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ABSTRACT

A generalised conditional intensity measure (GCIM) approach is proposed for
use in the holistic selection of ground motions for any form of seismic response
analysis. The essence of the method is the construction of the multivariate
distribution of any set of ground motion intensity measures conditioned on the
occurrence of a specific ground motion intensity measure (commonly obtained from
probabilistic seismic hazard analysis). The approach therefore allows any number of
ground motion intensity measures identified as important in a particular seismic
response problem to be considered. A holistic method of ground motion selection is
also proposed based on the statistical comparison, for each intensity measure, of the
empirical distribution of the ground motion suite with the ‘target” GCIM distribution.
A simple procedure to estimate the magnitude of potential bias in the results of
seismic response analyses when the ground motion suite does not conform to the
GCIM distribution is also demonstrated. The combination of these three features of
the approach make it entirely holistic in that: any level of complexity in ground
motion selection for any seismic response analysis can be exercised; users explicitly
understand the simplifications made in the selected suite of ground motions; and an
approximate estimate of any bias associated with such simplifications is obtained.
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INTRODUCTION

The rigorous selection of ground motions is an important consideration in the
seismic assessment of an engineered system as it provides the link between seismic
hazard (seismology) and seismic response (earthquake engineering). Rigorous and
consistent ground motion selection requires both the determination of a ‘target’ to
compare the appropriateness of different ground motions, as well as an objective
method for the selection, simulation and/or modification of ground motions to ‘match’
this “target’.

Probabilistic seismic hazard analysis (PSHA) [1] has become the almost
unanimously adopted method by which seismic hazards are quantitatively assessed.
One of the many outputs of a PSHA is a uniform hazard spectrum (UHS). The UHS,
as the name implies represents a locus of the spectral accelerations at various periods
which have an equal (i.e. uniform) probability/rate of exceedance. The UHS was
quickly recognised as an excellent tool in force-based seismic design since for a
structure, of any initial vibration period, the elastic spectral acceleration for a given
rate of exceedance could be obtained. This elastic spectral acceleration once modified



for damping and ductility could be used to obtain the peak base shear for the design of
structures (e.g. NZS 1170.5 [2]).

Despite the fact that many studies (e.g. McGuire [3], Naeim and Lew [4],
Bommer et al. [5], among others) have highlighted the differences between the UHS
and individual earthquake scenarios, the UHS is still the primary method by which
ground motion records are selected and scaled. Of the many alternatives to the UHS
for ground motion selection is the conditional mean spectrum (CMS), as first
presented by Baker and Cornell [6], and more recently discussed in Baker [7]. The
CMS, as the name implies, provides the mean response spectral ordinates conditioned
commonly on the occurrence of a specific value of a single spectral period, and is
therefore directly linked to PSHA. As a result of its simplicity yet theoretical
robustness, Baker [7] proposes the CMS as a tool for ground motion selection. There
are however several limitations in the use of the CMS for ground motion selection,
which primarily stem from the fact that spectral accelerations provide only a partial
picture of the true character of a ground motion.

This paper begins by briefly discussing the CMS approach of Baker and Cornell
[6], and identifying its limitations. Based on these stated limitations, a generalised
conditional intensity measure (GCIM) approach for ground motion selection is
presented, in which any number of ground motion intensity measures can be
rigorously considered. Detailed discussion is given to the construction of the GCIM
distribution; the possibilities and repercussions for selection, modification and/or
simulation of ground motion records to ‘fit" the GCIM distribution; and the
examination of seismic response analysis results for biases due to inappropriate
ground motion selection.

THE CONDITIONAL MEAN SPECTRUM

Based on the examination of the effect of the ground motion parameter € on
spectral shape, and its acknowledged correlation at multiple vibration periods, Baker
and Cornell [6] proposed the concept of a conditional mean spectrum (CMS)
considering €. The basis of the CMS 1is that spectral accelerations at multiple
vibration periods can be assumed to have a multivariate lognormal distribution
(recently validated by Jayaram and Baker [8]). Based on this assumption, the
conditional distribution of spectral acceleration ordinates, for a single causal
earthquake, given the occurrence of a specific value of the spectral acceleration at
some period, Sa(T;)=sa;, also has a lognormal distribution with mean and standard
deviation given by:

Hy, Sai‘Rup,Saj (rupk ! Saj ) = Hy, Sa;|Rup (rupk)

T Ol sa, |Rup (rupk )pln sa; Insa; €In sa

O-In S{;\I‘Rup,Saj (rupk ! Sa]): O-Ir‘l Sa,‘Rup (rupk)wl_ pli Sa;,InSa; (2)

where Hinsa,rup Sa_(rupk,saj) and O sa,run Sa_(rupk,saj) are the mean and standard
i 194 i »odj

1)

deviation of InSa; given Sa; = sa; and other details related to the earthquake rupture
scenario, Rup =rupk (i.e. magnitude, source-to-site distance, local soil properties,
among Others); 4, o, (TUp,) and oy, o, (rup,) are the mean and standard

deviation of InSa; given Rup = rupx; s, msa, 1S the Pearson correlation coefficient



between InSa; and InSa  (assumed  independent of  Rup); and
Einsa, = IN8; = f1,¢, o (rUD, ))/a,nSa_‘Rup(rupk) is the number of standard deviations

Sa; = sa; is from that predicted by ground motion prediction equations.

Based on several assumptions, Baker [9, Appendix E], then demonstrates how
considering all the causal earthquakes which contribute toward the total rate of
Sa; = sa; the mean and standard deviation of InSa; given Sa; = sa; can be approximated

by:
'uInSai‘Saj (Saj )z luInSai\Rup (R_Up)

+ 0o, Sa;|Rup (Rup)pln Saj In Sa & Sa;

O-In Sai‘saj (Saj )z O-In Sa;|Rup (Rup)\ll_ pli Sa;,In Sa; (4)

where Rup represents the mean values of all the parameters which affect the ground

motion at the site of interest (e.g., earthquake magnitude, source-to-site distance etc).

The mathematical simplicty and justified assumptions of the CMS approach
clearly make it appealing for ground motion selection (as exemplified by Baker [7]
and references therein) in relation to alternatives such as the UHS. It is noted that
while equivalent versions of both Equations (3) and (4) are given in Baker [9,
Appendix E], only Equation (3) appears in Baker and Cornell [6] and Baker [7].
Presumably this is done to demonstrate the simplicity of the approach and to enable
an equivalent comparison with the UHS.

(3)

Limitations of the conditional response spectrum for ground motion selection

The primary limitation of the CMS stems from the fact that only characteristics
of the ground motion represented in terms spectral accelerations are considered, while
it is well acknowledged that the severity of a ground motion, in general, depends on
its intensity, frequency content and duration. Spectral accelerations, by definition
represent the peak response of a single-degree-of-freedom oscillator of a specific
period, and therefore do not explicitly account for many other important features of
ground motions, such as the duration, and energy (both total and its temporal
accumulation) of ground shaking, among others.

The neglection of ground motion characteristics other than those reflected in a
ground motions response spectrum has been somewhat justified out of both the
convenience of the response spectrum as a tool for (predominately structural
earthquake) engineers to understand ground motion’s, and that several studies have
concluded that, regarding the seismic response of structures, other features of a
ground motion are of secondary concern to that of the ground motion’s response
spectrum. Examples of such studies include Shome et al. [10], lervolino and Cornell
[11], Baker [9], Baker and Cornell [12], and Luco and Bazzurro [13]. Baker [9]
found that when predicting the peak interstorey drift over all floors for ductile
structures scaling ground motions to the CMS produced seismic response estimates
with lower uncertainty and less bias than: (i) randomly selecting records, (ii) selecting
records based solely on magnitude and distance, or (iii) selecting records based on
their epsilon value.

Despite the findings of the aforementioned studies, they must be kept in context
with what was being analysed and what was being measured. In all these studies,
either single-degree-of-freedom or multi-degree-of-freedom representations of multi-



storey structures were analysed, and the response parameter of interest was the peak
interstorey drift ratio over all floors. The obvious question is therefore: does the
relative unimportance of aspects other than the response spectrum of a ground motion
change when measuring an arbitrary response measure for any arbitrary system? It is
argued that the answer to such a question is most certainly yes, which is easily
justified using the following two examples. Firstly, even for such multi-storey
structural systems, the importance of the ground motion response spectrum is
somewhat an artefact of only measuring peak seismic responses. Given that the
damage to engineering materials is a function of the number, magnitude, and
sequence of plastic material strains [14] (i.e. not simply the peak strain), then in the
near future more appropriate measures of seismic response, which account for more
of these influential factors are likely to be adopted [15]. Shome et al. [10] find, for
example, that the normalised hysteretic energy dissipated for a single-degree-of-
freedom representation of a multi-storey structure is strongly dependent on ground
motion duration. Secondly, there is no question that the seismic response of many
systems where cumulative effects are important (e.g. liquefaction and other highly
plastic phenomena in soils, peak displacements of unstable slopes, among others) are
dependent on ground motion characteristics other than spectral ordinates.

Clearly, existing literature on the dependence of the results of seismic response
analyses on particular ground motion intensity measures all have limitations which
may or may not be applicable for the problem under an analyst’s consideration. It is
therefore desirable to have a holistic method for the selection of ground motions for
any seismic response problem. To cater for the inevitably-wide variety of complexity
in engineering design (and consequently in ground motion selection and seismic
response analyses) such a method should allow for simplifications in the selection of
ground motions, but analysts should have an explicit appreciation for the
simplifications they make and be able to determine (in a simple manner) if such
simplifications significantly affect the seismic response analysis results for the
problem at hand. The remainder of this manuscript is dedicated to the presentation of
a generalised conditional intensity measure (GCIM) approach, and a holistic method
of ground motion selection which aims to meet the above stated objectives.

THE GENERALISED CONDITIONAL INTENSITY MEASURE
(GCIM) APPROACH

Theoretical details

As was previously mentioned the conditional response spectrum proposed by
Baker and Cornell [6] has its fundamental basis in the fact that spectral accelerations
can be assumed to have a multivariate lognormal distribution. It is proposed here that
for a given earthquake scenario (i.e. given a causal earthquake magnitude, source-to-
site distance, local site properties etc.) any arbitrary vector of ground motion intensity
measures, IM, has a multivariate lognormal distribution (i.e. IM|Rup has a
multivariate lognormal distribution, where “|Rup” indicates conditioning on a specific
earthquake rupture scenario). IM may include any scalar intensity measures of a
ground motion, e.g. spectral acceleration of various vibration periods, Sa;, spectrum
intensity, SI [16], acceleration spectrum intensity, ASI [17], Arias intensity, 15 [18],
significant duration, SD [19], and vertical spectral acceleration at any vibration
period, Say;, among others. Based on the properties of a multivariate lognormal
distribution it then follows that the conditional distribution of IM|Rup given the



occurrence of IM; = im; is also a multivariate lognormal distribution.

How valid is the assumption of multivariate lognormality of IM|Rup? It is
almost unanimously accepted that the majority of ground motion intensity measures
are marginally lognormally distributed as evident from regression on InIM in
empirical ground motion prediction equations (Boore and Atkinson [20], Bradley et
al. [21], Bradley [22], Travasarou et al. [23], Abrahamson and Silva [24], and
Abrahamson and Silva [25] are examples for Sa;, SI, ASI, I, SD, and Say;,
respectively). The accuracy of the assumption of multivariate lognormality however
has, to the authors knowledge, only been scrutinized for horizontal spectral
accelerations at various vibration periods [8]. It is therefore necessarily assumed here,
without proof, that all intensity measure vectors, IM|Rup, can be adequately
represented by a multivariate lognormal distribution. Such an assumption (which can
be relaxed as later discussed) can be validated in future studies.

Given that IM|Rup is assumed to be given by a multivariate lognormal
distribution, and that the marginal distributions of all of the scalar intensity measures
in IM|Rup. IM;|Rup, can be estimated via existing ground motion prediction equations,
then only the correlation coefficient matrix of IM is needed to uniquely specify the
multivariate lognormal distribution for IM|Rup. Empirical prediction equations for
such correlation coefficients are presently available for various intensity measure
combinations. For example, Baker and Jayaram [26], Goda and Hong [27], and Goda
and Atkinson [28] provide prediction equations for the correlation between horizontal
Sa; at different periods; Baker and Cornell [29] provide the correlation between both
horizontal and vertical Sa;’s; Baker [30] provides the correlation between I, and Sa;;
and Bradley [22] provides the necessary mathematical details for determining the
correlation of SI and ASI with Sa;, Say;, and l,. The author is not aware of any
empirical correlation equations relating duration intensity measures, such as SD, with
other intensity measures. It is noted that when no empirical correlation coefficient
prediction equation is available for a particular IM; (i.e. the correlation between 1M;
and IM; is unknown), a distribution of IM; can still be obtained conditional on all of
the causal ruptures contributing to IM;=im;, but not specifically conditioning on
IM; = im; itself (i.e. neglecting the correlation between IM; and IM;). This is referred
to informally here as an ‘unconditional distribution’ and is further discussed later in
the manuscript.

In the most general sense, the result of a conventional probabilistic seismic
hazard analysis (PSHA), is the annual frequency of IM; exceeding im;, which is given

by:

N Rup

ZIMj(imj): kZ;PIMjRup(imj|rupk)ﬁ‘Rup(rupk) (5)

where A,Mj(imj) is the annual frequency of IM;>im;; P,Mj‘Rup(imj|rupk) is the

probability of IM;>im; given Rup = rupg; Ag,(rup,) is the annual frequency of
earthquake rupture Rup =rup,, and Ngy, is the number of different (assumed
independent) possible earthquake ruptures. Empirical ground motion prediction

equations are most commonly used to compute P,Mj‘Rup(lmj|rupk), while an

earthquake rupture forecast (ERF) specifies A, (rupk) for all Ny, possible ruptures.
Given IM; > im;, the application of Bayes’ Theorem [31, p 63] can be used to

determine the relative contribution (so-called seismic hazard ‘deaggregation’ [3] or
‘disaggregation’ [32]) of Rup = rup toward IM; > im; from:



PIMJ-\Rup(IM j 2 imj|rupk )A’Rup (rupk)
ﬂ,Mj (imj)

Here it is important to note that Equation (6) gives the probability that if a
ground motion with IM; > im; is observed, it was caused by rupture rupx. For the
purposes of ground motion selection however, one is more interested in that
probability of rupture rupx given IM; =im;. Such a conditional probability can be
obtained from the total probability theorem [31, p 57-62] as given by Equation (7):

P

Rup|IM

(rupk‘IMj zim.)=

]

(6)

. 1 . .
PRup\le (rUpk‘IMj :'mj)zmim__)[PRulej (rupk‘IMj ZImj)z‘nw,-(lmj)_ 0
i J
P rupk‘IMjzimj+Aimj)l,Mj(imj+Aimj)]

Rup\lMJ(
where A}t,Mj(imj):/I,Mj(imj)—ﬂ.le(imj+Aimj); and Aim; is a small increment

(relative to im;) of IM;. It is noted that Equation (7) becomes exact in the limit as
Aim; — 0. As herein we will deal solely with ground motion selection for the case of

IM; = im; and not 1M; > im;, then for brevity P

Rup‘.M,( ) is referred to

rupk‘IMj =im,

J
simply as PRup‘IMJ (rupk‘imj).

Since P

Ruplim (rupk‘lmj) for all Ny, form a mutually exclusive and collectively

exhaustive set, then the conditional distribution of IM; given IM; = im;, is obtained via
the total probability theorem from:

N Rup

flMi\le (imi ‘imi ): ; fIM,‘Rup,IMJ (imi ‘rqu ! imi )PRup‘IMj (rUpk‘imJ‘) (8)

imi‘imj) is the probability density function (pdf) of IM; given

where fIMi‘IMj(

IMj=im;; and f (imi‘rupk,imj) is the pdf of IM; given Rup =rupx and

IM|Rup, IM |
IMj=im;.  From the assumption that IM|Rup has a multivariate lognormal
distribution, it follows that IM|Rup,IM; also has a multivariate lognormal distribution
[33], and in particular, that for each IM; in IM, IM;jRup,IM; has a univariate
conditional lognormal distribution which can be expressed as:

fIM,‘Rup,IMJ (Imi‘rUpk ! imj )~ LN (/’ZlnlMi\RupJMJ (rUpk ! imi )’ GlilMi\Rup,lMJ (rUpk ! imj )) (9)

where f,(x)~ LN (4,02 ) is short-hand notation for X having a lognormal

distribution with mean g, and variance o/, . The conditional mean and standard

deviation (square root of the variance) in Equation (9) can then be obtained from
Equations (10) and (11), respectively [31, p 137]:

Hy, IM; | Rup, IM | (rqu ’ imj ): Hin i, [Rup (rupk )

T Ol im, |Rup (rupk )pln M In M Ein M,

O IM,[Rup, 1M (rupk . imj ): O, |Rup (rUpk )\11_ pIZnIMi,In M (11)

(10)



where the parameter, Einim, in Equation(10) is given by:

In IM, ~ Hinim |Rup (rUpk)
GInIMj\Rup (rupk)

Thus, Equations (5)-(12) provide the necessary mathematical details to compute
the conditional distribution of IM; given IM; = im; for all IM; in IM. Note that only
Equations (9)-(12) are a result of the assumption of multivariate lognormality of 1M,
and can be substituted for alternative relationships if such an assumption is shown to
inappropriate for specific IM combinations. It is also important to note that the GCIM
approach is not constrained to be applied simply as an extension of PSHA, but can be

also used in a deterministic seismic hazard analysis. In such a case, P olim, (rupk‘imj)

(12)

Einim, =

will simply equal 1.0 for the deterministic scenario considered.

Example GCIM distributions

Figure 1 illustrates the seismic hazard disaggregation for a rock site (Vs = 760
m/s) in Christchurch, New Zealand for Sa(1.0) =0.165g (using the Boore and
Atkinson [20] ground motion prediction equation), which has an annual exceedance
rate of 4.04x10™ (i.e. a 2% exceedance probability in 50 years). It can be seen that
the seismic hazard is contributed to by a range of different potential casual earthquake
ruptures.
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Figure 1: Magnitude-dlstance-eﬁglIon dlsaggregatlon of PSHA for Christchurch, New
Zealand for Sa(1.0) = 0.165g which has a 2% in 50 year probability of exceedance.

Figure 2 illustrates the mean (of InSa), 16™ and 84™ percentiles of the
conditional response spectrum obtained based on Equations (5)-(12) for the site in
question. Also shown is the ‘unconditional’ distribution of spectral accelerations,

which has been computed by replacing fIMv‘Rup,IM- in Equation (8) with f,Mi‘Rup. That

is, the ‘unconditional” distribution of 1M; is obtained by neglecting the correlation
between IM; and IM;. It can be seen that the conditional mean spectrum is largest
relative to the ‘unconditional” mean spectrum at T = 1.0s (as a result of most potential
ruptures have an associated € value greater than zero (Figure 1)) and tends toward the



unconditional spectrum as the period of vibration tends away from T =1.0s. The
uncertainty in the response spectrum distribution also increases as the period of
vibration tends away from T = 1.0s. Both the above two observations are the result of
the correlation of spectral accelerations generally decreasing as the difference
between the periods of interest increases [26].

Table 1: Correlations of various intensity measures with one-second spectral acceleration
IM Sa(0.05) | Sa(0.5) | SI* | AsI* | 1,
p|n|M‘|nSa(1.0) 042 075 092 061 07

The correlation of SI and ASI with Sa strictly speaking is a function of earthquake
scenario, but as noted in Bradley [22] the variation is negligible.
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Figure 2: The mean, 16" and 84™ percentiles of the conditional distribution of Sa
given Sa(1.0) = 0.165g (red) and the “‘unconditional’ distribution of Sa (grey).

Figure 3 illustrates the conditional distributions for six different ground motion
intensity measures, Sa(0.05), Sa(0.5), SI, ASI, I, and SD, which can be computed
using Equations (5)-(12) for the site in question. The ground motion prediction
equations of Boore and Atkinson [20], Bradley et al. [21], Bradley [22], Travasarou
[23], and Abrahamson and Silva [24], were used for computing Sa, Sl, ASI, I,, and
SD, respectively, while the correlation equations in Baker and Jayaram [26], Bradley
[22], and Baker [30] were also adopted. Inspection of Figure 3 reveals that for some
IM;, the conditional and ‘unconditional’ distributions are relatively similar, yet
significantly different for others. This difference, or lack thereof, between the
conditional and “unconditional’ distributions is obviously a function of the correlation
between IM; and IM;, as illustrated in Table 1. For example, Sa(0.05), which has a
relatively weak correlation with Sa(1.0) (02,4005 msaoy =0-42 from Table 1) has a

conditional distribution which is relatively similar to the ‘unconditional’ distribution,
while for SI, which is highly correlated to Sa(1.0) (.5 jnsaqu0) =0-92 from Table 1)

the two distributions are notably different. As no empirical correlation coefficient
prediction equation exists for significant duration and spectral accelerations at
present, Figure 3f merely shows the ‘unconditional’ distribution.

Only six conditional distributions are shown in Figure 3, although as previously
mentioned the conditional distribution for any intensity measure can be constructed.
Since the conditional distributions will be used for ground motion selection (as
discussed in the remainder of the manuscript), it is most advantageous to select a



vector of intensity measures which are nearly orthogonal (i.e. measure different
properties of the ground motion). The ‘quality’ of such a constructed conditional
distribution is of course a function of the ‘quality’ of the ground motion and
correlation prediction equations used to develop it (both the rigour with which the
equations are developed and their applicability to the subject region in question). As
is conventional in contemporary PSHA, epistemic uncertainties in the ground motion
and correlation prediction equations can be easily considered within the framework
given by Equations (5)-(12), although to avoid detraction from the pertinent issues of
discussion, epistemic uncertainty consideration is neglected in the examples in this
manuscript.

GROUND MOTION SELECTION USING THE GCIM
DISTRIBUTIONS

The benefit of the GCIM approach is that IM|IM; provides the exact distribution
(for the given inputs in a PSHA) of intensity measures of potential ground motions
with IM; =im; which may be observed at the site. The GCIM distributions are
therefore the ‘target’ which should be used in selecting a suite of ground motions for
seismic response analysis. The aim of this section is to describe a holistic method by
which ground motions can be selected to match IM|IM; for any seismic response
analysis problem.

Methods for selecting ground motions against a “target’

Given the previous focus in literature of selecting ground motions based on
their response spectrum, their are many alternative methods which provide an
objective approach to select, scale and/or modify ground motions to match a target
response spectrum [e.g. 34, 35, 36]. Almost all such methods (Kottke and Rathje [36]
being an exception) attempt to scale ground motions to a deterministic target response
spectrum (i.e. a single value of spectral acceleration per period), and those records
which have the best (typically least-squares) fit to the target deterministic spectrum
are generally used in seismic response analysis. This is exactly the approach taken by
most seismic design guidelines throughout the world [e.g. 2, 37, 38].

Here, it is desired to perform ground motion selection which is completely
consistent with the results of a PSHA. Therefore when selecting ground motions for
seismic response analyses based on IM|IM; = im;, the first step is that all potential
ground motions must be scaled to have IM;=im;. Although this requirement may
seem restrictive, it is also convenient in that it uniquely specifies the scaling of the
(either as-recorded, modified or simulated) ground motion, and therefore the only task
left to do is select a suite of such ground motions which are representative of
||V||||V|j = imj.

Another key difference adopted here from many other studies which attempt to
only match some deterministic response spectrum, is that the focus in selecting
ground motions is not specifically on the characteristics of the individual ground
motions on their own, but more on the collective characteristics of the suite of ground
motions. This focus on the collective characteristics of a suite of ground motions,
similar to Kottke and Rathje [36], does present some complexities in determination of
the final suite for use in seismic response analysis.
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In order to (in a somewhat automated fashion) obtain a suite of ground motions
for a specific seismic response problem, one needs an objective function for
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determining the relative hierarchy of possible ground motions so that a set of the
‘best” Ngm motions can be chosen (e.g. in the aforementioned studies the least-squares
residual of a ground motion compared to a target response spectrum is used as the
objective function). It is argued that for a general seismic response problem, in which
a multitude of seismic response measures are of interest, (which depend on several
ground motion intensity measures), such an objective function is not known a priori
(e.g. it may be unknown prior to conducting seismic response analyses how sensitive
the seismic demands of interest are to the duration of the input ground motion). In
such a case it is not possible to determine a ‘best’ suite of Ngn motions in an
automated fashion. It is therefore proposed that a suite ground motions is selected
which is consistent with the distribution of those intensity measures which are likely
to influence the results of the seismic response analysis. While specific details in this
initial selection may be problem dependent (and are therefore not discussed here) a
starting point may be to loosely follow seismic hazard disaggregation results. From
the resulting seismic response analyses the importance of various ground motion
intensity measures can be determined, and the selected ground motion suite
scrutinized based on the criteria they were selected upon. The remainder of this
section provides an objective means by which the consistency of a ground motion
suite with respect to various IM; distributions can be obtained, while the subsequent
section examines the dependence of the seismic response analysis results on the
selected ground motion suite.

Ground motion selection based on IM;|IM;

As previously mentioned, IM|IM;, as obtained from the GCIM approach
provides the exact distribution of intensity measures of ground motions with 1M; = im;
which may be observed at the site. That is, the aim of the ground motion selection is
to select a ground motions suite which matches IM|IM;.

A primary relaxation made here is that ground motions are selected to match all
of the univariate distributions of IM|IM; (i.e. IM;|IM; for all i), but not the complete
multivariate distribution, IM|IM;, itself. This relaxation is considered pragmatic
because of the significant reduction in complexity that it entails. Such a relaxation is
unlikely to be of consequence when “as-recorded” ground motions are being selected
(upon which the empirical ground motion prediction equations used to determine
IM|IM; are based). However, such a relaxation could possibly be more of an issue in
the case of stochastically simulated ground motions, which have less of an underlying
physical basis [39]. Such issues are left for future research.

Because ground motion selection is desired for a finite number of Ny, ground
motions, then a comparison of the appropriateness of the Ngy ground motions as
representative of IM;|IM; (for all i) must be done so using statistical goodness-of-fit
tests. Two such tests are outlined here, for continuous and discrete 1M;’s of interest.

Continuous I1M; variables: The Kolmogorov-Smirnov goodness-of-fit test

The majority of ground motion intensity measures of engineering interest are
continuous variables (e.g. Sa, Sl, ASI, I, SD, in Figure 3). In such cases, the
adequacy of a particular suite of ground motions with respect to a pre-defined
theoretical distribution of a single IM; can be verified by the Kolmogorov-Smirnov
(KS) goodness-of-fit test [e.g. 31, p. 293-296]. The KS test measures the absolute
difference between the theoretical cumulative distribution function (CDF) and the
empirical distribution function (EDF) of the sample, which is mathematically given
by Equation (13).
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Dy,, = max F.Miwj(imi‘imj)_SNgm (imi)( (13)

gm

where Dy is the KS test-statistic for Ngm ground motions; F ™ (imi‘imj) is the
gm i i

theoretical CDF (obtained from the GCIM approach); and S, _ (im,) is the EDF (of

IM;) of the suite of ground motions selected. The null hypothesis that the distribution
of IM; of the suite of ground motions is representative of the theoretical distribution is
rejected if DNgm is greater than the critical KS test-statistic for a given confidence

level, .

Figure 4a illustrates graphically the KS test. The critical KS test-statistic for
a = 0.1 is shown in the figure. If the EDF intersects the KS test-statistic ‘bounds’,
then it indicates that the null hypothesis should be rejected. Thus, based on Figure 4a
it can be stated that (at the « = 0.1 significance level) the Sa(0.05) values of ground
motion Suite 2 (as given in Table 2) are not representative of the theoretical
distribution of Sa(0.05) obtained from the GCIM approach.

Although it is likely sufficient to compare the adequacy of a ground motion
suite of the ‘body’ of the cumulative distributions, if the distribution ‘tails’ are of
particular interest, the Anderson-Darling goodness-of-fit test should also be
considered [e.g. 31, p. 296-300].

Discrete IM; variables: The Chi-Square goodness-of-fit test

Although the majority of ground motion intensity measures of interest are
continuous variables, there are also discrete variables used to classify ground motions
which may be of interest. Such variables include, for example: the focal mechanism
and tectonic type of the ground motion’s causal earthquake, and the site class
classification on which the seismograph recording the ground motion is founded. For
notational consistency, such variables are still referred to here as intensity measures,
although one may argue that they are variables which influence ground motions
characteristics, but are not a measure of the ground motion itself.

The adequacy of a particular suite of ground motions with respect to a pre-
defined discrete theoretical distribution of a single IM can be verified by the Chi-
Square goodness-of-fit test [e.g. 31, p. 289-293]. The Chi-Square test-statistic, y*, is

given by:
kK (n_ —e 2
ZZ § ( m m) (14)

where n_ are the number of observations of IMj =m, e is the expected (predicted)

number of observations of IM; =m, and k is the number of discrete values IM; can
take. Similar to the KS test, the null hypothesis that the distribution of IM; of the

ground motion suite is representative of the theoretical distribution is rejected if y? is

larger than the critical Chi-Square test-statistic for a given confidence level, « .

Figure 4b illustrates a comparison of the discrete distribution of the focal
mechanism of the ground motions comprising Suite 1 (as given in Table 2), as
compared to the theoretical distribution of focal mechanism obtained from the GCIM

approach. Unlike the KS test, the summative nature of the y° test-statistic (Equation
(14)) does not make it possible to plot ‘rejection bounds’ on Figure 4b. Despite this,
the p-value of the »* test of 0.2009 indicates that the null hypothesis would not be
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Examples and compromises in obtaining a suite of ground motions compatible
with IM]IM;

In order to illustrate the aforementioned concepts two suites of ground motions
were selected for the site in Christchurch previously discussed. In order to elucidate
the features of the proposed procedure the two ground motion suites (shown in Table
2) were selected based on different aspects of the seismic hazard disaggregation at the
site (Figure 1). Suite 1 was selected on the basis of ground motions having causal
earthquake magnitudes less than 6.0 and source-to-site distances less than 20 km,
while Suite 2 was selected on the basis of ground motions having causal earthquake
magnitudes greater than 7.0 and source-to-site distances greater than 50 km. Hence
comparison of the basis for selecting these suites with the disaggregation given in
Figure 1, indicates that, when scaled to have Sa(1.0) = 0.165g, the two suites may not
provide an appropriate representation of all the ground motions expected at the site.
This is however a weak statement because of the fact that many features in addition to
magnitude and source-to-site distance affect ground motion characteristics. For
example, based on the previously mentioned studies of Shome et al. [10], lervolino
and Cornell [11], Baker [9], Baker and Cornell [12], and Luco and Bazzurro [13],
magnitude and source-to-site distance are of secondary importance to the spectral
shape of the ground motion.

Figure 5a illustrates the un-scaled resEonse spectra of the two ground motion
suites compared to the mean (of InSa), 16" and 84™ percentiles of the conditional
response spectrum obtained from the GCIM approach. Figure 5b shows the
corresponding response spectra of the two ground motion suites once they have been
scaled in amplitude to have Sa(1.0) = 0.165¢g. It can be seen from Figure 5b, that the
Suite 1 ground motions (which have relatively low causal magnitudes) have notably
larger response spectral ordinates at periods less than one second, and weaker spectral
ordinates at periods greater than one second, relative to the conditional response
spectrum. Conversely, the Suite 2 ground motions have slightly lower response
spectra for periods less than one second, but notably larger response spectra for
periods greater than one second. Despite the fact that, in their current form, Suites 1
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and 2 show several departures from the theoretical response spectrum distribution at
various periods, it would not be overly difficult to selectively choose other suites of
ground motions (or combine these two) within these magnitude-distance ranges which
provide a better fit. However, as stated previously, in the general seismic response
problem, the appropriateness of a suite of ground motions is dependent on more than
just their response spectrum characteristics, which is where a significant benefit of the

GCIM approach can be obtained.

Table 2: Ground motion suites used in the examples

Suite 1 Suite 2
ID? Earthquake (year) M (Erj;) ID> | Earthquake (year) M (Erj;)
0145 Coyote Lake (1979) 5.74 | 5.30 | 0012 | Kern County (1952) | 7.36 | 114.62
0146 Coyote Lake (1979) 5.74 | 10.21 | 0013 | Kern County (1952) | 7.36 | 122.65
0147 Coyote Lake (1979) 574 | 8.47 | 0014 | Kern County (1952) | 7.36 | 81.30
0148 Coyote Lake (1979) 574 | 6.75 | 0832 Landers (1992) 7.28 | 69.21
0149 Coyote Lake (1979) 574 | 479 | 0833 Landers (1992) 7.28 | 144.90
0233 | Mammoth Lakes (1980) | 5.69 | 2.91 | 0834 Landers (1992) 7.28 | 137.25
0234 | Mammoth Lakes (1980) | 5.69 | 14.28 | 0835 Landers (1992) 7.28 | 135.22
0235 | Mammoth Lakes (1980) | 5.69 | 1.44 | 0836 Landers (1992) 7.28 | 87.94
0545 | Chalfant Valley (1986) | 5.77 | 14.99 | 0837 Landers (1992) 7.28 | 131.92
0547 | Chalfant Valley (1986) | 5.77 | 6.07 | 1759 | Hector Mine (1999) | 7.13 | 176.59
1641 Sierra Madre (1991) 5.61 | 857 | 1760 | Hector Mine (1999) | 7.13 | 174.90
1642 Sierra Madre (1991) 5.61 | 17.79 | 1761" | Hector Mine (1999) | 7.13 | 166.11
1645 Sierra Madre (1991) 5.61 | 2.64 | 1763 | Hector Mine (1999) | 7.13 | 89.98
1646 Sierra Madre (1991) 5.61 | 13.91 | 1764 | Hector Mine (1999) | 7.13 | 102.40
1740 | Little Skull Mtn (1992) | 5.65 | 14.12 | 1765" | Hector Mine (1999) | 7.13 | 193.80

Used in a modified set of 7 ground motions in Figure 6.
2As given in the NGA database http://peer.berkeley.edu/nga/earthquakes.html

In addition to examination of the appropriateness of the ground motion suites in terms
of their response spectra, using the GCIM approach comparisons can also be made
with respect to any other arbitrary ground motion intensity measure. For example,
Figure 5c-Figure 5f illustrate the comparisons between the EDF’s of Suite’s 1 and 2
and the theoretical distributions from the GCIM approach for Acceleration Spectrum
Intensity, ASI; Spectrum Intensity, SI; Arias Intensity, l,; and Significant Duration,
SD, respectively. It can be seen that the ground motions of Suite 2 provide a good
representation of the theoretical distribution of ASI, Sl and I, but not for SD, while the
ASI and 1, distributions of Suite 1 are significantly larger (at the 10% significance
level) than the theoretical distributions. Based on the significant correlation of the
response of pile foundations in liquefying and non-liquefying soils with SI [40], one
may argue that both Suites 1 and 2 are appropriate for seismic response analysis of
such a seismic response analysis problem. However, as it is also well recognised that
soil liquefaction is a cumulative phenomena, then the fact that Suite 2 has a
significantly larger distribution of SD may mean it will give a biased prediction of
seismic response (as demonstrated in the following section).

Clearly, the conditional distributions obtained for any arbitrary IM parameter
from the GCIM approach can provide a significant constraint on the selection of
ground motions. In fact, in many applications where as-recorded ground motions
(with only amplitude scaling) are desired, it may not be possible to find a suite of Ngp,
ground motions which are not statistically different from the GCIM distributions. In
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Reducing the number of ground motions required in a suite provides two
benefits in attempting to find a statistically consistent suite of ground motions.
Firstly, given the finite number of possible as-recorded ground motions, reducing the
number of desired ground motions allows the analyst to be more aggressive in the
rejection of particular ground motions. Secondly, as the number of ground motions in
the suite reduces the value of the critical test-statistic increases. Figure 6 illustrates
the effect of reducing Suite 2 from 15 ground motions down to 7 ground motions (by
removing those closest to the KS bounds) on the statistical significance of the
distribution of Sa(0.05). It can be seen that originally Suite 2 was statistically
significantly different than the theoretical Sa(0.05) distribution (i.e. the KS bounds
and the EDF intersect in Figure 6). However, by reducing the required number of
ground motions from 15 to 7, those ground motions causing the statistically
significant result can be removed, as well as the critical KS test statistic value
increasing (as indicated by the fact that the KS bounds for 7 ground motions are
“farther’ from the theoretical distribution, than the KS bounds for 15 ground motions).

Neglecting certain differences between the characteristics of a ground motion
suite and the theoretical characteristics of ground motions expected at the site is
universally adopted in earthquake engineering research and practice. For example,
selecting ground motions on the basis of their response spectra alone, as implemented
in seismic design guidelines [e.g. 2, 37, 38], implicitly neglects all other
characteristics of a ground motion that are not directly represented through its
response spectrum. The main feature of this common approach to ground motion
selection is that such neglection is implicit. Two key unknowns therefore are: (i)
whether the distribution of these other characteristics of the selected ground motion
suite are consistent with the theoretical distribution of such characteristics; and (ii)
whether the seismic response analysis problem for which such ground motions are
being selected for is dependent on any of these other characteristics. The GCIM
approach previously outlined allows an analyst to determine the theoretical
conditional distribution of any intensity measure, and therefore allows an explicit
answer to (i) above. That is, for any arbitrary intensity measure, the EDF of the
potential ground motions suite can be compared with the theoretical distribution (as in
Figure 5). The analyst therefore can see explicitly when a potential ground motion
suite provides a misrepresentation of a particular intensity measure. The answer to
(i) is discussed later in the manuscript.

It should be made clear that the two options of: reducing the number of ground
motions which are desired; and explicitly neglecting the statistically significant
differences between the ground motion suite and theoretical distribution for one of
more IM;, are not mutually exclusive. In fact, in most practical applications a
combination of the two will most likely be employed. However, both of these options
cause adverse effects. A fewer number of ground motions leads to a larger
uncertainty in the estimated seismic response statistics (e.g. mean, standard deviation)
obtained based on the seismic response analyses conducted, while neglection of
statistically significant differences between the ground motion suite and the
theoretical distribution for one or more intensity measures can lead to bias in the
estimated seismic response statistics.
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Appropriateness of modified and stochastically simulated motions and amplitude
scaling

The additional constraint on the characteristics of ground motions expected at
the site provided by the GCIM approach, is of great benefit in the examination of the
appropriateness of modified (in both the time and frequency domain) and
stochastically simulated ground motions. Ground motion modification and simulation
procedures have long been criticised for potentially producing ground motions which
are physically unrealisable. For example, Bommer et al. [39] note that there is no
guarantee that stochastic-method [41] derived ground motions are physically realistic,
since while the amplitude spectrum is quasi-realistic, the phase spectrum is often
assumed entirely random. Frequency domain modification of ground motions are also
known to significantly alter the velocity and displacement time histories of a ground
motion and lead to unrealistically high energy content [4], something which time-
domain approaches appear to circumvent [42]. Comparison of a potential suite of
modified or stochastically simulated ground motions with the conditional distributions
obtained from the GCIM approach allows an explicit examination of the physical
appropriateness of the ground motion suite (e.g. a realistic energy content), and
therefore offers the potential to reduce some of the scepticism of using such ground
motion modification and simulation procedures.

It is also timely to discuss the issue of excessive (amplitude) scaling of as-
recorded ground motions. Because of the conventional use of response spectra for
examination of ground motions, and the fact that (elastic) response spectral ordinates
scale linearly with (amplitude) scale factor, amplitude scaling of ground motions is an
easy method to ‘match’ ground motions to a target response spectrum. Not
surprisingly, the excessively scaling of ground motions can produce bias in the results
of seismic response analysis, a topic which has received quantative attention recently
[13, 43]. Such bias is primarily the result of the different ways in which ground
motion intensity measures scale with seismological parameters such as earthquake
magnitude and source-to-site distance, compared to the scaling of such intensity
measures with amplitude scale factor. For example, Sa, SI, and ASI all scale linearly
with amplitude scale factor, while 1, scales with the square of scale factor, and SD is
independent of scale factor. Since SD is empirically observed to scale linearly with
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source-to-site distance (i.e. SD o R) and exponentially with earthquake magnitude
(i.e. SD ocexp(0.87M)) [24], then clearly amplitude scaling of ground motions
cannot reproduce the seismological scaling of the duration characteristics of ground
motions (as evident from Figure 5f). Similar arguments can be made regarding the
seismological scaling of response spectral ordinates and other ground motion
measures.

Thus use of the GCIM approach can explicitly identify inappropriate ground
motions which have been artificially generated, or excessively amplitude scaled based
on comparisons with the GCIM distribution of various ground motion intensity
measures.

BIAS IN SEISMIC RESPONSE ESTIMATES FROM
INCOMPATIBLE GROUND MOTIONS

Once seismic response analyses are preformed using the final selected suite of
ground motions, the resulting seismic responses of interest should be examined for
bias. Bias can potentially occur if the distribution of one or more intensity measures
of the ground motion suite differs from the theoretical distribution. This can be
explained by considering Equation (15), an application of the total probability
theorem, which gives the seismic demand distribution of an arbitrary engineering
demand parameter (EDP) of interest:

fAEDP‘IMj(edp‘imj)zjfEDP‘IM]IMj(edp|im,imj)fAlM‘le(im‘imj)ﬂM (15)
where fAIM‘IMj(im‘imj) is the distribution of IM of the ground motion suite when
scaled to IM; = im;; fEDP‘IM,IMJ (edp|im,imj) is the distribution of EDP|IM; = im; as a
function of 1M; fEDP‘IMJ (edp‘imj) is the obtained distribution of EDP|IM; = im;; and

the “hat” symbols (e.g. f) indicate an approximation. Thus if the distribution of the

A

ground motion records, fIM‘IM_(im‘imj), does not match the ‘true’ distribution,

IM|IM; =im;, and f (edp|im,imj) is in fact dependent on IM, then

EDP[IM,IM

fEDP‘IMJ(edp‘imj) will be a biased estimate of the ‘true’ response distribution,

fEDP‘IMj (edp‘imj). Those IM;’s in IM for which f (imi‘imj) IS not consistent

IM;| 1M}
with f I (imi‘imj) was determined in the last section when ground motions are

selected. For such IMy’s, it is therefore necessary to quantify the dependence of EDP

on IM; in order to determine if f (edp‘imj) is biased. The following paragraphs

EDP|IM
explain a simple method of determining the dependence of EDP on IM;.

The statistical dependence of EDP on IM; can be obtained from regression
analyses using the results of the seismic response analyses obtained with the adopted
suite of ground motions. Given that EDPs are generally assumed to be lognormally
distributed [e.g. 44, 45] a simple model is to use linear regression on InEDP vs.
InIM, (i.e. INEDP =a+blInIM,). Insuch a relationship the parameter b represents

the dependence of IM; on EDP, and hence statistical tests should be used to determine
its significance, and then consequently estimate the potential bias in
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fEDP‘IMJ (edp‘imj )

If 1th,\u\AJ

regression INEDP =a+blInIM,, b is statistically rejected as having a value of zero,

(imi‘imj) does not equal fIM,‘IMj (imi‘imj) and it is found that in the

then it indicates that fEDP‘IMJ (edp‘imj) is a biased predictor of fEDP‘IMj (edp‘imj). In

such cases, it is insightful to determine approximately the bias induced by this
dependence of EDP on IM;. The theoretical distribution of EDP given 1M; can be
approximately computed from:

fEDP‘IMj (edp‘imj)z _[ fEDP\IMi,IMj (edp‘imi ! imj )flmi\n\ﬂj (imi‘imj blMi (16)

imi‘imj) is the theoretical distribution of IM;|IM; and

where fIMi‘le(

feopim, m (edp‘imi,imj) is obtained from aforementioned regression analysis.

Equation (16) is approximate as it assumes that EDP|IM; = im; is a function of only
IM; (and not of any other terms in IM). In the case of multiple IMs for which EDP is
dependent on, the correlation between the different IMs needs to be considered [46].
Given that the purpose of Equation (16) in this application is merely to observe what

possible bias exists in fAEDP‘IM (edp‘imj) due to IM; alone, then Equation (16) is

considered sufficient. If it is further assumed that both f_.,,, (edp‘imi,imj) and

fIMi‘IMj (imi ‘imj) have a lognormal distribution, Ie.
EDP[IM;,IM | ~ LN{a+bIn IM;, 02 copns . ) and
IMi‘IMj ~LN (f’mum.\um. ,afnlM_‘lM_ ) then Equation (16) further simplifies to:

EDP‘IMJ ~ LN (a'—+_b'uInIMi‘IMj ’GlanDP\IMi,IMj +b20_|ilMi‘le) (17)

Figure 7a illustrates, for a hypothetical seismic response problem, the
dependence of peak free-field ground displacement, Uy, on significant duration, SD,
based on the Suite 2 ground motions in Table 2. The p-value of 6.9x10™° for b
indicates that there is a statistically significant dependence of Uy on SD. Therefore,
given that the Suite 2 ground motions have a distribution of SD which is different
from the theoretical distribution obtained from the GCIM approach (Figure 5f), the
distribution of EDP (i.e. Ugy) obtained from the seismic response analysis is potentially
biased. Figure 7b illustrates the EDF of Uy, its lognormal approximation, and the
corrected distribution obtained from Equation (17). It can be seen that the corrected
and uncorrected distributions are notably different. Firstly, because of the positive
correlation of Uy and SD, and that the Suite 2 distribution of SD is ‘larger’ than the
theoretical distribution of SD (i.e. Figure 5f), then the corrected distribution of Uy is
generally “to the left” of the uncorrected distribution. Secondly, because the standard
deviation in the theoretical distribution of SD is larger than the Suite 2 distribution of
SD (Figure 5f), the corrected distribution of Uy also has a larger standard deviation
than the uncorrected distribution.
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Figure 7: Hypothetical results (EDP)of a seismic response analysis and their
dependence with IM;: (a) Regression of peak free-field displacement, U4, with SD;
and (b) comparison of observed and corrected Ug distributions due to the dependence
of U, on SD and the difference between the SD statistics of the ground motion suite
and theoretical distribution.

Note that Figure 7 and the related discussion consider the continuous IM, SD.
Although not discussed here because of space limitations, in the case of discrete IMs,
such as fault mechanism, equivalent discrete forms of Equations (15)-(17) can be used
to determine the magnitude of any potential bias.

The estimation of seismic response bias due to improper ground motion
selection, as given by Equations (15)-(17) and illustrated in Figure 7, therefore
provides a simple method to examine the final consequences (in terms of bias in the
estimated response) of the selected ground motion suite. Based on such information,
an analyst could then decide whether the estimated bias is acceptable or whether a
more suitable suite of ground motions is necessary.

CONCLUSIONS

A generalised conditional intensity measure (GCIM) approach was presented
which allows the construction of the conditional distribution of any arbitrary ground
motion intensity measure which may be considered as important in a particular
seismic response analysis problem. Based on the obtained GCIM distribution, a
holistic method of ground motion selection was presented. The holistic ground
motion selection is based on statistical goodness-of-fit tests between the empirical
distribution of the ground motion suite and theoretical distribution of a particular
intensity measure obtained from the GCIM approach. A simple method in which the
magnitude of any potential bias in the results of seismic response analyses when the
ground motion suite does not conform to the GCIM distribution was also presented.
The combination of the above features of the approach make it entirely holistic in
that: any level of complexity in ground motion selection for any seismic response
analysis can be exercised; users explicitly understand the simplifications made in the
selected suite of ground motions; and an approximate estimate of any bias associated
with such simplifications is obtained.
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