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Abstract

Ogweno, Luke Philip. MS. The University of Memphis. December, 2013. Model
Bias Analysis Using Statistical Methods with the NGA East Ground Motion
Database. Major Professor: Chris H. Cramer.

The Next Generation Attenuation (NGA) East project has an updated
database for Central and Eastern North America (CENA) ground motions. |
analyzed the performance of ground motion prediction equations (GMPEs) used
in the United States Geological Survey (USGS) National Seismic Hazard
Mapping Project (NSHMP) and other potential GMPEs used in the CENA through
bias analysis, model inadequacies check using statistical tests and finally ranking
the GMPEs using log likelihood (LLH), and the Euclidean Distance Based

Ranking (EDR) technique.

From bias analysis, Atkinson and Boore (2011) (model A08p), Atkinson
and Boore (2011) (model AB06p), and Atkinson and Boore (2006) (model
ABO6+) with 200 bar stress drop performed better than other GMPEs. EDR
results show models A08, ABO6p, and AB06+ as the best performing models for
combined site classes. Models ABO6p, EPRI (2004) cluster2 model (EPRI2),

ABO06+ and Silva et al. (2002) (SD02) matched the data well in rock sites.
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1. Introduction

The characterization of earthquake ground motions for engineering
applications generally involves the use of empirical models referred to as ground
motion prediction equations (GMPEs). GMPEs describe the variation of the
median and lognormal standard deviation of particular intensity measures (such
as peak acceleration, spectral acceleration, or duration) conditional on
magnitude, site-source distance, site condition, and other parameters. A number
of GMPEs have been introduced in recent years that are re-defining the state of
practice for probabilistic seismic hazard analysis (PSHA) in many earthquake-
prone regions worldwide. For example the Next Generation Attenuation (NGA)-
East is developing a new ground motion characterization (GMC) model for the
Central and Eastern North-American (CENA) region. The GMC model consists in
a set of new ground motion prediction equations (GMPEs) for median and
standard deviation of ground motions (GMs) and their associated weights in the

logic-trees for use in probabilistic seismic hazard analyses (PSHA).

The NGA East project has developed an updated database of Central and
Eastern North America (ENA) ground motions (Cramer et al., 2009, 2010, 2012)
containing over 11,000 records and covering distance and magnitude ranges of
1-3,500 km and M 2.2-7.6, but mostly less than M 6.0 (Figure 1). This dataset
was used to rank GMPEs used in United States Geological Survey (USGS)
national seismic hazard mapping project (NSHMP) and other alternative GMPEs
at various distances and magnitudes using various statistical methods and

procedures.
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Figure 1: NGA-East Ground Motion Database

1.2 Problem statement

GMPEs are developed for specific tectonic environments using
multivariate regression on ground motion databases, and the relationships are
updated as more earthquake data are obtained (Kramer, 1996; Abrahamson and
Shedlock, 1997). It is important to note that many GMPEs are not purely
statistical and that non-statistical information such as nonlinear site response,
basin effects, oversaturation, and anelastic attenuation, is often used in the

models (Abrahamson et al., 2008). Because of the improvement of seismological



networks, and increasing size of quality of the ground motion database the
number of proposed ground motion models has increased significantly in the last
decade to reflect the seismological features of the seismic prone regions.
Douglas (2011) gives 289 empirical GMPEs for PGA and 188 models for the
prediction of elastic response spectral ordinates. The selection of candidate
models, especially the assignment of logic tree weights, has become important.
Selecting appropriate predictive models to calculate hazard in a site (or a region)
of interest has become popular topic in engineering seismology. The ground
shaking in the target region must be well reflected by the selected GMPEs as
ground motion variability directly affects the computed hazard in the study area.
Therefore, there is a need for quick and efficient testing to determine if a model is
appropriate for a particular target region and how it performs over a given range
of the dataset. In the context of a logic tree with more than a few alternative
GMPE model branches, it will therefore be hard if not impossible to keep the
judgment of the complete set of candidate models internally consistent and the

verdict on a particular model reproducible.

1.3 Objectives
The objectives of this study were threefold, namely:

1. To analyze the performance of CENA GMPEs over the entire magnitude-
distance (and other independent variables, e.g. site classification) range using

model bias (residual) analysis



2. To check the normality and model inadequacies in various CENA GMPEs, as
used in the USGS national seismic hazard-mapping project (NSHMP), using

various statistical test parameters

3. To use the Euclidean-Distance Based Ranking (EDR) and log likelihood
concepts to rank CENA GMPEs used in the USGS NSHMP under a given set

of observed data.

1.4 Justification

The analysis was to provide useful information such as establishing the
GMPE logic-tree to the seismic hazard analyst depending on the objective of the

hazard project in forecasting either the regional or site-specific hazard.

Euclidean distance was preferred over residual analysis, as it results in non-
negative differences between observations and estimations that were easily
transformable into an index. The EDR method also accounts for aleatoric
variability in ground motion estimations (through standard deviations of GMPEs).
It also considers the bias between median estimations and observed ground-
motion data (model bias). Other methods such as Log likelihood (LLH) computes
the occurrence probability of the observed data point by using the corresponding
estimation that is assumed to be log-normally distributed with median and sigma
values of the candidate GMPE. The deviation of the mean and the median from
zero, and the deviation of the standard deviation from 1, helps to detect non-
normally distributed models. A large difference between mean and median is a

means to help identify models for which the residual distributions were skewed.



By scaling the data by the model mean and variance, it was possible to evaluate
the hypothesis that the mean of the normalized distribution is zero (Scherbaum et

al., 2004).

1.5 Significance of the study

Following any modeling procedure, it is a good idea to assess the validity
of the resulting model. Residuals and diagnostic statistics allow one to identify
patterns that are either poorly fit by the model, or have strong influence upon the
estimated parameters, or which have a high leverage. It is helpful to interpret
these diagnostics jointly to understand any potential problems with the model.
Also, the quantitative decision favoring different candidate models (GMPEs)

requires a meaningful measure to distinguish candidate probabilistic models

The selection of a ground motion model, and the determination of the
contribution weight to assign to each of them is a fundamental component of any
seismic hazard analysis. It has been demonstrated that the uncertainty
corresponding to the selection of the attenuation model influences the hazard
results more than other aspects of seismicity modeling (Toro 2006). This
epistemic uncertainty is often treated with the expert opinion approach through a
logic tree framework (Budnitz et al., 1997). The branch weights in a logic tree
framework correspond to a degree of belief of experts in different prediction
models. Statistical tools can be used to replace the expert opinion, which are
often subjective. The results of this study can be used to give weighting in the

seismic hazard assessment in the United States.



2 Previous Studies

Douglas and Gehl (2008) proposed a quantitative approach to investigate
and separate the variability in earthquake ground motion into that attributable to
site effects and that due to source effects. The technique was based on analysis
of variance (ANOVA) of residuals of ground motion parameters computed using
ground motion models that approximately remove the effects of magnitude, style
of faulting, source-to-site distance and simple site classification. They applied
this to four sets of observed strong-motion records: two from Italy (Umbria-
Marche and Molise), one from the French Antilles and one from Turkey. From
their study they concluded that for the data from Italy the observed variance
could be attributed to un-modeled site effects whereas those from the French
Antilles and Turkey were largely attributable to source effects not modeled by the
ground-motion estimation equations they had used. The thesis study shows the
need for improved modeling of different source effects within central and eastern
northern America (CENA) GMPEs. Bindi et al., (2006), Scassera et al., (2009),
and Shoja-Taheri et al. (2010) used residual analysis to evaluate GMPEs under

different ground motion databases.

Scherbaum et al. (2004) show how observed ground motion records can
help to guide one in the selection and ranking of appropriate models for a
particular target area. They developed a new, likelihood based, goodness-of-fit
measure that had the property not only to quantify the model fit but also to
measure in some degree how well the underlying statistical models are met.

They developed a scheme to rank candidate ground motion models into different



classes (likelihood method (LH). This scheme was intended to assist the seismic-
hazard analyst in judging the appropriateness of ground motion models for a
particular target area in a data-driven (magnitude, distance and frequencies),
consistent and reproducible way. The LH method calculates the normalized
residuals for a set of observed and estimated ground motion data by considering
that GMPEs are normally distributed in natural logarithm unit. This method
calculates the exceedance probabilities of residuals as likelihood (LH) values.
The suitability of candidate GMPEs is identified through the median LH value that

is described as LH index, which takes value between 0 and 1.

Scherbaum et al. (2009) discuss the challenges of model selection in
seismic hazard analysis. They focus on an information-theoretic approach (log-
likelihood (LLH)) method that provides a general theoretical foundation to
perform quantitative model selection in cases where models can be formulated in
terms of PDFs or probability mass functions (PMFs) and the key ingredient, the
Kullback-Leibler (KL) distance, can be estimated from the statistical expectation
of observations for the models under consideration. This approach does not
require any ad hoc assumptions and KL-distance differences between models
are a theoretically sound way of quantifying differences in ground-motion models
in terms of information. The application of KL distance based model selection to
real data using the model generating data set for the Abrahamson and Silva
(1997) ground-motion model shows the superior performance of this approach in
comparison to earlier attempts at data-driven model selection (e.g., Scherbaum

et al., 2004). Kaklamanos and Baise (2011) used the Nash-Sutcliffe model



efficiency coefficient (Nash and Sutcliffe, 1970) to validate the NGA-West
GMPEs by making use of a ground motion data set assembled from recent

earthquakes recorded in California.

Joshi et al. (2012) discuss the applicability of different GMPEs for
predicting the values for which it is made and conclude that in order to apply a
particular GMPE to any region it needs to be tested against the deviation from
normality and model inadequacies. They used cumulative probability plots and
random residual plots to check the presence of fat tail and model inadequacies in
the GMPE given by BO97, Boore and Atkinson (2008) referred to as BAOS,
Abrahamson and Litehiser (1989) referred to as AL89 and Joyner and Boore
(1981) referred to as JB81. They observed that as long as the data set is similar
to the one used for generating the GMPE the normality and model inadequacies
are satisfied but when the data are different than that used for generation of the

GMPE, deviation is observed in the cumulative probability plot.

Beauval et al. (2012a) carried out a study to systematically test global and
local models against the same regional datasets (M = 6), and obtained a
hierarchy of their fit to the data. They apply various techniques to various
subduction regions and conclude that though the Scherbaum et al. (2009) LLH
method proved to be efficient in providing one number quantifying the overall fit,
additional analysis on the between-event and within-event variability were
mandatory, to control if the median prediction per event and/or variability within

an event was within the scatter predicted by the model.



In another study, Beauval et al. (2012b) use the LLH method of
Scherbaum et al. (2009) to analyze and quantify the consistency between
several GMPEs and three different datasets. Using weak motions recorded in
France (191 recordings with source-site distances up to 300 km, 3.8 < Mw < 4.5)
and a Japanese dataset they confirm that a dataset of ~ 190 observations is
large enough to obtain stable LLH estimates. They observe no significant
regional variation of ground motions and that magnitude scaling could be the
predominant factor in control of ground-motion amplitudes. Using larger
magnitudes (5-7) from the Japanese dataset, the ranking of the models is
partially modified as an indication of magnitude scaling for some of the models.
This showed that extrapolating testing results obtained from low magnitude to

higher magnitude ranges is not straightforward.

Mousavi et al. (2012) used likelihood method (LH) and an information
theory method (LLH) to evaluate candidate ground motion models for the Zagros
region of Iran. There was good agreement between the two methods and one of
the significant results they obtained was that the regional ground motion models
(corresponding to Europe and Middle East data sets) showed more consistency
with observed data than the models developed using the NGA models. The
testing used in their study did not include data from earthquakes with Mw > 6.5

and R < 50 km due to a paucity of data.

Kale and Akkar (2012) developed a new novel procedure for selecting and
ranking candidate GMPEs for seismic hazard analysis. The methodology makes

use of the Euclidean distance concept and modifies it for the objective of proper



ranking of candidate GMPEs under a given empirical ground motion data set.
The method considers the ground motion uncertainty (i.e., the standard deviation

term of the ground motion model) and the bias between the observed data and

the median estimations of candidate GMPEs.
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3 Methods and approach

The most common methodology for assessing the performance of
predictive models is still the classical residual analysis. It determines the
existence of bias by means of mean residual as well as the slope of the straight
lines fitted to different residual components (i.e. between events and within
events or total residuals as a function of estimator parameters such as
magnitude and source to site distance). The methods employed in this study
included the classical residual analysis which formed the basic step for other
steps such as, testing normality and model adequacies through construction of a
cumulative probability plot of the residuals, log likelihood analysis to rank the
GMPEs using the procedure proposed by Scherbaum et al., (2009), and the
Euclidean distance based ranking method (EDR) as proposed by Kale and Akkar
(2012). The residuals for the GMPEs under study were computed first by running
the Fortran codes of the GMPEs models to produce simulated model outputs
then obtain the residuals. Detailed descriptions of these methods used are

discussed below.

3.1 Classical Residual (Model bias) in GMPE

Residuals (ry;) used in this thesis are defined as the differences between

the natural logarithm of the calculated and observed strong motion variable

parameters:

ri']- = lnYl,] — lnYi,]- (1)

11



Here, InY;; is the value of the j*"record of the i*"event, and InY; jis the median

value from the k" GMPE. The mean of residuals for the i* event with N; records

is defined as

M= X Ty (2)

Nj

The between-event and within-event residuals are defined, respectively by

equation 3 and 4:
ri,j (between) _— ri,j -1 (3)

. . 1 e
Tinthm =n;— N—EEL n; (4)

where N, is the total number of events, n; as the mean of residuals for the it"
event with N; records. Negative residuals indicate under-prediction while positive

residuals indicate over-prediction.

Once the total, within-event and between-event residuals were obtained
for each respective GMPE, a plot of residual values versus source to site
distance and magnitudes were plotted. A summary table of the mean residual

values of the GMPEs for less or equal to 100km is also presented.

3.2 Testing normality and model adequacies on GMPEs

A normality test for the GMPEs residuals was performed by constructing
cumulative probability plots of the residuals versus observed peak ground
acceleration (PGA) and other spectral acceleration periods (SAs). A straight line
indicates normal distribution whereas a sharp upward and downward curve at

both ends indicates that the tail of the distribution is too heavy to be considered

12



as a normal distribution. Flattening at the extreme end is a typical pattern for a
distribution with a thinner tail. GMPEs showing patterns associated with positive

and negative skew are shown in Figure 2(d) and 2(e), respectively.

The first step in this process is the calculation of random residuals. The
random residual is defined as the difference of the logarithm of actual and
predicted values. The random residuals are arranged in an increasing order and
are plotted against cumulative probability in order to make a cumulative

probability plot.

y
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Figure 2: Normal probability plots (a) ideal; (b) heavy-tailed distribution; (c) light-
tailed distribution; (d) positive skew; (e€) negative skew. (Modified after
Montgomery et al. 2003).

A substantial departure from a straight line is an indication that the
distribution is not normal. A departure from normality is potentially serious as the

t or F statistics and confidence and prediction interval depends on the normality

13



assumption (Montgomery et al., 2003). The plot of random residual versus actual
value checks the model inadequacies in the GMPE. If the plot of random
residuals versus predicted parameter shows the data points within a horizontal
band then there are no obvious model defects. The model inadequacies are

shown by deviation in these plots.

3.3 Log Likelihood (LLH)

Ranking of GMPEs followed the recent method proposed in Scherbaum et
al., (2009). The LLH method following its predecessor (i.e., LH method;
Scherbaum et al., 2004) is sensitive to data size (Delavaud et al., 2009) and it

might become biased for GMPE rankings done by using a small number of data.

This method provides a ranking criterion based on information theory
(Details of the method can be found in the paper by Scherbaum et al., 2009). The
quantitative decision favoring different candidate models requires a meaningful
measure to distinguish candidate probabilistic models. Within an information
theory framework, this measure is given by Kullback-Leibler distance (Delavaud
et al., 2009). The Kullback-Leibler distance between two models (x)and g (x) is

presented as

D(f(x), (%)) = Er(x)(logz(f () = Efxy(loga (g (x)) (5)

where E(, is the expected value taken with respect to f (x). This distance
quantitatively represents the amount of information loss if the model f (x) is
substituted by model g (x). The distance between the two models is defined by

probability density functions f(x)and g (x). The function f(x) represent the

14



distribution of an observed data point in the ground motion data set. The
distribution of the estimated data point is described by g(x) and is assumed as
lognormal with the median and standard deviation of the considered GMPE. For
model comparisons (e.g., g(x;)and g (x,)), only their relative Kullback-Leibler
distance, D (f(x), g(x;) — D (f(x), g(x,) is taken into account. As a result, the
expectation of the unknown model f (x) drops out as a constant. The GMPEs
were ranked according to a criterion noted in LLH, which gives the log likelihood
of a model given a set of data (i.e. how likely a model has generated the data).
LLH is then defined as the negative average log-likelihood of the model g given

the sample set x of N observations:

LLH = = =3I, log,(g(x) (6)

where N is the number of observations x;, and g the probability density function
(PDF) predicted by the GMPE (normal distribution, with standard deviation the
total sigma of the model). The ranking of models according to their fit to the data
is then straightforward. A small LLH indicates that the candidate model is close to
the model that generated the data, while a large LLH corresponds to a model that
is less likely to have generated the data. It should be emphasized again that the
purpose of this scheme is to provide a data-driven selection and ranking of

ground-motion models for seismic-hazard assessment.

Figure 3a shows a case in which a synthetic residual model matches the
data exactly in terms of both mean and variance. Figure 3b through 3d show
some properties of the distribution of LLH values with different model medians

and variances.
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Figure 3: Model description for the comparison between KL distance and
negative average log likelihood. The heavy solid line in the top panel
shows the PDF for a lognormal distribution (1 = 10,6 = 0.5), which is
assumed to act as a reference model f (reality) from which 1000 synthetic
observations were generated (shown in histogram). In addition, three-
candidate model functions g, g, and g5 are superimposed. For each of
the samples, logarithms of the PDFs were calculated with respect to the
different candidate models. The lower row shows the corresponding
histogram. The average log-likelihood values (equation 5) for each model
are indicated on top of each panel (Scherbaum et al., 2009)

3.4 Euclidean-Distance Based Ranking (EDR) method

The Euclidean distance (DE) is a statistical index where the square root of
the sum of squares of the differences between N data pairs (p;, q;) is calculated.
The parameters p; and q; in Equation 7 designate the observed and estimated
ground motion data

DE? = 3L, (p; — q:)? (7)

Euclidean distance results in non-negative differences between

observations and estimations that can be easily transformed into an index. In the
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EDR methodology, the estimated ground-motion intensity for a single data point
(that consists of a certain magnitude, distance, style-of-faulting and site class) is
assumed to take a set of values that are computed from a predetermined range
of standard deviation of the considered GMPE. The differences between the
observed point and the range of estimations for that single point result in a

probability distribution.

The method assumes that the natural logarithm of the predictive model
(GMPE) as well as the Euclidean distances computed for each data point is
normally distributed. Let D in Equation 8 denote the difference between the
natural logarithms of an observed (a) and estimated (Y) data point. In this
expression, a is a scalar quantity (single observation) whereas Y, the estimator
for a predictive model, is a Gaussian random variable with mean, uy, and
variance, ay2. From the basic principles of the summation of random variables, D
can be proven to be normally distributed (Devore, 2004) with parameters given in

Equations 9.

D=a-Y (8)
Hp = a — Uy (9a)
op? = oy? (9b)

For each single point, the squares of D values contributing to DE are non-
negative. To establish an analogy between D and DE, the probability distribution
of the absolute values of D [i.e., Pr (|D|)] is considered. Equation 10 is for the

probability of |D| being less than a certain value d [i.e. Pr (|[D| < d)], which is
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actually the difference between Pr (D < d) and Pr (D < —d) as shown in

Figure 4.

@ (b) ©

Density of D

e 0L
b =
o Lo

Figure 4: Probability distribution definitions given in Equation 8: (a) Pr (D < d),
(b) Pr (D < —d), (c) Pr (|D]| < d). (Kale and Akkar, 2012)

The parameter ® denotes normal cumulative distribution function in

Equation 9. This equation is used to derive the probability distribution of |D].

Pr(ID| < d) = Pr(D < d) — Pr(D < —d) = & (d‘ﬂ) ) (‘d;””) (10)

oD op
For discrete values of D, which are denoted by d;, the occurrence
probability of d; [i.e., Pr (d;)] is described within an infinitesimal bandwidth dd
around d; [i.e.,Pr (d; —dd/2 < D <d; +dd/2)]. Since the method considers
the occurrence probabilities of d; via analogy made between DE and D, it is
modified as Pr (|D| < |d;|). Such a relationship can be derived by Equation 10

resulting in the form of Equation 11. Figure 5 describes the meaning of each

term in Equation 11.
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Pr(IDl < d;) = Pr(|d; = | < ID| < |d; + 5|) (11)

2
The total occurrence probability for a set of |d;| values is called Modified
Euclidean Distance (MDE). MDE can be considered as a probability-based

average that is used as an index to account for the effect of sigma while testing

the performance of GMPEs under a given ground-motion dataset.

The discrete Modified Euclidean Distance (MDE,)is defined by
Equation 12 when |D| is described in discrete points. In this equation, n is the
number of discrete points that depend on the bandwidth of dd (Figures 5c and
5d) and the maximum value of |d| (i.e., |d|max). If |D| is assumed to be
continuous, the integral expression given in Equation 13 is used to calculate the

continuous Modified Euclidean Distance (MDE),).

MDE,4 = ¥}, |d;|Pr(ID| < |d;]) (12)
= (|dmax gL —(d-up)® |Qlmax j 1 —(cd-up)®
MDE, = |, d 2MD.exp( 202; ).dd+f0 d 2mTD.exp( ZG'ZDD ).dd (13)
For practical applications of EDR method it is suggested by Kale and

Akkar (2012) that |d|,4x Value should be selected in accordance with the

following relationship:
|d|max = max(Jup + x.0pl) (14)

In Equation 14, x denotes the multiplier of sigma and |d|,,., depends on
the value of this parameter. If x is selected as 3, then the procedure
approximately covers 99.7% of the differences between the observed and
estimations of a candidate ground-motion model provided that the normality

assumption holds for the considered variables in the methodology. The
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distribution of D is asymmetric about zero unless there is a one-to-one match
between the observed data point and the corresponding median estimation. On
the other hand the |d;| pairs (i.e., |d;| and — |d;|) are always symmetric about

zero as illustrated in Figure 5c.

@) (b)

Density of D

-|d;+dd/2| |d;+dd/2| -|d;-dd/2| O |d-dd/2|
© \U (@
dd
a = dd
s =
Z I I = =
Z I I = I
S da / | | £ |
a I I a !
[ [ I
| [ I
I I I I
[l -1 O [d] (1M Y Il (C1.

Figure 5: Probability distribution definitions given in Equation 9: (a) Pr (—|d; +
dd/2| < D < |dj+dd/2]), (b) Pr (—|d; —dd/2] < D < |d; —dd/2]), (c)
difference between the probabilities given in (a) and (b); total discrete probability,
Pr (|D| < |d;]), (d) probability density function of |[D|. The probabilities of (a) and
(b) are equivalent to Pr (|D| < |d; +dd/2]|) and Pr (|D| < |d; —dd/2]),
respectively. The gray shaded area in (d) represents the summation of the
discrete probabilities in negative and positive sides of the probability density
function in (c) [i.e. Pr (|D| < |d;])]. D is normally distributed random variable with
up and a2, while |D| is a non- negative random variable (Kale and Akkar, 2012).

The MDE values are computed by considering the probability distribution

of D either as discrete (MDE,) or continuous (MDE_). The values of x = 3 and
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bandwidth of dd = 0.1 will be considered to be sufficient for reliable calculation

of MDE while testing the performance of a candidate GMPE.

A significant trend between the observed data and corresponding median
estimations can then be interpreted as the biased representation of the ground-
motion data by the candidate predictive model. The k parameter (Equation 15a)
can be used to measure the level of bias between the observed and estimated
data. Note that, unlike MDE, k parameter is computed using the entire ground-
motion database. This parameter is the ratio of original (DE;4inq;) and corrected
(DE.orrectea) Euclidean distances discussed below, which are given in
Equations 15b and 15c. It should be noted that the squared Euclidean distances

in Equations 15b and 15c¢ are equivalent to the sums of the squared residuals.

o = DEoriginal (15a)
DEcorrected

DEZoriginal = Zlivzl(ai - YL)Z (15Db)

DEzcorrected = Zlivzl(ai - Yc,i)2 (15C)

where a; and Y; are the natural logarithms of the i*"* observed and estimated data
respectively. N denote the total number of data in the assembled ground motion
database. The parameter Y, ; stands for the corrected estimation of the i*" data
after modifying Y; with the straight line fitted on the logarithms of the estimated

and observed data. The calculation of Y, ; is given by Equation 16.

Yo=Y — (Ypie; —a;) (16)
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where Y, ; is the predicted value from the regression of ; on a;. The optimum

value of k is 1 and occurs when estimated values are very close to the

corresponding observation.

The calculations are presented for a single data point while describing
MDE and were repeated for the entire ground-motion database, as the EDR
index must represent the overall probability of the differences between the
estimated and observed data. This probability was then modified by k to penalize
the considered predictive model according to the level of bias detected between
the median estimations and overall trend in empirical data. To eliminate the
dependency of EDR results on data size, the compound effect of k and MDE was

normalized by the total data number, N in the ground motion dataset.

The mathematical expression of EDR is given by Equation 17. Note that
the EDR index is the square root of the expression given in Equation 17. A
smaller EDR value implies better representation of the ground-motion dataset by

the predictive model.
EDR? = k=YL, MDE? (17)

These methods were repeated for various candidate GMPEs and tested at
7 different discrete spectral periods ranging from T=0.0s (PGA) to T=2.0s, (i.e.,
PGA, 0.1s, 0.2s, 0.3s, 0.5s, 1.0s and 2.0s). It is important to note that the values
studied here are not peak ground accelerations (PGAs) nor spectral
accelerations (SAs), but the residuals between predicted and measured

logarithmically transformed accelerations.
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4. Results and Discussions

4.1 Data selection

The NGA-East database is a huge file consisting of over 91 earthquakes
and over 700 recording 3-component broadband stations. The data for analysis
were selected by avoiding the higher attenuating Gulf Coast. The Gulf Coast was
assumed to lie below 35.0°N. Also Texas (west of 100°W) Gulf earthquakes
were avoided plus bad data stations were not included in the analysis. The
stations were characterized into three different soil classes as either rock sites
(less than 5 m of soil or estimated ;30 greater than 600 m/s) or soil sites (5m —
100m of soil or estimated 1,30 between 360 and 600 m/s) or as deep soil sites
(greater than 100 m or estimated 1,30 less than 360 m/s). Several earthquakes
occurring in tectonic settings similar to those in the CEUS were also included

(e.g., Nahanni, Gazli, and the Bhuj earthquakes).

The GMPEs were tested against the NGA database dataset. Although
most GMPEs have been developed for maximum distances varying from 100 km
to 1,000 km, distances as far as 3,000 km were taken into account though from
the results of residual analysis at distances greater than 1,000 km, the GMPEs

begins to be unstable in their prediction of the ground motion equation.

4.2 Parameter compatibility

All GMPEs considered in this study as presented in Table 1 use the
moment magnitude scale to characterize earthquake size. The distance measure

is different from one model to the other as shown in Table 2. Some models use
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the Joyner and Boore (1981) distance measure (rjb) (which is measured

horizontally on the surface) while others are based on the rupture distance

(closest distance to the rupture plane). Others use the hypocentral distance.

Each model was used with its native distance measure.

Table 1: Abbreviations for ENA GMPEs as used in this thesis

Abbreviation GMPE TYPE
1 A08 Atkinson, 2008 Hybrid
5 A08p Atkinson and Boore, 2011 adjustment to A08 Hybrid
3 AB95 Atkinson and Boore, 1995 Double corner frequency
4 ABO06 Atkinson and Boore, 2006 (140 bar stress drop) Dynamic Corner
5 AB06+ Atkinson and Boore, 2006 w/ 200 bar stress drop Dynamic Corner
6 ABO6p Atkinson and Boore, 2011 adjustment to AB06 Dynamic Corner
7 co3 Campbell, 2003 Hybrid
8 EPRIM EPRI, 2004 cluster 1 model Spectral Single Corner
9 EPRI2 EPRI, 2004 cluster 2 model Spectral Double Corner
10 EPRI3 EPRI, 2004 cluster 3 model Hybrid
11 EPRI4 EPRI, 2004 cluster 4 model Finite source model
12 F96 Frankel et al., 1996 Single Corner
13 PZT11 Pezeshk et al., 2011 Hybrid
14 S01 Somerville et al., 2001 Full waveform Simulation

SC02 Silva et al., 2002 single comer, constant stress drop Single Corner-Constant stress drop

15 w/saturation
16 SD02 Silva et al., 2002 double corner w/saturation Double corner w/saturation
17 SV02 Silva et al., 2002 single corner, variable stress drop Single comer, variable stress drop
18 T02 Toro et al., 1997, 2002 update Single Corner
19 TPO5 Tavakoli and Pezeshk, 2005 Hybrid
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4.3 Classical Residual Analysis Method

This is the more classical residual analysis technique employed in every
other GMPE bias analysis. The residual is the difference between the prediction
and the observation in terms of the logarithm. Table 3 displays the results of
classical residual analysis for combined soil sites namely rock, soil and deep soil
sites. The highlighted colors represent red for best category of GMPE, green for
second best and blue for third best category of GMPEs within each spectral

period studied.

Table 3: Summary Table of all three classes of site conditions

GMPE PGA(869) 0.1s(755) 0.25(854) 0.3s(844) 0.55(827) 1.0s(752) 2.0s(506) Factor Rank
A0O8p  0.180(0.035) 0.092(0.035) 0.165(0.032) 0.082(0.033) 0.105(0.034) -0.120(0.034) -0.277(0.040)  0.146 1
ABO6p -0.096(0.034) -0.036(0.035 2
ABO6+ -0.162(0.033) -0.104(0.035) -0.043(0.032) -0.103(0.033) -0.166(0.031) -0.334(0.032) -0.438(0.038)  0.193 3
A08 0.345(0.036) 0.241(0.035) 0.317(0.035) 0.281(0.036)  0.224(0.038) 0.029(0.034) -0.214(0.038) 0.236 4
EPRI4  0.139(0.034) 0.108(0.036) 0.408(0.037) 0.421(0.038) 0.388(0.037) 0.197(0.034) 0.033(0.036)  0.242 5
6
7
8

0.005(0.033) -0.067(0.033) -0.140(0.031

-0.313(0.032) -0.417(0.038) 0.154

ABO6  -0.241(0.033) -0.182(0.035) -0.100(0.033) -0.148(0.033) -0.200(0.031) -0.364(0.032) -0.466(0.038)  0.243
EPRI2  0.336(0.033) 0.263(0.035) 0.278(0.034) 0.295(0.037) 0.289(0.037) 0.196(0.036) 0.105(0.039)  0.252
AB95  0.379(0.035) 0.359(0.038) 0.381(0.035) 0.360(0.036)  0.266(0.034) 0.080(0.032) -0.086(0.037)  0.273

EPRIL  0.311(0.032) 0.266(0.035) 0.372(0.035) 0.431(0.037) 0.427(0.035) 0.174(0.031) 0.001(0.038)  0.283 9
TPOS  0.120(0.038) 0.132(0.038) 0.477(0.035) 0.599(0.036)  0.184(0.031) 0.224(0.031) 0.320(0.037)  0.294 10
S01  0.232(0.037) 0.218(0.038) 0.534(0.037) 0.497(0.037) 0.420(0.035) 0.265(0.034) 0.085(0.036)  0.322 1
PZT11 -0.634(0.036) -0.480(0.039) -0.138(0.038) 0.142(0.040)  0.174(0.041) 0.309(0.040) 0.400(0.045)  0.325 12
SC02  0.424(0.032) 0.129(0.035) 0.547(0.035) 0.555(0.037) 0.496(0.034) 0.227(0.031) 0.011(0.038)  0.341 13
SD02  0.518(0.032) 0.222(0.036) 0.537(0.034) 0.488(0.036) 0.391(0.035) 0.199(0.034) 0.032(0.036)  0.341 14
F96  0.428(0.036) 0.450(0.038) 0.517(0.035) 0.506(0.035) 0.374(0.032) 0.151(0.031) 0.026(0.036)  0.35 15
SV02  0.628(0.035) 0.323(0.037) 0.658(0.034) 0.608(0.035) 0.482(0.032) 0.178(0.031) -0.018(0.040)  0.414 16
EPRI3  0.522(0.036) 0.458(0.038) 0.476(0.036) 0.492(0.037) 0.471(0.035) 0.344(0.033) 0.349(0.037)  0.445 17
€03 0.577(0.037) 0.599(0.041) 0.690(0.037) 0.720(0.038)  0.561(0.035) 0.401(0.032) 0.299(0.037)  0.55 18
T02  0.654(0.037) 0.676(0.041) 0.913(0.041) 0.839(0.040)  0.747(0.036) 0.608(0.033) 0.251(0.036)  0.67 19

Legend: Mean residuals for distance < 100km for seven periods.
Factor is average of the absolute value of the seven mean residuals.
Numbers in parentheses in the header are numbers of observations at
each period whereas in the table are standard deviation. Factor is the
absolute average of the seven periods considered. Legend: Red=1,
Green = 2 and Blue = 3. Note: Positive value indicates over-prediction
whereas a negative value indicates under-prediction by the model.
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From Table 3 it can be noted that the classical residual analysis results
indicate that AO8p is the best performing GMPE model overall followed by ABO6p
and AB06+ (200 bar). When you consider individual periods, there is varied
response from the GMPEs. This implies that the model bias are period
dependent with newer GMPEs showing better predictions at shorter periods and
older GMPEs showing better predictions at longer periods i.e. 1.0s and 2.0s
respectively. At shorter periods, ABO6p performs better overall. In general, newer
GMPEs tend to predict lower ground motion levels than older GMPEs. This can
be attributed to geometrical spreading used in the GMPE; newer GMPEs use

R~13 while older GMPEs use R~19,

Table 4 summarizes the same results but for rock site only. From these
results it is still noted that AO8p is still matching the observed ground motion
better than the other GMPEs followed by AB95 and A08.The results also indicate
that the GMPE performances are varied across the period. AO8p though is
performing better overall but at long periods it does not match the observed
ground motion well, i.e., it under predicts the observed ground motion. EPRI1
performs well in matching the predicted ground motion to observed ground

motion at 2.0 seconds.
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Table 4: Selected soil class average (rock sites)

GMPE _ PGA(421)  0.1s(411)  0.25(416) _ 0.35(410)  0.5s(403) 1.0s(345)  2.0s(175) _ Factor Rank
A08p  -0.108(0.036) -0.039(0.040) 0.122(0.045) 0.056(0.045) 0.125(0.052) -0.160(0.052) -0.421(0.067) 0.147 1
AB95  0.138(0.041) 0.187(0.044) 0.263(0.050) 0.291(0.052) 0.240(0.052) 0.057(0.052) -0.164(0.064) 0.192 2
A08  0.051(0.040) 0.122(0.042) 0.270(0.052) 0.246(0.055) 0.233(0.062) -0.032(0.057) -0.412(0.064) 0.195 3
TPO5  -0.237(0.038) -0.096(0.038) 0.386(0.050) 0.436(0.049) 0.120(0.042) 0.180(0.047) 0.261(0.066)  0.245 4
F96  0.150(0.041) 0.285(0.045) 0.411(0.050) 0.437(0.049) 0.328(0.045) 0.097(0.048) -0.012(0.062) 0.246 5
6
7
8

ABO6p -0.322(0.038) -0.167(0.039) -0.102(0.043) -0.155(0.042) -0.170(0.041) -0.380(0.047) -0.477(0.067)  0.253
S01  -0.056(0.043) 0.069(0.047) 0.482(0.058) 0.489(0.058) 0.456(0.056) 0.314(0.057) 0.090(0.067)  0.279
ABO6+ -0.385(0.038) -0.230(0.039) -0.143(0.043) -0.185(0.042) -0.194(0.041) -0.401(0.047) -0.495(0.067) 0.291

EPRI2  0.175(0.041) 0.224(0.045) 0.334(0.051) 0.404(0.053) 0.432(0.055) 0.332(0.060) 0.165(0.072) 0.295 9
EPRI4 -0.056(0.043) 0.069(0.047) 0.482(0.058) 0.538(0.059) 0.529(0.057) 0.314(0.057) 0.090(0.067) 0.297 10
EPRI1  0.138(0.040) 0.235(0.045) 0.438(0.052) 0.543(0.054) 0.553(0.051) 0.232(0.048) 0.007(0.070) 0.307 1
SD02  0.451(0.032) 0.188(0.038) 0.516(0.037) 0.473(0.039) 0.385(0.039) 0.204(0.038) 0.015(0.038) 0.319 12
SC02  0.356(0.032) 0.093(0.037) 0.528(0.038) 0.542(0.040) 0.487(0.038) 0.211(0.034) -0.030(0.040) 0.321 13
ABO6  -0.460(0.038) -0.305(0.039) -0.196(0.043) -0.225(0.043) -0.229(0.042) -0.432(0.047) -0.524(0.067) 0.339 14
SV02  0.367(0.040) 0.214(0.046) 0.592(0.051) 0.587(0.051) 0.485(0.046) 0.146(0.047) -0.063(0.076) 0.351 15
PZT11 -0.901(0.042) -0.628(0.048) -0.178(0.059) 0.052(0.062) 0.246(0.065) 0.409(0.068) 0.437(0.089)  0.407 16
EPRI3  0.311(0.045) 0.409(0.050) 0.509(0.054) 0.572(0.055) 0.575(0.054) 0.409(0.053) 0.357(0.066) 0.449 17
€03 0.301(0.044) 0.456(0.051) 0.621(0.057) 0.706(0.059) 0.570(0.054) 0.398(0.052) 0.254(0.065)  0.472 18
TO2  0.417(0.049) 0.567(0.055) 0.895(0.066) 0.850(0.063) 0.780(0.058) 0.623(0.054) 0.202(0.065) 0.619 19

Legend: Red=1, Green = 2 and Blue = 3. Note: Positive value indicates
over-prediction whereas a negative value indicates under-prediction by
the model.

From Table 4 the results indicate that there is mixed response from the
GMPEs across the periods studied. The classical residual analysis for rock sites
indicates that AO8 over-predicts the ground motions slightly but at 0.2s to 0.5s it
under-predicts. PZT11 performs well at 0.3s. The best mean residual values lie

between -0.03 and 0.2.

Table 5 and Table 6 summarize the results for soil site and deep soil site,
respectively. The results indicate that ABO6, ABO6+ and ABO6p perform well in
matching the observation for the soil sites. For the deep soil sites EPRI4, EPRIZ2,
and AO8 matches the observations well compared to the other GMPEs. The
result across all the periods has a mixed performance from the GMPEs. Note
that these results highlight the need to test GMPEs as a function of spectral

periods (frequencies). Mixing the periods as given by the results in the factor
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column would produce a ranking that does not reflect correctly the goodness—of—

fit of the models to the data.

Table 5: Selected soil class average (solil sites)

GMPE PGA(190) 0.1s(169) 0.25(183) 0.35(178) 0.55(169) 1.0s(157) 2.0s(125) Factor Rank
AB06 0.063(0.086) 0.057(0.089) 0.139(0.084)  0.111(0.090) 0.007(0.080) -0.148(0.080) -0.296(0.093) 0.117 1
ABO6+ 0.146(0.086) 0.140(0.089)  0.203(0.084)  0.163(0.090)  0.044(0.080) -0.117(0.079) -0.268(0.092) 0.154
ABO6p 0.211(0.088) 0.210(0.090) 0.255(0.085)  0.204(0.090)  0.071(0.080) -0.100(0.080) -0.247(0.093) 0.186
AO8p 0.536(0.085) 0.321(0.089) 0.341(0.084) 0.273(0.088)  0.236(0.079) 0.011(0.080) -0.097(0.091) 0.259
PZT11 -0.285(0.089) -0.215(0.093) 0.035(0.089)  0.387(0.096) 0.257(0.093)  0.286(0.098) 0.436(0.110) 0.272
SD02 0.677(0.045)  0.254(0.056) 0.480(0.046)  0.385(0.048)  0.259(0.044) 0.093(0.040)  0.002(0.043) 0.307
SCO02 0.585(0.045) 0.163(0.056) 0.482(0.046) 0.446(0.048) 0.372(0.044) 0.170(0.039) 0.001(0.045) 0.317
EPO4b 0.561(0.087) 0.389(0.089) 0.352(0.084)  0.346(0.090)  0.303(0.082) 0.152(0.086) 0.132(0.098) 0.319
EPO4d 0.408(0.082) 0.257(0.088) 0.467(0.085)  0.464(0.089) 0.409(0.081) 0.182(0.079) 0.081(0.092) 0.324
AO8  0.696(0.082) 0.466(0.086) 0.485(0.082) 0.462(0.087)  0.356(0.084) 0.148(0.085) -0.025(0.092) 0.377 10
EPO4a 0.554(0.085) 0.392(0.090) 0.440(0.085) 0.484(0.090) 0.461(0.079) 0.244(0.077) 0.131(0.088) 0.386 11
AB95  0.701(0.087) 0.664(0.090) 0.643(0.084) 0.609(0.090)  0.470(0.082) 0.217(0.083) 0.059(0.096) 0.480 12
so1 0.590(0.082)  0.498(0.088) 0.712(0.085)  0.659(0.089) 0.542(0.081) 0.309(0.079) 0.160(0.092) 0.496 13
EPO4c 0.804(0.086) 0.613(0.092) 0.582(0.084) 0.584(0.089)  0.536(0.082) 0.395(0.083) 0.445(0.095) 0.565 14
TPO5 0.558(0.087) 0.501(0.089) 0.708(0.086) 0.927(0.090)  0.426(0.081) 0.406(0.081) 0.478(0.093) 0.572 15
F96 0.786(0.085)  0.752(0.091)  0.770(0.084)  0.760(0.089) 0.609(0.078)  0.351(0.077) 0.180(0.090) 0.601 16
SV02 0.954(0.085) 0.537(0.090) 0.853(0.085)  0.789(0.090) 0.641(0.078)  0.344(0.076) 0.154(0.089) 0.610 17
C03  0.919(0.088) 0.860(0.094) 0.888(0.087) 0.895(0.092)  0.716(0.083) 0.513(0.084) 0.433(0.095) 0.746 18
T02  0.945(0.089) 0.895(0.094) 1.047(0.090)  0.971(0.092)  0.861(0.082) 0.681(0.081) 0.390(0.089) 0.827 19
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Legend: Red=1, Green = 2 and Blue = 3. Note: Positive value indicates
over-prediction whereas a negative value indicates under-prediction by
the model.

Table 6: Selected soil class average (Deep soil sites)

GMPE PGA(258) 0.15(175) 0.25(255) 0.35(256) 0.55(255) 1.05(250) 2.05(206) Factor _Rank
EPO4d  0.257(0.050) 0.055(0.067) 0.246(0.048) 0.203(0.048) 0.152(0.046) 0.043(0.038) 0.044(0.041)  0.143 1
EPO4b  0.434(0.049) 0.232(0.067) 0.133(0.048) 0.085(0.049) 0.053(0.049) 0.037(0.041) 0.038(0.046)  0.145
Aosp  0.388(0.048) 0.180(0.070) 0.108(0.048) -0.008(0.049) -0.014(0.052)  -0.146(0.050) -0.263(0.056)  0.158 3
ABOGp  0.053(0.050) 0.039(0.074) 0.007(0.051) -0.109(0.050) -0.227(0.049)  -0.348(0.043) -0.465(0.047)  0.178 4
ABOG+  -0.022(0.050) -0.035(0.073) -0.048(0.051) -0.151(0.050) -0.255(0.049)  -0.373(0.043) -0.489(0.047)  0.196 5
EPO4a  0.414(0.047) 0.217(0.066) 0.215(0.048) 0.217(0.048) 0.204(0.047) 0.051(0.040) -0.082(0.046)  0.200 6
A08 0.568(0.048) 0.300(0.066) 0.272(0.048) 0.211(0.049) 0.124(0.048) 0.038(0.039) -0.160(0.043)  0.239 7
sDo2  0.617(0.048) 0.169(0.067) 0.383(0.047) 0.272(0.048) 0.155(0.047) 0.039(0.040) -0.048(0.042)  0.240 8
PZT11  -0.450(0.052) -0.382(0.075)  -0.193(0.053) 0.121(0.052) 0.008(0.051) 0.187(0.043) 0.348(0.048) 0241 9
ABO6  -0.103(0.050) -0.117(0.073) -0.109(0.051) -0.196(0.050) -0.286(0.049) -0.400(0.043) -0.515(0.047)  0.246 10
SC02  0.524(0.047) 0.078(0.067) 0.387(0.048) 0.335(0.048) 0.269(0.047) 0.095(0.041) -0.079(0.046)  0.252 11
AB95  0.539(0.051) 0.476(0.073) 0.391(0.050) 0.305(0.049) 0.178(0.046) 0.031(0.039) -0.104(0.044)  0.289 12
so1 0.439(0.050) 0.295(0.067) 0.492(0.048) 0.396(0.048) 0.283(0.046) 0.171(0.038) 0.035(0.041)  0.302 13
TPO5  0.387(0.049) 0.318(0.073) 0.466(0.051) 0.638(0.049) 0.130(0.048) 0.176(0.041) 0.277(0.043)  0.342 14
EPO4c  0.663(0.055) 0.429(0.077) 0.351(0.052) 0.305(0.050) 0.268(0.047) 0.225(0.038) 0.286(0.042)  0.361 15
Fo6 0.621(0.050) 0.553(0.073) 0.513(0.050) 0.446(0.049) 0.298(0.047) 0.104(0.041) -0.030(0.044)  0.367 16
svo2  0.816(0.048) 0.370(0.067) 0.624(0.048) 0.515(0.048) 0.373(0.047) 0.119(0.042) -0.083(0.049)  0.414 17
co3 0.781(0.052) 0.690(0.076) 0.666(0.052) 0.628(0.051) 0.449(0.048) 0.338(0.039) 0.260(0.043)  0.545 18
T02 0.827(0.051) 0.721(0.069) 0.846(0.050) 0.730(0.049) 0.620(0.047) 0.543(0.038) 0.209(0.044)  0.642 19

Legend: Red=1, Green = 2 and Blue = 3. Note: Positive value indicates
over-prediction whereas a negative value indicates under-prediction by the
model.
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Further results of classical residual analysis are presented in Appendix 1
Figures 8-11. From the results of current GMPEs used in the USGS NSHMP
plots in Figure 1 in Appendix 1, it can be noted that they are comparable in the
10-1000 km distance range. At both close in distances and beyond 1000 km
range, there is a lot of instability and wide variation in the residual values. In
general, most of the GMPEs tend to over-predict the ground motion with
exception of SO01 that deviates significantly at about 400km for spectral period
(0.1s, 0.2s, 0.3s, 0.5s 1.0s, and 2.0s) and at 750 km distance for the peak
ground acceleration (pga). A08 also shows great deviation (over-predicting
greatly) beyond 1000 km distance. For the PGA spectral period, the GMPEs are
very close to each other giving no clear advantage of one GMPE from the other.
ABO6 and ABO6+ tend to under-predict the ground motion for most of the spectral

periods studied.

For the proposed GMPEs, there is tendency for most of them to over-
predict the ground motion for most of the distance range except beyond 1000 km
where they all show a tendency to under predict or change sharply towards
under-predicting the ground motion. PZT11 is an exception as it generally under-
predicts the ground motion between 10-400 km distance range then over-shoots
the prediction for 0.1s spectral period. SC02 under-predicts from ~70km till 1000
km at 0.1s. ABO6p and PZT11 have similar trends at 0.2s, closely matching the
observed ground motion but generally under-predicts. AbO6p generally under-

predicts the ground motions for most of the spectral periods studied.
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44 NGA-East Database statistics

In order to get a clear picture of the properties of the residual results it is
imperative to check the statistical properties of the NGA-East database for the
periods under consideration. The test statistics for the combined sites (Table 7),
shows that all of the PGA and pseudo spectral periods studied in the NGA-East
database for skewness can be said to be positively skewed i.e., the right tail is
more pronounced than the left tail. This implies that most of the observed ground
motion values are concentrated on the left of the mean, with extreme values to
the right. The same pattern is repeated for the rock sites (Table 8) and soil sites
(Table 9). The deep soil sites (Table 10) have negative skewness for most of the
periods studied except at 2.0s where they have positive skewness, i.e., the data
for the deep soil sites are concentrated on the right of the mean, with extreme
values to the left. From the kurtosis tests, the result for the observed ground
motion at the specified periods (PGA, 0.1s, 0.2s, 0.3s, 0.5s, 1.0s, and 2.0s)
shows that for the soil sites the kurtosis is platykurtic, i.e., the data has flatter
than normal distribution with wider peaks. This is also repeated for deep soil sites
except at 0.1s where the distribution is leptokurtic, i.e., the distribution has a
sharper peak and most of the values are concentrated around the mean and
have thicker tails with high probability for extreme values. For the rock sites, the
distribution is also leptokurtic except at 0.1s where the distribution is platykurtic.
For combined site classes, the distribution is platykurtic except for PGA where
the distribution can be considered almost as mesokurtic. The KS, Lilliefors and

Jarque-Bera statistical tests on the NGA-East observed ground motions at the
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PGA, 0.1s, 0.2s, 0.3s, 0.5s, 1.0s, and 2.0s shows that these ground motion data
are not normally distributed. It can be concluded that the statistics of the
database affects the statistics of the residual values and hence the GMPEs

statistics.

Table 7: NGA-Database Summary Statistics for All Sites

Period Mode Skewness Kurtosis
PGA -4.9914 0.4697 3.0056
0.1s -2.9393 0.3608 2.9197
0.2s -3.9914 0.3143 2.8542
0.3s -3.9747 0.2985 2.8158
0.5s -3.9318 0.3145 2.7861
1.0s -4.9586 0.3771 2.8253
2.0s -4.9747 0.3104 2.6201

Table 8: NGA-Database Summary Statistics for Rock Sites

Period Mode Skewness Kurtosis
PGA -4.9914 0.9671 3.6361
0.1s -2.9914 0.6689 2.9828
0.2s -3.9747 0.8616 3.6784
0.3s -4.9626 0.9262 3.8684
0.5s -4,9031 0.9830 4.0134
1.0s -4.9586 0.9597 3.9338
2.0s -5.7878 0.6565 3.2705
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Table 9: NGA-Database Summary Statistics for Soils

Period Mode Skewness Kurtosis
PGA -3.9830 0.3127 2.9597
0.1s -3.9914 0.3537 2.9031
0.2s -3.9706 0.2512 2.8561
0.3s -3.9872 0.1744 2.8469
0.5s -3.9914 0.1536 2.7272
1.0s -4.8827 0.2844 2.8626
2.0s -3.8697 0.2140 2.3647

Table 10: NGA-Database Summary Statistics for Deep Soils

Period Mode Skewness Kurtosis
PGA -3.7570 -0.0818 2.8725
0.1s -2.9393 -0.0744 3.5252
0.2s -2.7595 -0.3087 2.9662
0.3s -2.9706 -0.2783 2.8275
0.5s -2.9586 -0.1039 2.5996
1.0s -3.9957 -0.0217 2.3371
2.0s -4.9469 0.1021 2.2643

4.5 Normality Test

In univariate data analysis, one of the most widely used assumptions is
the assumption of “normality”. Furthermore, the commonly assumed “normality”,
helps us estimate and make inferential comparisons and judgments. However,
violation of this assumption might produce misleading inferences and the results

of using unreliable inferences are to produce misleading interpretations.

The random residual is usually assumed to be lognormal distributed

(Campbell 1981). It is assumed that random residuals behave normally for all
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computations related to the ground motion variability. Deviation of this random
residual with respect to normality is one of the main causes of the presence of a
fat tail in the distribution function. To check this hypothesis, plots of cumulative
probability with respect to residuals were plotted as illustrated in the Figures in
Appendix 2. A linear trend indicates that the model is adequate for predicting the
ground motions in the dataset. It can be noted that in the plot of random residual
versus cumulative probability (Figures in Appendix 2) there is a varied response
in the tails. This was probed further using skewness and kurtosis test as

discussed in the skewness and kurtosis sections respectively.

4.5.1 Skewness

Skewness is a measure of the asymmetry of the data around the sample
mean. If skewness is negative, the data are spread out more to the left of the
mean than to the right. If skewness is positive, the data are spread out more to
the right. The skewness of the normal distribution (or any perfectly symmetric

distribution) is zero. The skewness of a distribution is defined as

s = E(Xi—ﬂ)3 (18)

o3
where u is the mean of x, o is the standard deviation of x, and E(t) represents
the expected value of the quantity t. A negative skew indicates that the
distribution is spread out more to the left of the mean value, assuming increasing
values on the axis to the right. The mean is smaller than the mode. Distributions
with positive skewness have large tails that extend to the right. By skewed left,

we mean that the left tail is long relative to the right tail. Similarly, skewed right
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means that the right tail is long relative to the left tail. A skewness test was done
for the GMPEs under study at the seven spectral periods considered.

Tables 11 — 12 summarize the outcomes of this test.

Table 11: Summary table of Skewness results for all sites

GMPE PGA 0.1s 0.2s 0.3s 0.5s 1.0s 2.0s Factor LELLS
A08p -0.606 -0.503 -0.179 0.049 0.214 0.440 0.556 0.004 1
EPRI 2 -0.338 -0.473 0.091 0.186 0.142 0.086 0.157 0.021 2
Cco3 0.088 0.049 -0.055 0.039 0.010 0.005 0.080 0.031 3
TPO5 0.181 0.041 -0.064 -0.091 0.032 0.146 0.156 0.057 4
EPRI 3 0.068 0.096 0.068 0.101 0.115 0.137 0.177 0.109 5
PZT11 0.013 -0.192 -0.121 -0.212 -0.194 -0.162 -0.016 0.126 6
ABO6 0.247 0.038 0.012 0.034 0.059 0.212 0.307 0.130 7
ABO6+ 0.249 0.039 0.013 0.032 0.057 0.211 0.314 0.131 8
ABO6p 0.252 0.060 0.034 0.047 0.069 0.211 0.296 0.139 9
AB95 0.297 0.148 0.138 0.139 0.085 0.162 0.279 0.178 10
T02 -0.151 -0.538 -0.407 -0.193 -0.137 -0.153 0.000 0.226 11
EPRI 1 0.260 0.289 0.129 0.138 0.180 0.265 0.488 0.250 12
SV02 0.296 0.256 0.119 0.195 0.244 0.364 0.378 0.265 13
F96 0.442 0.367 0.208 0.210 0.139 0.234 0.308 0.273 14
SD02 0.320 0.234 0.119 0.237 0.323 0.365 0.356 0.279 15
SC02 0.327 0.230 0.132 0.254 0.312 0.346 0.364 0.280 16
EPRI 4 -0.762 -0.896 -0.579 -0.355 -0.266 -0.262 -0.135 0.465 17
So1 -0.769 -0.864 -0.629 -0.412 -0.300 -0.274 -0.134 0.483 18
A08 2.946 1.453 1.412 1.346 0.689 1.070 0.580 1.357 19

Table 12: Summary table of Skewness results for rock site

“ompe | PeA | 015 | 025 | 03s | 05s | 10s | 20s | Factor | Rank

co3 0.06416 -0.13499 -0.13706 -0.04741 -0.05621 0.03126 0.34525 0.009 1
TPOS 0.16059 -0.26432 -0.25998 -0.14083 -0.1567 0.14522 0.41828 0.014 2
AB95 0.20285 -0.06557 -0.18236 -0.22542 -0.23336  -0.0429 0.43076 0.017 3
A08p -0.62555 -0.3261 -0.17015 -0.09036 0.10051 0.41012 0.56988 0.019 4
SVo2 -0.07825 -0.31622 -0.34918 -0.21649 -0.12003 0.24546 0.57775 0.037 5

F96 0.22906 0.01443 -0.11924 -0.18257 -0.23653 0.10854 0.57293 0.055 6
EPRI 1 -0.09403 -0.03082 -0.37404 -0.25847 -0.16896 0.05862 0.40528 0.066 7
ABO6+ 0.11858 -0.28701 -0.3651 -0.36119 -0.25496 0.05504 0.48404 0.087 8
ABO6 0.11925 -0.28503 -0.3662 -0.36598 -0.2606 0.04713 0.46906 0.092 9
ABO6p 0.08843 -0.28107 -0.35938 -0.35241 -0.25472  0.0369 0.44635 0.097 10

T02 -0.17709 -0.41022 -0.28803 -0.14246 -0.10809 -0.07367 0.28276 0.131 11
SD02 0.12559 0.11599 -0.01088  0.03859 0.10301 0.22396 0.34109 0.134 12
EPRI 3 0.02893 -0.26764 -0.4703 -0.40653 -0.29539 0.02264 0.42648 0.137 13
SC02 0.13509 0.11439 -0.0067 0.04825 0.09111 0.20726 0.39593 0.141 14
EPRI 2 -0.30967 -0.39888 -0.23724  -0.2014 -0.22229 -0.13713 0.19807 0.187 15
EPRI 4 -0.65511 -0.5722 -0.41706 -0.23836 -0.16165 -0.0949 0.14129 0.285 16

S01 -0.65511 -0.5722 -0.41706 -0.24511 -0.15668 -0.0949 0.14129 0.286 17
PZT11 -0.33123 -0.41938 -0.57725 -0.55077 -0.70484 -0.73249 -0.24024 0.508 18
A08 3.13208 1.14329 1.90842 1.64763 0.72886 1.29681 0.70697 1.509 19
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The skewness results were interpreted as: If skewness = 0, the data are
perfectly symmetrical. But a skewness of exactly zero is quite unlikely for real-
world data, so how can you interpret the skewness number? The rule of thumb

suggested by Bulmer (1979) was used to interpret the skewness values, i.e.,

* If skewness is less than —1 or greater than +1, the distribution is highly

skewed.

* |f skewness is between -1 and =%z or between +% and +1, the distribution

is moderately skewed.

* If skewness is between -2 and +'%, the distribution is approximately

symmetric.

The results of this classification are summarized in Table 13.

Table 13: Classification of the GMPEs according to skewness (all sites)

PGA 0.1s 0.2s 0.3s 0.5s

" A0 Highlyskewed Highly skewed Highly skewed Highly skewed Moderate Highly Skewed Moderate
| ABp  Moderste ~symmetrical ~symmetrical ~symmetrical symmetrical ~symmetrical Moderate

 EPRI4  Moderate  Moderate  =symmetrical =symmetrical =symmetrical =symmetrical ~symmetrical
Fo  [EEuiEGEal [SETERial syrhetcal syReie] RATTEt i S NRERall Morerate
PZT11 | =symmetrical |[=symmetricall Moderate ~ Moderate  Moderate ~ Moderate Esymmetrical
Moderate  Moderate  =symmetrical ~symmetrical symmetrical symmetrical =symmetrical

- =symmetrical
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From Table 13, it can be seen that most of the GMPEs can be considered
as symmetrical and A08 shows highly skewed results while a few GMPEs shows
moderate skewness. The skewness is also a function of the spectral period,
which further highlights the need to rank the GMPEs based on spectral periods

rather than overall ranking (mixed spectral periods/frequencies).

4.5.2 Kurtosis

Kurtosis is a measure of how outlier-prone a distribution is. The kurtosis of
the normal distribution is 3. Distributions that are more outlier-prone than the
normal distribution have kurtosis greater than 3; distributions that are less outlier-

prone have kurtosis less than 3. The kurtosis of a distribution is defined as

E(x-w)*
k==5" (19)
where u is the mean of x, o is the standard deviation of x, and E(t) represents the
expected value of the quantity t. A kurtosis test was performed for the GMPEs

studied at each of the seven spectral periods. The results of this test are shown

in Table 14 for all sites combined.
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Table 14: Summary table of Kurtosis Results (all sites)
[ GMPE_| PGA_| o04s | 025 | 03s | 05 ] 10s | 20s | Factor [ Rank |

PZT11 3.153 3.023 3.030 3.102 2.902 2.823 3.017 3.007 1
EPRI 3 3.354 3.155 2.974 2.966 3.072 3.325 3.704 3.221 2
EPRI 1 3.287 3.972 3.051 2.882 2.938 3.170 3.811 3.302 3
SD02 3.518 3.412 3.064 3.181 3.370 3.489 3.803 3.405 4
SC02 3.549 3.424 3.081 3.207 3.352 3.520 3.728 3.409 5
T02 2.947 4.030 3.593 3.374 3.187 3.283 3.719 3.447 6
A08p 3.411 4.235 3.783 3.320 3.135 3.195 3.260 3.477 7
co3 3.388 3.710 3.549 3.366 3.302 3.429 3.642 3.484 8
EPRI 2 3.686 4.640 3.379 3.162 3.118 3.061 3.373 3.489 9
AB95 3.713 3.717 3.533 3.466 3.412 3.465 3.643 3.564 10
SV02 3.604 3.733 3.475 3.470 3.541 3.670 3.702 3.599 11
ABO6p 3.799 3.904 3.523 3.415 3.364 3.580 3.757 3.620 12
ABO6 3.871 3.939 3.526 3.403 3.389 3.606 3.814 3.650 13
ABO6+ 3.899 3.952 3.539 3.405 3.379 3.602 3.836 3.659 14
F96 4.108 3.976 3.640 3.567 3.522 3.652 3.725 3.741 15
S01 4.084 5.304 4.267 3.705 3.114 2.960 3.085 3.789 16
EPRI 4 4.113 5.443 4.297 3.721 3.144 2.994 3.124 3.834 17
TPO5 4.017 4.601 3.700 3.753 3.680 3.685 3.703 3.877 18
A08 24.963 7.017 14.783 10.257 6.155 8.116 4.886 10.882 19

The results of kurtosis were interpreted using the following classification

* Kurtosis > 3 - Leptokurtic distribution, sharper than a normal distribution, with
values concentrated around the mean and thicker tails. This means high
probability for extreme values.

* Kurtosis < 3 - Platykurtic distribution, flatter than a normal distribution with a
wider peak. The probability for extreme values is less than for a normal
distribution, and the values are wider spread around the mean.

® Kurtosis = 3 - Mesokurtic distribution - normal distribution for example.

The results of this classification are summarized in Table 15 for the rock

sites.
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Table 15: Classification of the GMPEs according to kurtosis (all sites)

[_GMPE_| PGA | 01s | 025 | 03 | 05 | 10s | 20s |
 A08  Leptokurtic Leptokurtic Leptokurtic Leptokurtic Leptokurtic Leptokurtic - Leptokurtic

Table 15 Indicates that most of the GMPEs are leptokurtic in distribution.
This implies that they have sharper peak than a normal distribution, with values
concentrated around the mean and thicker tails. With leptokurtic distribution, the
GMPEs distributions are likely to be influenced by extreme values. For those
GMPEs having platykurtic distributions i.e., flatter peak than normal distribution
with wider peak, the probability for extreme values is less than for a normal
distribution, and the values are spread widely around the mean. AO8 had higher

peakedness distribution and this could have come from an extreme deviation.

Small departures from the normality assumption do not affect the model
greatly, but gross non-normality is potentially more serious as the test statistics

(e.g., t, F,etc) and confidence and prediction interval depends on the normality
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assumption (Montgomery et al., 2003). A heavy tail distribution often generates

outliers that pull the least square fit too much in their direction.

4.6 Testing the shape of the residual distributions

Several approaches were used to test the shape of the residual
distributions such as the Z score, Kolmogorov-Smirnov (KS), Lilliefors, and

Jarque-Bera tests.

The tests were done on the GMPEs to see if they obey the rules of normal

distribution that normal data have

* Mean = median = mode, also has symmetry about the center and 50%

of the values less than the mean and 50% greater than the mean.
In addition;

* Approximately two thirds of the standardized residuals falling between
plus and minus one;

* Approximately 95% of the standardized residuals falling between plus
and minus two; and

* Almost all (99.7%) of the standardized residuals falling between plus and
minus three;

The Z score was calculated using equation 19 and the results presented in

Figures in Appendix 1 for rock sites.
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where u is the mean of x, o is the standard deviation of x and z is the Z-score

(standard score). Figure 6 depicts the expected distribution from a normal

distributed data.

Deviation

Z-Score -4 -35 -3 -25 -2 -15 -1 -05 0 05 1
Standard _44

"Bell Curve"

Standard Normal
Distribution

[19.1%(19.1%

15.0%

16 2 25 3 35 4
-30 -20 -1o 0 +1o +20 +30 +40

Figure 6: Detailed Standard Normal Distribution

Source: http://www.mathsisfun.com/data/standard-normal-distribution.html

Figure 6 shows that 68% cumulative percent are within £1 standard

deviations, 95% are within 2 standard deviations and 99.7% are within 3

standard deviations. Figure 6 was used to compare the GMPEs residual

distributions and to illustrate what standard deviation units are considered

normal. The results of this comparison are shown in Figures in Appendix 2 for the

rock sites. Comparing the GMPEs with Figure 6, the results indicate that most of

the GMPEs closely follow the normal distribution.
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4.6.1 Hypotheses testing

The following are the null (H,) and alternative (H,) hypotheses used in

this distribution:

Hy: The random residuals come from a population with a normal distribution,
with mean u and standard deviation o.
H,: The data do not represent a sample from the normal distribution with
mean u and standard deviation o.
The tests are conducted at a a = 0.05 level representing the probability of falsely

rejecting Ho. Figure 7 illustrates the hypothesis test procedures.

Hypothesis Test for One Population Mean

a: Hy is true b: H, is false

Accept H, | | Accept Hy |
— -

I ]

I
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
I
!
T

X y

~Zas2 0 +Za2 =3

Figure 7: Distribution of mean p when H, is true and false
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4.6.2 The z-test

The null hypothesis is that the mean of the normalized residual set is zero.
The residuals are assumed to be from a normal distribution of known variance
(unit). The p-value indicates the smallest level of significance that would lead to
rejection of the null hypothesis with the given data. A small p-value means that
the differences between the estimated mean and model mean is significant and
thus it is very unlikely that the candidate model produced the observation. On the
other hand, a large p-value enhances our confidence in the model (Scherbaum et
al., 2004). Figures in Appendix 2 for rock sites include the z-test, and p-value for
different GMPEs for residual distribution of seven periods namely (pga (0.0s),

0.1s, 0.2s, 0.3s, 0.5s, 1.0s, and 2.0s).

Figures in Appendix 2 (Rock sites) show the distributions for all the
GMPEs. On the left top panel is the histogram fitted with a normal distribution, on
the bottom left panel are the parameters tested to show if the distribution is
normal for which all of the GMPEs fail the normality test. On the right top panel is
the cumulative distribution with a straight-line fit. It indicates that the GMPEs
normality is a function of the number of standard deviation units. On the bottom
right panel is the normalized residual distribution with z-scores (indication of the
number of standard deviation units from the mean). The standardized normal
distribution plot indicates that all of the GMPEs have a mean of zero and unit

variance.

43



4.6.3 The Lilliefors test

The Lilliefors test was used to test the null hypothesis that data come from
a normally distributed population, when the null hypothesis does not specify the
mean and variance of the distribution. Figures in Appendix 2 (Rock sites) shows
the parametric test done. The results indicate that the GMPEs residuals are not

normally distributed.

4.6.4 Kolmogorov-Smirnov test

The Kolmogorov-Smirnov (K-S) goodness-of-fit test compares a
hypothetical or fitted cumulative distribution function (cdf) F (x) with an empirical
cdf F,(x) in order to assess fit. The empirical cdf E,(x) is the proportion of the

observations X;, X, ... X,, that are less than or equal to x and is defined as:

F ) =12 (21)
where n is the size of the random sample and I(x) is the number of X;'s less than

or equal to (x). The statistic D,, is the largest vertical distance between F, (x) and

F (x) for all values of x, i.e.,

D, = 5uppxeR{|Fn(x) —F (X)l} (22)

This was done to check whether or not the residual distribution is
significantly different from a zero mean normal distribution with unit variance. The
KS test checks the deviations from the model distribution not only in a general

sense but also for the most deviant values of the criterion variable.

The hypothesis for the test is presented as
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H, := normal distribution, skewness is zero and excess kurtosis is zero

H, == non — normal distribution,

If the test statistic exceeds the 1 — a quantile as given by Table 16 then

reject H, at the level of significance a = 0.05.

Table 16: Critical Values for the Two-sample Kolmogorov-Smirnov test (2-sided)

nn 001 005 01 015 0.2
o

1 0.995 0.975 0.950 0.925 0.900
10 0.490 0.410 0.368 0.342 0.322
20 0.356 0.294 0.264 0.246 0.231
30 0.290 0.240 0.220 0.200 0.190

50 0.230 0.190 0.170 0.160 0.150
>50 163 136 122 114 1.07

yn __Vn Yn  yn +n

In statistics, the Kolmogorov-Smirnov test (K-S test) is a non-parametric
test for the equality of continuous, one-dimensional probability distributions that
can be used to compare a sample with a reference probability distribution (one
sample K-S test), or to compare two samples (two sample K-S test). The K-S
statistic quantifies a distance between the empirical distribution functions of the
sample and the cumulative distribution function of the reference distribution, or
between the empirical distribution functions of two samples. The null distribution
of this statistic is calculated under the null hypothesis that the samples are drawn

from the same distribution (in the two sample case) or that the sample is drawn
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from the reference distribution (in the one sample case). In each case, the
distributions considered under the null hypothesis are continuous distributions
but are otherwise unrestricted. Figures in Appendix 2 (Rock sites) show that the
GMPEs residual distributions are not normally distributed. This is consistent with

results of test statistics obtained from the NGA-East database itself.

4.6.5 Jarque-Bera (JB) test

The equation for Jarque-Bera test is given by

_ skewness? = (kurtosis—3)>2
JB=n [ 6 t 24 ] (23)

The JB statistic has an asymptotic chi-square distribution with two degrees of

freedom.

The hypothesis for the test is presented as
H, = normal distribution, skewness is zero and excess kurtosis is zero
H, := non — normal distribution,

The null hypothesis of normality is rejected if the calculated test statistics
exceeds a critical value from the )((22) distributions. The parameters used in this
study were: significance level @ = 0.05 and critical value = 5.99. The results of
this test are presented in Figures in Appendix 2 (Rock sites) and indicate that the

GMPEs are not normally distributed.
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4.7 Log likelihood (LLH) Ranking Method

The quantitative decision favoring different models requires a meaningful
measure to distinguish candidate probabilistic models. Scherbaum et al. (2009)
provides a ranking criterion based on information theory (see details in the
original paper on the theoretical aspects of the method not discussed here). This
technique is based on the probability for an observed ground motion to be
realized under the hypothesis that a model is true. It provides one value, the
negative average log-likelihood (LLH) (Delavaud et al., 2012), which reflects the

fit between data and model.

Within an information theory framework, the Kullback-Leibler (KS)
distance (Delavaud et al., 2009) gives this measure. The KS distance between

two models f and g is given as

D(f,9) = Ef(log,(f)) — Er(log.(9)) (24)

where Eis the expected value taken with respect to f. The distance
quantitatively represents the amount of information loss if the model f is
substituted by model g. Here, for a base 2 logarithm, its unit is bit (binary digit
which measures information or entropy, based on logarithmic base 2). For the
model comparison, i.e. two models g, and g,, only their relative KS distance
D(f,g1) — D(f, g-), is taken into account. As a result, the expectation of the
unknown model f drops out as a constant. The second expectation,
—E¢(log,(g)) = — f_+;° f(x)log,(g(x;)) can be estimated by the average sample

log likelihood
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LLH = =< %I log,(g9(x:))

with N the number of observations x; and g the probability density function

predicted by the GMPE (normal distribution, with standard deviation and the total

sigma of the model). The ranking of the models according to their fit of the NGA-

East database is presented in Tables 17 — 20 for all sites, rock, soil and deep soil

sites respectively. A small LLH value indicates that the candidate GMPE is close

to the model that has generated the data, while a large LLH value corresponds to

a model that is less likely of having generated the data. The final LLH value

characterizing the fit between the data and the model is simply the mean of all

individual LLH values given in the Factor column.

Table 17: Summary table for LLH results for all sites and within 100km

GMPE pga 0.1s 0.2s 0.3s 0.5s 1.0s 2.0s Factor Rank
EPRI 3 2.767 2.733 2.687 2.626 2.575 2.571 2.499 2.637 1
SD02 2.754 2.715 2.662 2.646 2.603 2.579 2.503 2.637 2
AB95 2.766 2.783 2.706 2.653 2.612 2.537 2.464 2.646 3
ABO6p 2.742 2.749 2.680 2.625 2.568 2.614 2.565 2.649 4
ABO6 2.752 2.749 2.680 2.625 2.566 2.616 2.570 2.651 5
$C02 2.757 2.715 2.665 2.645 2.603 2.600 2.588 2.653 6
ABO6+ 2.755 2.748 2.677 2.625 2.572 2.623 2.576 2.654 7
SV02 2.738 2.727 2.687 2.661 2.620 2.592 2.573 2.657 8
F96 2.753 2.779 2.706 2.649 2.597 2.573 2.564 2.660 9
EPRI1 2.745 2.753 2.670 2.637 2.616 2.596 2.628 2.664 10
EPRI 2 2.950 2.831 2.684 2.631 2.587 2.549 2.457 2.670 11
PZT11 2.747 2.736 2.722 2.765 2.672 2.590 2471 2.672 12
co3 2.780 2.795 2.793 2.736 2.623 2.575 2.490 2.685 13
TPO5 2.789 2.793 2.750 2.899 2.627 2.578 2.506 2.706 14
T02 2.780 2.863 3.016 2.836 2.686 2.614 2.529 2.761 15
EPRI 4 3.292 2.901 3.171 3.192 3.150 3.095 2.746 3.078 16
A08p 4.461 3.068 3.140 2.877 2.658 2.723 2.691 3.088 17
S01 3.327 2.923 3.218 3.234 3.165 3.124 2.761 3.107 18
A08 14.037 3.084 5.625 5.668 3.937 4.430 2.921 5.672 19
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Table 18: Summary table for LLH results for rock sites and within 100km

GMPE pga 0.1s 0.2s 0.3s 0.5s 1.0s 2.0s Factor Rank
AB95 2.850 2.830 2.742 2.671 2.642 2.589 2.537 2.694 1
EPRI 3 2.877 2.818 2.763 2.679 2.639 2.605 2.556 2.705 2
F96 2.861 2.826 2.739 2.664 2.623 2.618 2.616 2.707 3
ABO6p 2.855 2.820 2.739 2.652 2.623 2.658 2.619 2.709 4
ABO06 2.864 2.821 2.738 2.653 2.623 2.660 2.624 2.712 5
SV02 2.852 2.812 2.736 2.687 2.634 2.636 2.624 2.712 6
ABO6+ 2.866 2.820 2.735 2.649 2.629 2.665 2.629 2.713 7
SD02 2.845 2.813 2.765 2.723 2.686 2.632 2.554 2.717 8
EPRI 1 2.853 2.829 2.741 2.693 2.675 2.639 2.615 2.721 9
EPRI 2 3.016 2.904 2.735 2.667 2.645 2.599 2.514 2.726 10
SC02 2.846 2.813 2.767 2.726 2.680 2.653 2.624 2.730 11
co3 2.870 2.855 2.828 2.763 2.652 2.620 2.560 2.735 12
PZT11 2.860 2.841 2.790 2.793 2.734 2.656 2.534 2.744 13
TPO5 2.896 2.850 2.789 2.883 2.650 2.611 2.574 2.751 14
T02 2.871 2.934 3.048 2.867 2.722 2.653 2.596 2.813 15
A08p 4.183 3.099 3.139 2.880 2.706 2.762 2.735 3.072 16
S01 3.316 2.983 3.222 3.227 3.159 3.103 2.727 3.105 17
EPRI 4 3.316 2.983 3.222 3.235 3.185 3.103 2.727 3.110 18
A08 11.879 3.142 5.235 5.300 3.797 4.247 2.940 5.220 19

Table 19: Summary table for LLH results for soils sites and within 100km

GMPE pga 0.1s 0.2s 0.3s 0.5s 1.0s 2.0s Factor Rank
ABO6p 2.556 2.503 2.483 2.462 2.370 2.399 2.318 2.442 1
ABO6 2.557 2.504 2.481 2.460 2.374 2.400 2.336 2.445 2
ABO6+ 2.556 2.503 2.482 2.461 2.372 2.399 2.345 2.445 3
EPRI 3 2.598 2.489 2.485 2.449 2.383 2.441 2.361 2.458 4
AB95 2.593 2.542 2.499 2.448 2.397 2.432 2.332 2.463 5
F96 2.581 2.546 2.499 2.461 2.400 2.424 2.338 2.464 6
PZT11 2.550 2.508 2.494 2.540 2.471 2.416 2.377 2.479 7
TPOS 2.574 2.552 2.518 2.503 2.435 2.453 2.362 2.485 8
co3 2.606 2.542 2.537 2.482 2.451 2.476 2.351 2.492 9
EPRI 2 2.713 2.640 2.491 2.445 2.401 2.432 2.345 2.495 10
Svo02 2.550 2.545 2.507 2.507 2.445 2.485 2.429 2.496 11
EPRI 1 2.537 2.608 2.501 2.489 2.389 2.504 2.590 2.517 12
SC02 2.597 2.585 2.553 2.544 2.491 2.500 2.451 2.532 13
SD02 2.598 2.585 2.551 2.545 2.490 2.505 2.459 2.533 14
T02 2.628 2.684 2.668 2.570 2.510 2.517 2.382 2.566 15
A08p 3.085 2.818 2.656 2.578 2.462 2.550 2.639 2.684 16
S01 2.820 2.712 2.719 2.705 2.760 2.773 2.627 2.731 17
EPRI 4 2.820 2.712 2.719 2.713 2.778 2.773 2.627 2.735 18
A08 5.423 2.932 2.614 2.669 2.467 2.751 2.650 3.072 19

49



Table 20: Summary table for LLH results for deep soils sites and within 100km

GMPE pga 0.1s 0.2s 0.3s 0.5s 1.0s 2.0s Factor Rank
ABO6p 2.628 2.619 2.599 2.526 2.448 2.379 2.304 2.500 1
ABO6+ 2.628 2.619 2.600 2.526 2.451 2.380 2.304 2.501 2
ABO06 2.629 2.620 2.601 2.527 2.454 2.381 2.304 2.502 3
EPRI 1 2.619 2.627 2.590 2.527 2.449 2.374 2.344 2.504 4
PZT11 2.606 2.589 2.592 2.622 2.488 2.360 2.298 2.508 5
Svo2 2.625 2.590 2.590 2.538 2.498 2.425 2.345 2.516 6
EPRI 3 2.654 2.612 2.596 2.539 2.466 2.405 2.342 2.516 7
SC02 2.621 2.587 2.588 2.541 2.502 2.429 2.350 2.517 8
SD02 2.622 2.588 2.587 2.539 2.502 2.435 2.367 2.520 9
F96 2.654 2.637 2.623 2.559 2.468 2.399 2.318 2.523 10
AB95 2.664 2.642 2.619 2.556 2.479 2.404 2.324 2.527 11
TPO5 2.640 2.643 2.641 2.613 2.489 2.418 2.350 2.542 12
co3 2.659 2.658 2.662 2.589 2.516 2.430 2.346 2.551 13
EPRI 2 2.782 2.745 2.623 2.559 2.479 2.409 2.330 2.561 14
T02 2.663 2.799 2.777 2.655 2.549 2.470 2.355 2.610 15
AO08p 3.266 2.910 2.723 2.585 2.481 2.430 2.413 2.687 16
A08 3.622 2.951 2.694 2.751 2.509 2.483 2.317 2.761 17
S01 2.924 2.854 2.859 2.810 2.783 2.770 2.560 2.794 18
EPRI 4 2.924 2.854 2.859 2.816 2.798 2.770 2.560 2.797 19 B

Information theory model selection gives robust solutions to the problem of
determining a meaningful measure of distance (bias) between the unknown
model representing reality and the candidate model. This problem is based on
the likelihood concept for a set of data observations. The likelihood, which gives
the probability of the observed data under the model, enables us to tell how likely

a model behaves under a given dataset (Scherbaum et al., 2009).

From Table 17 it can be noted that the LLH values range roughly between
2.4 and 3.3 except for the A08, which has higher values. The perfect LLH value
for normal distribution with 4 = 0,and o = 1 is between 1.4-1.5. For perfectly
GMPE, we expect to have an LLH value close to a normal distribution LLH
values. Most of the GMPEs yield stable LLH values across the whole spectral
period range considered. The same information is presented in Figures in

Appendix 3.
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For rock sites (Table 18) the results indicate that AB95 is the best
performing GMPE overall. The LLH values are stable across the spectral periods
and range between 2.5-5.2 with a few exceptions in A08, which yields higher LLH
values. The result for the soil sites (Table 20) shows that the LLH values range
between 2.3-5.4. AB06p is the best GMPEs here followed by AB06 and AB06+
respectively. The LLH value for AO8 at peak ground acceleration is consistently
higher than the rest. The results for deep soil sites (Table 20) indicate that ABO6p
is the best performing GMPE followed by AB06+ and ABO6. The LLH values

range between 2.29-3.62 for the deep soil sites.

The LLH technique is a very practical and powerful tool to quantify the fit
between predictive equations and observations. For an LLH value of 1.5-1.6, the
distribution of the normalized residuals matches well a standard normal
distribution, whereas for greater values than ~3-4, the mean, sigma or both
values calculated from the residual distribution strongly moves away from the
parameters of the standard normal distribution. The fit between the observations
and the predictions in several cases tend to vary greatly with spectral period.
Finally, it can be noted that the LLH technique favors models with higher sigma
(smaller LLH values can be interpreted as the accurate description of aleatory
variability posed by the ground motion dataset). Note that the LLH method would
only favor a GMPE with smaller sigma if the observed data display a closer
distribution to the median estimation of the GMPE in question (Kale and Akkar,

2012).
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4.8 Euclidean Distance Ranking Method

The EDR methodology considers separately the ground motion
uncertainty (i.e., standard deviation of the ground motion model) and the bias
between the observed data and the median estimations of candidate GMPEs
(i.e., model bias). Indices computed from the consideration of aleatoric variability

and model bias or their combination could be used to rank the GMPEs.

The EDR method assumes that the natural logarithms of the predictive
model as well as the Euclidean distances computed for each data point are
normally distributed. The Modified Euclidean distance (MDE) is considered as a
probability based average that is used as an index to account for the effect of
sigma while testing the performance of GMPEs under a given ground motion

dataset.

A significant trend between the observed data and the corresponding
median estimation can be interpreted as the biased representation of the ground
motion data by the candidate predictive model. The measure of bias between the
observed and estimated data is calculated by the parameter kappa (k). A higher
value of k indicates dominant bias in the estimation of the considered GMPE.
Final ranking is given by the calculated EDR index. The EDR index represents
the overall probability of the differences between the estimated and the observed
data. A smaller EDR value is an indicator of well representation of the ground

motion dataset by the predictive model.
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The results of the three indices calculated are presented for all site
classes and rock sites in Tables 21 — 26 and soil and deep soil sites in Appendix
4. The immediate observation from these tables is that given the ground motion
database, the performances of GMPEs show differences in terms of addressing
the aleatoric variability and model bias. For example A08p, ABO6p, ABO6+ and
ABO6 perform better in addressing the aleatoric uncertainty and model bias for
the considered ground motion database. These results are consistent with the

classical residual analysis for all the sites combined.
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Table 21: MDE Results Ranking for all sites combined

GMPE PGA 0.1s 0.2s 0.3s [ 1.0s 2.0s Factor Rankk
AO08p 1.300 1.204 1.213 1.187 1.233 1.174 1.298 1.230 1
ABO6p 1.246 1.201 1.187 1.195 1.151 1.296 1.428 1.244 2
ABO6+ 1.270 1.213 1.186 1.205 1.168 1.322 1.461 1.260 3
ABO6 1.328 1.258 1.205 1.230 1.196 1.361 1.503 1.297 4
A08 1.492 1.299 1.423 1.420 1.416 1.168 1.191 1.344 5
EPRI 2 1.437 1.359 1.402 1.475 1.461 1.327 1.223 1.384 6
AB95 1.542 1.533 1.539 1.521 1.364 1.166 1.117 1.397 7
EPRI 1 1.387 1.366 1.527 1.639 1.573 1.162 1.173 1.404 8
EPRI 4 1.283 1.263 1.627 1.668 1.578 1.267 1.145 1.404 9
TPO5 1.412 1.342 1.675 1.885 1.183 1.254 1.325 1.440 10
So01 1.405 1.351 1.786 1.725 1.562 1.300 1.114 1.463 11
F96 1.630 1.658 1.724 1.696 1.430 1.173 1.078 1.484 12
PZT11 1.926 1.680 1.346 1.415 1.429 1.484 1.503 1.540 13
EPRI 3 1.758 1.669 1.684 1.729 1.655 1.378 1.378 1.607 14
SV02 1.911 1.878 1.945 1.867 1.589 1.185 1.231 1.658 15
co3 1.874 1.926 2.061 2.131 1.784 1.448 1.270 1.785 16
T02 2.009 2.060 2.534 2.372 2.130 1.786 1.223 2.016 17
SD02 4.744 4.001 4.793 5.532 6.637 8.193 9.489 6.198 18
SC02 4.957 4.121 4.766 5.378 6.415 8.224 9.638 6.214 19

Table 22: Kappa Results Ranking for all sites combined

[ GWPE | _PGA | 01s ] 02 | 035 | 05 | 10s | 20s | Factor | Rankk |

A08p 1.070 1.042 1.107 1.098 1.138 1.063 1.085 1.086 1
ABO6p 1.085 1.091 1.084 1.079 1.080 1.126 1.192 1.105 2
ABO6+ 1.099 1.099 1.087 1.087 1.089 1.136 1.203 1.114 3
ABO06 1.134 1.129 1.106 1.108 1.109 1.157 1.224 1.138 4
TPO5 1.075 1.084 1.358 1.399 1.095 1.103 1.167 1.183 5
EPRI 2 1.205 1.202 1.250 1.284 1.310 1.279 1.151 1.240 6
EPRI 1 1.281 1.251 1.344 1.397 1.393 1.119 1.006 1.256 7
AB95 1.292 1.293 1.337 1.345 1.309 1.166 1.095 1.262 8
F96 1.359 1.401 1.459 1.429 1.279 1.077 1.031 1.291 9
PZT11 1.358 1.330 1.222 1.247 1.322 1.355 1.346 1.311 10
SVo02 1.443 1.433 1.485 1.448 1.342 1.066 1.000 1.317 11
A08 1.339 1.283 1.447 1.420 1.483 1.212 1.129 1.330 12
S01 1.347 1.336 1.622 1.560 1.494 1.321 1.134 1.402 13
EPRI 4 1.367 1.373 1.595 1.566 1.508 1.293 1.123 1.403 14
co3 1.486 1.567 1.658 1.704 1.554 1.340 1.200 1.501 15
EPRI 3 1.626 1.629 1.591 1.590 1.554 1.347 1.280 1.517 16
T02 1.643 1.662 1.934 1.857 1.767 1.545 1.109 1.645 17
S$C02 1.866 1.708 1.817 1.891 1.949 2.022 2.113 1.909 18
SD02 1.836 1.676 1.806 1.900 2.005 2.181 2.347 1.964 19
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Table 23: EDR Results Ranking for all sites combined
[ GMPE_[ PGA | 01s | 025 | 03 [ 05 | 10s | 20s | Factor | Rank |

AO8p 1.391 1.254 1.342 1.304 1.403 1.248 1.408 1.336 1
ABO6p 1.352 1.310 1.286 1.289 1.244 1.460 1.702 1.378 2
ABO6+ 1.395 1.333 1.289 1.309 1.271 1.502 1.757 1.408 3
ABO6 1.507 1.420 1.333 1.363 1.327 1.575 1.839 1.480 4
EPRI 2 1.732 1.634 1.752 1.894 1.915 1.698 1.408 1.719 5
TPO5 1.517 1.456 2.276 2.636 1.295 1.383 1.547 1.730 6
AB95 1.992 1.982 2.058 2.046 1.786 1.360 1.222 1.778 7
EPRI 1 1.777 1.710 2.053 2.289 2.191 1.301 1.180 1.786 8
A08 1.998 1.667 2.059 2.015 2.100 1.415 1.346 1.800 9
F96 2.216 2.323 2.515 2424 1.829 1.263 1.112 1.954 10
EPRI 4 1.753 1.734 2.596 2.612 2.378 1.638 1.286 2.000 11
PZT11 2.616 2.233 1.645 1.765 1.889 2.012 2.023 2.026 12
S01 1.893 1.805 2.897 2.692 2.335 1.717 1.263 2.086 13
SV02 2.757 2.692 2.888 2.703 2132 1.263 1.232 2.238 14
EPRI 3 2.858 2.719 2.680 2.750 2.572 1.856 1.764 2.457 15
co3 2.785 3.017 3.419 3.631 2.771 1.940 1.524 2.727 16
T02 3.302 3.424 4.900 4.404 3.764 2.759 1.357 3.416 17
SC02 9.251 7.036 8.658 10.169 12.504 16.626 20.368 12.087 18
SD02 8.709 6.705 8.654 10.509 13.305 17.871 22.273 12.575 19

For example, when testing results from rock site classes, ABO6p, EPRI2,
ABO6+ perform better in terms of aleatory variability (smaller MDE component in
EDR) and model bias, and even overall they still do well. PZT11 performs better
overall when you consider the EDR index followed by EPRI1 and SC02
respectively at longer periods (2.0s). Tables 24 — 26 capture the variability in the
performance of GMPEs in terms of addressing the aleatoric variability and model

bias.
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Table 24: MDE ranking for Rock sites
[ GMPE_ | PGA | 01s | 02 [ 03 | 05 | 10s | 20s [ Factor | Rankk |

ABO06p 0.960 1.021 1.150 1.126 1.298 1.240 1.454 1.178 1
EPRI 2 1.236 1.074 1.117 1.129 1.120 1.399 1.543 1.231 2
ABO6+ 1.321 1.129 1.142 1.155 1.141 1.431 1.574 1.270 3
TPO5 1.136 1.215 1.407 1.454 1.392 1.237 1.161 1.286 4
SD02 1.166 1.066 1.556 1.601 1.092 1.243 1.285 1.287 5
PZT11 1.144 1.330 1.578 1.583 1.363 1.182 1.076 1.322 6
A08p 1.024 1.100 1.429 1.444 1.574 1.287 1.413 1.325 7
ABO6 1.439 1.221 1.193 1.203 1.180 1.475 1.619 1.333 8
A08 1.160 1.264 1.491 1.614 1.670 1.552 1.300 1.436 9
EPRI 1 1.103 1.277 1.647 1.815 1.786 1.250 1.230 1.444 10
SV02 1.100 1.170 1.798 1.790 1.702 1.471 1.162 1.456 11
EPRI 4 1.134 1.204 1.811 1.892 1.835 1.479 1.201 1.508 12
T02 1.344 1.569 1.854 1.841 1.602 1.191 1.324 1.532 13
F96 1.358 1.555 1.780 1.887 1.860 1.533 1.410 1.626 14
AB95 1.328 1.647 2.006 2171 1.858 1.506 1.232 1.678 15
S01 2.305 1.842 1.465 1.487 1.631 1.763 1.700 1.742 16
SC02 1.563 1.873 2.612 2.482 2.272 1.883 1.202 1.984 17
co3 4.797 4.152 4.950 5.728 6.875 8.456 9.463 6.346 18
EPRI 3 5.016 4.264 4.904 5.558 6.679 8.621 9.770 6.402 19

Table 25: Kappa ranking for rock sites
| _GMPE_ [ PGA_ [ 01s [ 025 [ 03 [ 05 [ 10s [ 20s [ Factor | Rank |

ABO6p 1.037 1.033 1.133 1.146 1.213 1.114 1.180 1.122 1
EPRI 2 1.178 1.134 1.140 1.153 1.120 1.165 1.213 1.158 2
ABO6+ 1.221 1.165 1.153 1.166 1.128 1.175 1.222 1.176 3
SD02 1.117 1.100 1.419 1.502 1.108 1.089 1.103 1.206 4
ABO6 1.286 1.223 1.190 1.201 1.155 1.198 1.243 1.214 5
A08 1.135 1.216 1.347 1.428 1.475 1.420 1.215 1.319 6
TPO5 1.207 1.314 1.436 1.488 1.437 1.230 1.131 1.321 7
PZT11 1.292 1.449 1.569 1.557 1.332 1.069 1.016 1.326 8
EPRI 1 1.225 1.282 1.475 1.582 1.569 1.156 1.000 1.327 9
T02 1.364 1.447 1.555 1.558 1.420 1.058 1.011 1.345 10
A08p 1.291 1.322 1.582 1.596 1.704 1.336 1.261 1.442 11
S01 1.650 1.521 1.323 1.398 1.458 1.490 1.459 1.471 12
SV02 1.392 1.429 1.767 1.736 1.644 1.418 1.148 1.505 13
EPRI 4 1.392 1.429 1.767 1.790 1.714 1.418 1.148 1.523 14
AB95 1.415 1.637 1.789 1.891 1.697 1.368 1.151 1.564 15
F96 1.564 1.710 1.749 1.808 1.742 1.406 1.259 1.605 16
SC02 1.617 1.740 2.091 2.071 1.938 1.583 1.060 1.729 17
EPRI 3 1.823 1.699 1.766 1.820 1.862 1.898 1.846 1.816 18
co3 1.794 1.669 1.755 1.827 1.912 2.053 2.064 1.868 19
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Table 26: EDR ranking for rock sites

GMPE PGA 0.1s 0.2s 0.3s 0.5s 1.0s 2.0s Factor Rank
ABO6p 0.995 1.055 1.304 1.290 1.574 1.381 1.715 1.330 1
EPRI 2 1.456 1.218 1.274 1.302 1.254 1.630 1.871 1.429 2
ABO6+ 1.614 1.315 1.317 1.346 1.286 1.681 1.923 1.498 3
SD02 1.303 1.173 2.207 2.405 1.210 1.354 1.418 1.582 4
ABO06 1.850 1.493 1.420 1.445 1.362 1.767 2.012 1.621 5
TPO5 1.370 1.597 2.020 2.165 2.001 1.521 1.313 1.712 6
PZT11 1.479 1.927 2.476 2.466 1.815 1.263 1.094 1.789 7
A08 1.317 1.537 2.008 2.306 2.462 2.203 1.580 1.916 8
A08p 1.322 1.455 2.261 2.305 2.682 1.720 1.781 1.932 9
EPRI 1 1.351 1.638 2.430 2.872 2.802 1.445 1.230 1.967 10
T02 1.833 2.271 2.884 2.868 2.273 1.260 1.339 2.104 11
Svo02 1.531 1.672 3.178 3.108 2.797 2.086 1.335 2.244 12
EPRI 4 1.578 1.721 3.200 3.386 3.145 2.097 1.379 2.358 13
S01 3.803 2.802 1.938 2.080 2.378 2.626 2.479 2.587 14
F96 2.123 2.660 3.114 3.410 3.240 2.156 1.775 2.640 15
AB95 1.879 2.695 3.589 4.106 3.153 2.060 1.419 2.700 16
SC02 2.528 3.260 5.462 5.141 4.404 2.980 1.274 3.579 17
EPRI 3 9.142 7.245 8.659 10.114 12.436 16.362 18.039 11.714 18
co3 8.605 6.932 8.686 10.463 13.145 17.363 19.535 12.104 19

One particular advantage of EDR is that it not only provides an idea on the
overall performance of tested predictive models but also informs the analyst
about the individual contributions of sigma (i.e., the level of aleatory variability)
and bias in median estimations to the overall performance of GMPEs.
Accordingly, as indicated before, EDR offers different levels of information to the
analyst for considering the aleatory uncertainty, degree of bias between the
observed and the median estimations and the combination of these two

components.

Kale and Akkar (2012) note that MDE would provide valuable information
in site-specific hazard studies if the concern were very long return periods
(e.g.,Tgr > 2500 years). Further they suggest that the overall EDR index can be

used more favorably to identify the most suitable set of GMPEs for regional
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hazard studies because better performance of GMPEs in representing the overall
data trend and aleatoric variability may yield more realistic hazard results for
return periods that are of interest in regional hazard programs (e.g., Ty <

2500 years).
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5 Conclusions

A08p, ABO6p and AB06+ give a better performance over the other GMPEs
when | considered the combined site classes. For the rock sites A0O8p, AB95 and
AO08 can be considered as better performing GMPEs. For soil sites, AB06, ABO6+
and ABO6p performs well in matching the predicted to observed ground motion.
For deep soil sites, EPRI4, EPRI2 and AO8p give better performance overall
compared to other GMPEs. The test statistic results for the residual follow similar
patterns as those of the database itself, e.g., non-normality and skewed

distributions.

The normality test was done using various methods. The results were
further probed by kurtosis and skewness analysis. Most of the GMPEs can be
considered as having moderate skewness with model A08 showing high
skewness. From the kurtosis analysis, most of the GMPEs were classified as
being leptokurtic in distribution. This implies that most of the GMPEs are likely to
be influenced by extreme values. From the Z score, Kolmogorov-Smirnov (KS),
Lilliefors and Jarque-Bera tests, the results indicates that the GMPEs residuals
are not normally distributed. In general, from the z-scores, the GMPEs follow

closely a normal distribution.

The results from the theoretical information technique (LLH) by
Scherbaum et al. 2009 gave different results than the classical residual analysis
and the EDR method. For all sites combined, the LLH values were within 2.4-3.3,
which means that the GMPEs were comparable to each other except the A08

predictive model, which had higher LLH values.
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The LLH method favors GMPEs with larger standard deviations as they
can predict the outlier observations with higher probabilities. The LLH method
indicates a better performing GMPE with larger sigma especially if the observed
data are accumulated away from the median estimations. Kale and Akkar (2012)
observed the same). This implies that the predictive model with larger sigma
would yield larger probability of occurrence indicating that it can capture these
outliers better than its alternative. This is why the ranking of the GMPEs using
LLH method differs significantly from the other two methods, namely EDR and

the classical residual analysis technique

The EDR methodology could be considered as the best method of ranking
the GMPEs as it considers separately the ground motion uncertainty and the bias
between the observed data and the median estimations of the candidate GMPEs.
The EDR methodology accounts for aleatory variability in ground motion
estimation (through standard deviations of GMPESs). It also considers the bias
between median estimations and observed ground motion data (model bias). The
bias between median ground motion estimations and general variation of the
observed data is identified by the x parameter, which makes an analogy to the
classical residual analysis concept. The uncertainty in the ground motion
variability is addressed by calculating the probability distribution of the difference
between the observed data and corresponding estimations for a range of sigma
values. This sets this method apart from the LLH method since the LLH method
computes the occurrence probability of the observed data point by using the

corresponding estimation that is assumed to be log-normally distributed with
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median and sigma values of the candidate GMPE. From the EDR results A0S,
ABO6p and ABO6+ were considered as the best performing models when you
consider combined site classes. For the rock sites, ABO6p, EPRI2, ABO6+, and

SDO02 were considered to do better.

Finally it can be concluded that there is no clear dominance of any model
over the other for the NGA-East database for a broad range of magnitude and
distance intervals. The current GMPEs seem to predict the ground motion better
than most of the proposed GMPEs for the 2014 NSHMP maps. In general, newer
GMPEs tend to predict lower ground motion levels than older GMPEs. This can
be attributed to geometrical spreading used in the GMPE with the newer GMPEs

using R~13 whereas the older GMPEs using R,
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Appendices

Appendix 1: Comparative rankings of candidate GMPEs as a
function of Distance (Classical residual Analysis) for all classes
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Figure 8: Current GMPEs
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Figure 9: Atkinson Series GMPEs
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Appendix 3: Results of LLH

Table 27: Summary Table for LLH results for Soil sites and within 100km

GMPE pga 0.1s 0.2s 0.3s 0.5s 1.0s 2.0s Factor Rank
ABO6p 2.556 2.503 2.483 2.462 2.370 2.399 2.318 2.442 1
ABO6 2.557 2.504 2.481 2.460 2.374 2.400 2.336 2.445 2
ABO6+ 2.556 2.503 2.482 2.461 2.372 2.399 2.345 2.445 3
EPRI3 2.598 2.489 2.485 2.449 2.383 2.441 2.361 2.458 4
AB95 2.593 2.542 2.499 2.448 2.397 2.432 2.332 2.463 5
F96 2.581 2.546 2.499 2.461 2.400 2.424 2.338 2.464 6
PZT11 2.550 2.508 2.494 2.540 2.471 2.416 2.377 2.479 7
TPO5 2.574 2.552 2.518 2.503 2.435 2.453 2.362 2.485 8
co3 2.606 2.542 2.537 2.482 2.451 2.476 2.351 2.492 9
EPRI 2 2713 2.640 2.491 2.445 2.401 2.432 2.345 2.495 10
Svo2 2.550 2.545 2.507 2.507 2.445 2.485 2.429 2.496 11
EPRI 1 2.537 2.608 2.501 2.489 2.389 2.504 2.590 2517 12
SC02 2.597 2.585 2.553 2.544 2.491 2.500 2.451 2.532 13
SD02 2.598 2.585 2.551 2.545 2.490 2.505 2.459 2.533 14
T02 2.628 2.684 2.668 2.570 2.510 2.517 2.382 2.566 15
A08p 3.085 2.818 2.656 2.578 2.462 2.550 2.639 2.684 16
S01 2.820 2.712 2.719 2.705 2.760 2.773 2.627 2,731 17
EPRI 4 2.820 2.712 2.719 2.713 2.778 2.773 2.627 2.735 18
A08 5.423 2.932 2.614 2.669 2.467 2.751 2.650 3.072 19

Table 28: Summary Table for LLH results for Deep Soil sites and within 100km

GMPE pga 0.1s 0.2s 0.3s 0.5s 1.0s 2.0s Factor Rank
ABO6p 2.628 2.619 2.599 2.526 2.448 2.379 2.304 2.500 1
ABO6+ 2.628 2.619 2.600 2.526 2.451 2.380 2.304 2.501 2
ABO6 2.629 2.620 2.601 2.527 2.454 2.381 2.304 2.502 3
EPRI 1 2.619 2.627 2.590 2.527 2.449 2.374 2.344 2.504 4
PZT11 2.606 2.589 2.592 2.622 2.488 2.360 2.298 2.508 5
svVo02 2.625 2.590 2.590 2.538 2.498 2.425 2.345 2.516 6
EPRI 3 2.654 2.612 2.596 2.539 2.466 2.405 2.342 2.516 7
SC02 2.621 2.587 2.588 2.541 2.502 2.429 2.350 2,517 8
SD02 2.622 2.588 2.587 2.539 2.502 2.435 2.367 2.520 9
F96 2.654 2.637 2.623 2.559 2.468 2.399 2318 2.523 10
AB95 2.664 2.642 2.619 2.556 2.479 2.404 2.324 2.527 11
TPO5 2.640 2.643 2.641 2.613 2.489 2.418 2.350 2.542 12
co3 2.659 2.658 2.662 2.589 2.516 2.430 2.346 2551 13
EPRI 2 2.782 2.745 2.623 2.559 2.479 2.409 2.330 2.561 14
T02 2.663 2.799 2.777 2.655 2.549 2.470 2.355 2.610 15
A08p 3.266 2.910 2.723 2.585 2.481 2.430 2413 2.687 16
A08 3.622 2.951 2.694 2.751 2.509 2.483 2317 2.761 17
s01 2.924 2.854 2.859 2.810 2.783 2.770 2.560 2.794 18
EPRI 4 2.924 2.854 2.859 2.816 2.798 2.770 2.560 2.797 19
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Figure 19: LLH Values versus Spectral periods calculated for the GMPEs under study
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Appendix 4: Results for EDR Methodology

Table 29: Summary Table for MDE results for Soil sites and within 100km

GMPE PGA 0.1s 0.3s 0.5s 1.0s 2.0s Factor Rankk
TPO5 1.411 1377 1.395 1.436 1.250 1.241 1.407 1.359 1
ABO6+ 1.445 1.408 1.438 1.462 1.250 1.215 1377 1371 2
sD02 1.510 1.461 1.486 1.492 1.256 1.225 1.357 1.398 3
EPRI 2 1.850 1.566 1.566 1.529 1.345 1.211 1.257 1.475 4
T02 1.550 1.461 1.384 1.709 1.495 1.553 1.730 1.554 5
sVo2 1.662 1.510 1.750 1.782 1.587 1.297 1.337 1.561 6
A08 1.936 1.662 1.601 1.644 1.477 1.355 1.424 1.585 7
ABO6p 2.085 1714 1.724 1.737 1.543 1.323 1.250 1.625 8
ABO6 1.895 1.680 1.723 1.818 1.638 1.319 1.322 1.628 9
F96 1.908 1.777 2122 2.062 1.762 1.406 1.342 1.768 10
PZT11 2.138 2.061 2.003 1.986 1.665 1.366 1.310 1.790 11
EPRI 1 2.313 1.994 1.898 1.941 1.765 1.541 1.674 1.875 12
EPRI 3 1.912 1.799 2.127 2.549 1.570 1.556 1.680 1.885 13
EPRI 4 2272 2.213 2.212 2.228 1.849 1.433 1.313 1.931 14
5C02 2.596 2.434 2.391 2.307 1.914 1431 1.353 2.061 15
A08p 2.538 2.431 2.454 2.507 2.079 1.720 1.616 2.192 16
co3 2.608 2.514 2.801 2.662 2.352 1.995 1.529 2.352 17
AB95 4.828 3.993 4.563 5.090 6.071 7.420 9.103 5.867 18
S01 4.623 3.866 4.571 5.226 6.316 7.623 9.150 5.911 19

Table 30: Summary Table for Kappa results for Soil sites and within 100km

| _evpe | _PGA_ | 01s | 025 ] 03 | 05 | 105 | 20s [ Factor | Rankk |
ABOG+ 1122 1.146 1.124 1111 1.069 1113 1.166 1121 1
P05 1114 1139 1115 1.108 1.073 1.130 1183 1123 2
D02 1.150 1.170 1.143 1123 1.075 1126 1.164 1136 3
EPRI 2 1247 1.143 1162 1.153 1.180 1.101 1.063 1.150 4
ABOG 1390 1.295 1.306 1341 1347 1.202 1.094 1282 5
A0s 1347 1.287 1.253 1273 1.287 1.284 1264 1.285 6
T02 1.189 1.246 1.200 1.366 1.328 1.363 1411 1.300 7
EPRI3 1274 1274 1.450 1595 1.207 1.289 1362 1.350 8
svo2 1455 1.400 1.506 1.465 1.427 1275 1216 1392 9
PzT11 1.466 1,500 1.459 1.445 1.404 1.292 1.204 1.396 10
sco2 1623 1588 1529 1475 1.397 1.201 1.067 1412 1
ABOGp 1594 1419 1.465 1.459 1524 1.359 1213 1433 12
EPRI 4 1561 1610 1561 1528 1415 1277 1.150 1.443 13
F96 1573 1538 1673 1574 1.506 1.340 1236 1.492 14
EPRI 1 1762 1.660 1520 1505 1.497 1.440 1438 1546 15
Aosp 1717 1784 1731 1730 1.602 1.487 1382 1633 16
co3 1.831 1.831 1.953 1.834 1.769 1.635 1.268 1732 17
AB9S 1.858 1733 1.825 1912 1.973 2.051 2182 1.934 18
so1 1831 1701 1810 1.919 2.032 2.189 2.404 1.984 19
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Table 31: Summary Table for EDR results for Soil sites and within 100km
mmmmmmm

TPOS 1.571 1.568 1.556 1.590 1.341 1.402 1.528 1
ABO6+ 1.621 1.614 1.616 1.624 1.336 1.353 1.605 1.538 2
SD02 1.737 1.709 1.699 1.676 1.350 1.380 1.580 1.590 3
EPRI 2 2.307 1.791 1.819 1.762 1.587 1.334 1.336 1.705 4
T02 1.842 1.820 1.660 2.334 1.985 2.116 2.441 2.028 5
A08 2.606 2.139 2.005 2.093 1.902 1.740 1.800 2.041 6
AB06 2.632 2.175 2.250 2.439 2.206 1.586 1.446 2.105 7
sV02 2.417 2.114 2.634 2.611 2.266 1.653 1.625 2.189 8
ABO6p 3.324 2.433 2.525 2.535 2.352 1.798 1.516 2.355 9
PZT11 3.135 3.092 2922 2.870 2.338 1.766 1.577 2.529 10
EPRI3 2.436 2.293 3.083 4.066 1.896 2.005 2.289 2.581 11
F96 3.002 2.734 3.550 3.246 2.654 1.884 1.659 2.676 12
EPRI 4 3.547 3.562 3.454 3.406 2617 1.830 1.510 2.847 13
EPRI 1 4.075 3.310 2.885 2.921 2.644 2219 2.407 2923 14
5C02 4.215 3.866 3.655 3.404 2.674 1.719 1.444 2.997 15
A08p 4.357 4.336 4.249 4.338 3.330 2.557 2.233 3.628 16
co3 4.775 4.602 5.470 4.884 4.161 3.261 1.940 4.156 17
AB95 8.971 6.921 8.328 9.730 11.977 15.220 19.864 11.573 18
S01 8.462 6.576 8.274 10.027 12.834 16.687 21.994 12.122 19

Table 32: Summary Table for MDE results for Deep Soil sites and within 100km
mmmmmm

TPO5 1.411 1.377 1.395 1.436 1.250 1.241 407 1.359 1
ABO6+ 1.445 1.408 1.438 1.462 1.250 1.215 1.377 1371 2
SD02 1.510 1.461 1.486 1.492 1.256 1.225 1.357 1.398 3
EPRI 2 1.850 1.566 1.566 1.529 1.345 1.211 1.257 1.475 4
T02 1.550 1.461 1.384 1.709 1.495 1.553 1.730 1.554 5
svo2 1.662 1.510 1.750 1.782 1.587 1.297 1.337 1.561 6
A08 1.936 1.662 1.601 1.644 1.477 1.355 1.424 1.585 7
ABO6p 2.085 1.714 1.724 1.737 1.543 1.323 1.250 1.625 8
ABO6 1.895 1.680 1.723 1.818 1.638 1.319 1.322 1.628 9
F96 1.908 1.777 2,122 2.062 1.762 1.406 1.342 1.768 10
PZT11 2.138 2.061 2.003 1.986 1.665 1.366 1.310 1.790 11
EPRI 1 2.313 1.994 1.898 1.941 1.765 1.541 1.674 1.875 12
EPRI3 1.912 1.799 2127 2.549 1.570 1.556 1.680 1.885 13
EPRI 4 2.272 2213 2.212 2.228 1.849 1.433 1.313 1.931 14
5C02 2.596 2.434 2.391 2.307 1.914 1.431 1.353 2.061 15
A08p 2.538 2431 2.454 2.507 2.079 1.720 1.616 2.192 16
co3 2.608 2514 2.801 2.662 2.352 1.995 1.529 2.352 17
AB95 4.828 3.993 4.563 5.090 6.071 7.420 9.103 5.867 18
S01 4.623 3.866 4.571 5.226 6.316 7.623 9.150 5911 19
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Table 33: Summary Table for Kappa results for Deep Soil sites and within 100km
| _Gmpe | PGA | o04s | 02 | 03 | 05 | 105 | 20s [ Factor | Rankk |

ABO6+ 1.122 1.146 1.124 1.111 1.069 1.113 1.166 1.121 1
TPO5 1.114 1.139 1.115 1.108 1.073 1.130 1.183 1.123 2
SD02 1.150 1.170 1.143 1.123 1.075 1.126 1.164 1.136 3
EPRI 2 1.247 1.143 1.162 1.153 1.180 1.101 1.063 1.150 4
ABO6 1.390 1.295 1.306 1.341 1.347 1.202 1.094 1.282 5
A08 1.347 1.287 1.253 1.273 1.287 1.284 1.264 1.285 6
T02 1.189 1.246 1.200 1.366 1.328 1.363 1.411 1.300 7
EPRI3 1.274 1.274 1.450 1.595 1.207 1.289 1.362 1.350 8
SV02 1.455 1.400 1.506 1.465 1.427 1.275 1.216 1.392 9
PZT11 1.466 1.500 1.459 1.445 1.404 1.292 1.204 1.396 10
5C02 1.623 1.588 1.529 1.475 1.397 1.201 1.067 1.412 11
ABO6p 1.594 1.419 1.465 1.459 1.524 1.359 1.213 1.433 12
EPRI 4 1.561 1.610 1.561 1.528 1.415 1.277 1.150 1.443 13
F96 1.573 1.538 1.673 1.574 1.506 1.340 1.236 1.492 14
EPRI 1 1.762 1.660 1.520 1.505 1.497 1.440 1.438 1.546 15
A08p 1.717 1.784 1.731 1.730 1.602 1.487 1.382 1.633 16
co3 1.831 1.831 1.953 1.834 1.769 1.635 1.268 1.732 17
AB95 1.858 1.733 1.825 1.912 1.973 2.051 2.182 1.934 18
s01 1.831 1.701 1.810 1.919 2.032 2.189 2.404 1.984 19

Table 34: Summary Table for EDR results for Deep Soil sites and within 100km

PGA 0.1s 0.2s 0.3s 0.5s 1.0s 2.0s Factor Rank
TPOS 1.571 1.568 1.556 1.590 1.341 1.402 1.665 1.528 1
ABO6+ 1.621 1.614 1.616 1.624 1.336 1.353 1.605 1.538 2
SD02 1.737 1.709 1.699 1.676 1.350 1.380 1.580 1.590 3
EPRI 2 2.307 1.791 1.819 1.762 1.587 1.334 1.336 1.705 4
T02 1.842 1.820 1.660 2.334 1.985 2.116 2.441 2.028 5
A08 2.606 2.139 2.005 2.093 1.902 1.740 1.800 2.041 6
AB06 2.632 2175 2.250 2.439 2.206 1.586 1.446 2.105 7
SV02 2.417 2.114 2.634 2.611 2.266 1.653 1.625 2.189 8
ABO6p 3.324 2.433 2.525 2.535 2.352 1.798 1.516 2.355 9
PZT11 3.135 3.092 2.922 2.870 2.338 1.766 1.577 2.529 10
EPRI3 2.436 2.293 3.083 4.066 1.896 2.005 2.289 2.581 11
F96 3.002 2.734 3.550 3.246 2.654 1.884 1.659 2.676 12
EPRI 4 3.547 3.562 3.454 3.406 2.617 1.830 1.510 2.847 13
EPRI 1 4.075 3.310 2.885 2,921 2.644 2.219 2.407 2,923 14
$C02 4.215 3.866 3.655 3.404 2.674 1.719 1.444 2.997 15
A08p 4.357 4.336 4.249 4.338 3.330 2.557 2.233 3.628 16
co3 4.775 4.602 5.470 4.884 4.161 3.261 1.940 4.156 17
AB95 8.971 6.921 8.328 9.730 11.977 15.220 19.864 11.573 18
S01 8.462 6.576 8.274 10.027 12.834 16.687 21.994 12.122 19
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