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ABSTRACT

The KiK-net ground motion database is used to develop ground motion prediction 

equations for Arias Intensity (Ia), 5-95% Significant Duration (Ds5-95), and 5-75% 

Significant Duration (Ds5-75). Relationships are developed both for shallow crustal 

earthquakes and subduction zone earthquakes (hypocentral depth less than 45 km). The 

models developed consider site amplification using VS30 and the depth to a layer with 

VS=800 m/s (h800). We observe that the site effect for  is magnitude dependent. For Ds5-��
95 and Ds5-75, we also observe strong magnitude dependency in distance attenuation. We 

compare the results with previous GMPEs for Japanese earthquakes and observe that the 

relationships are similar. The results of this study also allow a comparison between 

earthquakes in shallow-crustal regions, and subduction regions. This comparison shows 

that Arias Intensity has similar magnitude and distance scaling between both regions and 

generally Arias Intensity of shallow crustal motions are higher than subduction motions. 

On the other hand, the duration of shallow crustal motions are longer than subduction 

earthquakes except for records with large distance and small magnitude causative 

earthquakes. Because small shallow crustal events saturate with distance, ground motions 

with large distances and small magnitudes have shorter duration for shallow crustal events 

than subduction earthquakes.
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General Audience Abstract

This thesis presents the development of new Ground Motion Prediction Equations (GMPEs) 

for the prediction of the duration and the Arias Intensity of earthquake strong motions. . Arias 

Intensity is an index for the energy in the ground motion. The GMPEs are based on the Japanese 

KiK-net database. Based on the causative earthquake source, source to site path, and site 

properties, GMPEs give estimation of the mean and standard deviation of the parameters. This 

information is necessary for conducting probabilistic seismic hazard analyses. 

The characteristics of the ground motions with the same magnitude and source to site distance 

vary amongst different tectonic regimes. For this reason, we develop different GMPEs for 

earthquakes from different tectonic regimes (subduction zone and shallow crustal earthquakes). 

The primary motivation for this research is that no existing GMPEs for duration are directly 

applicable to subduction-zone earthquakes. In addition, because the same stations recorded 

both types of events, we can directly compare the effect of tectonic environment on the selected 

ground motion parameters. The estimation of mean duration and mean Arias intensity made by 

this study show while magnitude and distance scaling of Arias Intensity is the same for shallow 

crustal and subduction earthquakes, the tectonic regime has a significant effect on duration of 

ground motion.  
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Chapter 1

Introduction
1.1 Problem description

Non-spectral ground motion parameters, such as Arias Intensity and duration, are commonly used in 

engineering and seismological applications. The usefulness of these parameters relies on the ability to 

predict their values for future earthquakes. Various ground motion prediction equations (GMPEs) for 

this type of parameters exist for shallow crustal tectonic regions, but not for subduction regions. The 

primary objective of the research presented in this thesis is to fill this gap by developing GMPEs for 

non-spectral ground motion parameters using data from the Japanese KiK-net ground motion network. 

These data have been uniformly processed (Dawood et al. 2016) and contain recorded ground motions 

from earthquakes occurring in shallow-crustal regions and in the subduction zones located to the east 

of the Japanese islands. We develop separate equations for each of these two tectonic regimes and 

compare the resulting models. Because the same stations recorded both types of events, we can directly 

compare the effect of tectonic environment on the selected ground motion parameters. 

The primary motivation for this research is that no existing GMPEs for duration  are directly applicable 

to subduction-zone earthquakes. There is one model applicable for predicting Arias Intensity for 

subduction earthquakes (Foulser-Piggott and Goda 2015). However, this model considers the 

difference in tectonic regime by a constant offset. We demonstrate that distance- and magnitude-

scaling are also different between the two tectonic regimes. The proposed GMPEs are developed using 

nested- and crossed-mixed effect regression, which enabled us to consider random effects for event 

and site terms simultaneously. Although this manner of calculating parameters is more complex than 
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the conventional approach, which considers only the event terms as the random effect, it results in 

unbiased GMPEs. We also compare the effects of considering site variability on the resulting GMPEs. 

1.2 Organization of thesis

The first chapter of present thesis explains the motivation for developing new GMPEs for Arias 

Intensity and duration. The second and third chapters are self-contained papers that will be submitted 

for publication in peer-reviewed journals. Each chapter provides GMPEs for one non-spectral 

parameter. The two chapters and their authorship are:

Chapter Two - Mahdi Bahrampouri, Adrian Rodriguez-Marek, Russell Green (to be submitted) 

Ground Motion Prediction Equations for Arias Intensity Using the Kik-Net Database

Chapter Three - Mahdi Bahrampouri, Adrian Rodriguez-Marek, Russell Green (to be 

submitted) Ground Motion Prediction Equations for Significant Duration Using the Kik-Net 

Database 

The final section of this thesis is a chapter summarizing the conclusions and the engineering 

significance of this study.

1.3 References

Dawood, H. M., Rodriguez-Marek, A., Bayless, J., Goulet, C., and Thompson, E. (2016). "A Flatfile for 

the KiK-net Database Processed Using an Automated Protocol." Earthquake Spectra, 32(2), 1281-1302.

Foulser‐Piggott, R., and Goda, K. (2015). "Ground‐Motion Prediction Models for Arias Intensity and 

Cumulative Absolute Velocity for Japanese Earthquakes Considering Single‐Station Sigma and 

Within‐Event Spatial Correlation." Bulletin of the Seismological Society of America, 105(4), 1903-1918.
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Chapter 2

Prediction Equations for Arias Intensity 

Using the Kik-Net Database
Abstract

In seismic design, intensity measures are chosen based on how well these parameters correlate with 

the damage caused by earthquakes and on the ability to predict these intensity measures for a given 

earthquake scenario. As a  an index for the energy content of ground motion, Arias intensity has proved 

to be efficient in several applications including earthquake-induced slope failure, liquefaction, and 

damage in structures. In this paper, the KiK-net database is used to present Ground Motion Prediction 

Equations (GMPEs) for Arias Intensity of shallow crustal and subduction zone earthquakes. The 

proposed GMPEs are applicable for M 4-9. The predictive models incorporates both VS30 and depth to 

a stiff horizon (VS=800 m/s) in the prediction of site effects. In addition, we observed that the site 

amplification of Arias Intensity is dependent on the earthquake scenario. We capture this dependence 

in the proposed functional form. Moreover, the effect of the volcanic belt in Japan on Arias Intensity 

is also included in the proposed relationships. 

2.1 Introduction

In this paper we present ground motion prediction equations (GMPEs) for Arias Intensity of shallow 

crustal and subduction zone earthquakes developed using the KiK-net database. Arias Intensity (Arias 

1970) is an index forthe energy content of ground motions and incorporates both the duration and 

amplitude of the entire ground motion time history. Arias Intensity has been correlated to liquefaction 

triggering (Kayen and Mitchell 1997), earthquake induced-landslides (Wilson and Keefer 1985; Harp 

and Wilson 1995; Lee et al. 2008; Jibson 2007), damage levels in adobe and clay structures (Benito 
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and Herraiz 1997), and the response of stiff bridge structures to earthquake ground motions (Mackie 

and Stojadinovic 2002).

Kayen and Mitchell (1997) developed a relationship for predicting Arias Intensity as a function of 

magnitude and closest distance to the fault rupture plane. This relationship is based on 66 earthquake 

records from the western United States, primarily California. Travasarou et al. (2003) developed a 

GMPE for Arias Intensity using a much larger data set (1208 records from 78 earthquakes). This work, 

however, also uses a database composed exclusively of shallow crustal earthquakes in active tectonic 

regions. Based on almost the same database used by Travasarou et al. (2003), Foulser-Piggott and 

Stafford (2012) proposed GMPEs that introduced a non-linear site amplification term incorporating 

site properties through the Vs30 parameter. Foulser-Piggott and Goda (2015) developed a new GMPE 

for Arias Intensity using motions recorded in Japan. The database used by these authors includes 

motions for earthquakes from both shallow crustal tectonic and subduction-zone regimes. The resulting 

GMPEs differentiate the two tectonic regimes by proposing a linear scaling. This GMPE also uses 

different anelastic attenuation rates for the forearc and backarc regions of Japan. More recently, 

Bullock et al. (2017) used ground motion records from stations on rock from around the world to 

develop a GMPE for different tectonic regimes (i.e., interface, intraslab, intraplate, and shallow 

crustal). The work presented in this paper adds to the existing GMPEs of Arias Intensity for shallow 

crustal and subduction earthquakes. Since models for both types of earthquakes are developed from a 

common set of stations, the proposed models allow a comparison of magnitude and distance scaling of 

Arias Intensity between both types of earthquakes.

In the remainder of this paper, we first explain the database of records used in this study and the 

protocol for computing Arias Intensity of each record. We then present the functional forms adopted 

for the GMPE followed by the residual plots as a measure of the performance of the proposed models. 
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Finally, we present a comparison of the resulting model for shallow crustal and subduction 

environments with those from other published GMPEs.

2.2 Ground motion data and computation of Arias Intensity

We use a subset of motions recorded by the Kiban-Kyoshin network (KiK-net) in Japan, gathered and 

processed by Dawood et al. (2016). To compile the database, motions with unknown Vs30, tectonic 

regime, and sampling frequency are excluded. In addition, we exclude records with M<4 and shallow 

crustal motions with rupture distance greater than 200 km and subduction-zone motions with rupture 

distances greater than 1000 km because they do not have engineering significance. Our database has 

13,966 recorded motions from 976 shallow crustal events and 30,606 recorded motions from 2,332 

subduction events. Figure 1 shows the magnitude and distance distribution of ground motions and the 

geographical distribution of earthquake sources.
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Figure 1. Upper figures show magnitude and distance distributions for each tectonic regime. Lower 

figures are illustrations of the event source distributions. Plots on the left are for subduction 

earthquakes, and on the right for shallow crustal earthquakes.

The ground motion time histories processed by Dawood et al. (2016) were used to compute Arias 

Intensity of the ground motions. Arias Intensity is defined as (Arias 1970):

 1�� =
�

2�∫����� �(�)
2��
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where  is Arias Intensity in units of m/s2,  is the ground acceleration, g is the acceleration of ��  �(�)
gravity and  is the total duration of the recorded time history. While  is rather arbitrary and a ���� ����
function of the processing protocol, the latter part of a record does not contribute significantly to the 

integral in Equation 1 and hence does not affect significantly the values of . The definition of  is �� ��
index of the energy absorbed during an earthquake by a set of undamped SDOFs with natural 

frequencies uniformly distributed between 0 and infinity (Trifunac and Brady 1975). There are several 

approaches to combine two horizontal components of Arias Intensity, including using a random 

component, the maximum component, the geometric mean, or the arithmetic mean from the as-

recorded components, and the vector sum of the two as-recorded components. Models developed for 

geometric or arithmetic mean of components have lower variability than models developed for the 

random component. We use the arithmetic mean because this value is independent of the directions 

along which horizontal motions are recorded.

2.3 GMPE development

2.3.1 Regression Approach

The regression analyses have to account for an uneven distribution of recordings per event and 

recordings per station. The random effects algorithm of Abrahamson and Youngs (1992) was proposed 

to account systematically for the particular effects of each earthquake. This is captured by introducing 

a random effect variable for each earthquake (i.e., the event term). The event terms capture the 

systematic deviations from the median behavior for each earthquake. When the ground motion 

database used in the regression also includes multiple recordings at every station, the systematic 

deviation from the median behavior for each station can also be captured via the introduction of a site 

term. Examples of past studies that accounted for systematic deviations in the site term include 

Rodriguez‐Marek et al. (2013), Rodriguez-Marek et al. (2011), and Lin et al. (2011). These studies 
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used a multiple-stage regression, where an initial regression captures the effects of event terms and a 

secondary analysis of residual is performed to compute the site terms. Stafford (2014) pointed out that 

the two-stage approach has some shortcomings and proposed using crossed and nested mixed-effect 

regression, such that multiple random effects (e.g., site and event terms) are calculated at the same time 

as the coefficients of the median ground motion equation are computed. In this study, we use the 

approach suggested by Stafford (2014). For terminology and notation, we adopt the one proposed by 

Al Atik et al. (2010): 

2ln ��� =  ln ��� + ��2�� + ��� + ����
3ln ��� = �(�,�),

where  is the observed value of intensity measure for earthquake  and station ;  is the median ��� � � ���
predicted value of intensity measure , which in turn is a function of the explanatory variables  (e.g. ��� �
magnitude, distance) and fixed effect parameters  (model coefficients);  is the event term � ���
calculated for the event e; and  is the site term calculated for station . Both  and  are ��2�� � ��� ��2��
zero-mean random variables with standard deviation  and , respectively. Finally,  is a zero-� ��2� ����
mean random variable that represents the residual variability and has a standard deviation . ���
Assuming that these three variables are statistically independent, the total standard deviation, , is  σ
given by:

4σ = � 2�� + �2
+ � 2�2�
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Note that  corresponds to the standard deviation of the residuals that have been corrected by event- ���
and site-terms, and is also called the single-station standard deviation;  is the between-event or inter-�
event standard deviation; and  is the site-to-site standard deviation. �  �2�
The regression analyses are conducted with the lme4 package in R (Bates et al. 2006). The functional 

forms (e.g., the equation for ) is a key step in the regression analyses. We use equations from the �� ���
literature as a starting point and then evaluate the need for modifications in the functional form based 

on an analysis of residuals. Effects due to the source, path, and the site effect are investigated 

separately. The regression model adopted for this study is described below.

2.3.2 GMPE functional form 

As is the case for most ground motion parameters, the Arias Intensity of a ground motion is affected 

by the characteristics of the source, the path, and the site. Stafford et al. (2009) derived a theoretical 

predictive equation for Arias Intensity based on Brune’s point source model. By making some 

simplifying assumptions, such as constant stress drop, Stafford et al. (2009) showed that the logarithm 

of Arias Intensity correlates linearly with magnitude and the logarithm of distance. Stafford et al. 

(2009) also indicated that using a theoretical model with linear scaling of Arias Intensity with 

magnitude may not hold true for large earthquakes. Also, Travasarou et al. (2003) found a decrease in 

stress drop for large magnitude earthquakes which results in saturation of Arias Intensity. We use these 

observations as the foundation of our functional form for Arias Intensity, but we modify it based on 

empirical observations.

Figure 2 plots an estimate of the source term of Arias Intensity obtained by removing a preliminary 

estimate of path effects from the measured Arias Intensity. These data show a linear trend with 

magnitude with a break in linear scaling at large magnitudes. Observe that for subduction events 

(Figure 2a), a hinge point where the magnitude scaling levels out occurs at M=7. This hinge point is 
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adopted for our functional form. Figure 2b shows the path-corrected Arias Intensity values for crustal 

earthquakes. Observe that the hinge point for shallow crustal occurs at M=6 and is included in the 

functional form.

(a) (b)

Figure 2 Scatter plot of Arias Intensity corrected for path effects plotted versus magnitude for (a) 

subduction earthquakes, and (b) shallow crustal earthquakes. The blue dots represent the average of 

each bin and the red error bars show  1 standard deviation.

Foulser-Piggott and Goda (2015), in their regression model for Arias Intensity, included different 

anelastic attenuation rates for different regions of Japan. They divided the recorded motions of Japan 

into backarc and forearc motions based on the location of the station relative to the volcanic belt and 

considered different coefficients for the attenuation rate for these two groups of stations. However, the 

location of the site alone cannot capture the path between source and site. Dawood and Rodriguez-

Marek (2013), in a regression model for spectral accelerations, showed that the attenuation rates are 

different for regions along the volcanic belt in Japan than for regions in the forearc and backarc. 

Moreover, paths entirely within the forearc or backarc regions have similar attenuation rates. A similar 

observation was made by McVerry et al. (2006) for attenuation of spectral acceleration in New 

Zealand.

In this study, we adopt a functional form that considers an additional attenuation term for source-station 

paths that cross the volcanic belt. This is achieved by adding a flag (V) that takes a value equal to one 

if the path crosses the volcanic belt, and zero otherwise. Therefore, the coefficient of V represents the 
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energy lost due to crossing the volcanic belt. This functional form for path effects of Arias Intensity 

performs better statistically than a model that considers forearc or backarc location alone. In addition, 

we deviate from a linear model for path effects. The measured Arias Intensity values, corrected by a 

preliminary model for source effects, are shown in Figure 3. Observe that the scaling with distance 

deviates from linearity, possibly due to finite fault effects. Many different functional forms were tested 

to capture the trends shown in Figure 3. For subduction zone earthquakes, a saturation parameter 

captures the decrease in slope for close distances. For shallow crustal earthquakes, a hinge point in the 

path effect function models the difference in slope for distances greater than 100 km (see Equations 12 

and 13 below).

 (a)  (b)

Figure 3 Scatter plot of Arias Intensity minus the effect of source, plotted versus distance for (a) 

subduction earthquakes and (b) shallow crustal earthquakes. The blue dots represent the average of 

each bin and the red arrows show  1 standard deviation

A site amplification function is proposed, which incorporates both the average site velocity over the 

upper 30 meters (VS30), depth to shear wave velocity 800 m/s (h800), and magnitude. Figure 4 shows 

the logarithm of Arias Intensity minus source and path effects [ ] plotted versus VS30. �� ‒ �(�) ‒ �(�)
Observe that the trends are generally linear (in log-log space), with decreasing Arias Intensity with 

increasing VS30. However, for small magnitude earthquakes (Figures 5a and 5c), the trend deviates 

from linearity for low values of VS30. 
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(a)
(b)

(c) (d)

Figure 4. Logarithm of Arias Intensity minus the effect of source and path versus. Upper figures (a 

and b) show subduction records and lower figures (c and d) show shallow crustal records. The green 

line shows the mean value of observed points and the red line shows the predicted amplification 

function.

The observed trends for low magnitude earthquakes can be explained by considering the frequency 

content of ground motions. The amplification of  can be expressed using Parseval’s law as: ��
 5��� =

∫��(�)
2��∫��(�)
2�� =

∫��(�)
2��∫��(�)
2�� =

∫��(�)
2��(�)

2��∫��(�)
2��

where,   and  denote acceleration of ground motion in soil and rock, respectively, the arguments  �� �� �
and  indicate time and frequency domains, respectively, and  is the transfer function for site � ��(�)
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