 

presented in the form of results of PSHA assuming uniform spatial distribution of seismic 

activities in order that the significance of inter-model differences are shown in the context 

of its impact to the end users. 
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