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Probabilistic seismic hazard analysis (PSHA) is widely used to estimate
the ground motion intensity that should be considered when assessing a
structure’s performance. Disaggregation of PSHA is often used to identify
representative ground motions in terms of magnitude and distance for
structural analysis. Forward directivity–induced velocity pulses, which may
occur in near-fault (or near-source) motions, are known to cause relatively
severe elastic and inelastic response in structures of certain periods. Here, the
principles of PSHA are extended to incorporate the possible occurrence of a
velocity pulse in a near-fault ground motion. For each magnitude and site-
source geometry, the probability of occurrence of a pulse is considered along
with the probability distribution of the pulse period given that a pulse does
occur. A near-source “narrowband” attenuation law modification to predict
ground motion spectral acceleration �Sa� amplitude that takes advantage of this
additional pulse period information is utilized. Further, disaggregation results
provide the probability that a given level of ground motion intensity is caused
by a pulse-like ground motion, as well as the conditional probability
distribution of the pulse period associated with that ground motion. These
extensions improve the accuracy of PSHA for sites located near faults, as well
as provide a rational basis for selecting appropriate near-fault ground motions
to be used in the dynamic analyses of a structure. �DOI: 10.1193/1.2790487�

INTRODUCTION

In principle, when an earthquake fault ruptures and propagates towards a site at a
speed close to the shear wave velocity, the generated waves will arrive at the site at ap-
proximately the same time, generating a “distinct” velocity pulse in the ground motion
time history in the strike-normal direction (Singh 1985, Somerville et al. 1997). This
intense velocity pulse usually occurs at the beginning of a record. This is referred to as
the forward-directivity effect, which has been known for more than a decade to have the
potential to cause severe damage in a structure (for example, Bertero et al. 1978, Singh
1985, Hall et al. 1995, Hall 1998, Hall and Aagaard 1998, Wald and Heaton 1998, Iwan
1999, Aagaard et al. 2000, Iwan et al. 2000, Aagaard et al. 2001, Alavi and Krawinkler
2001, MacRae et al. 2001). The question of how to estimate the ground motion hazard
for a site that may experience such a forward-directivity effect is raised because not all
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observed earthquake ground motions exhibit distinct velocity pulses when they are ex-
pected. Thus, probabilistic methods are used to quantify the effects of pulses in any
given seismic environment. In the past, only a few available spectral acceleration attenu-
ation relationships that account for the forward-directivity effect have been developed,
e.g., Somerville et al. (1997), later modified by Abrahamson (2000). (It should be noted
here that later, when we refer to the Somerville et al. 1997, we actually mean the attenu-
ation model modified by Abrahamson [2000].) However, due to the limited samples of
ground motions with distinct velocity pulses, such relationships were developed for a
“broadband” directivity model. This broadband model simply decreases or increases the
amplitudes of the spectral ordinates monotonically with respect to increasing period.
Further, Somerville et al. (1997) used a data set consisting of both pulse-like records and
others, smearing out the effect of the former.

Recent studies (e.g., Alavi and Krawinkler 2001, Mavroeidis and Papageorgiou
2003, Somerville 2003, Baker and Cornell 2005, Fu 2005, Tothong and Cornell 2006a,
Tothong and Cornell 2007) have shown that a ground motion with a distinct velocity
pulse tends to cause heightened elastic response only in a narrow period range of struc-
tures, namely those with a natural period close to the pulse period �Tp�. As a result, it is
important to develop a “narrowband” ground motion attenuation relationship, in which
only spectral amplitudes around Tp are modified, in order to better characterize this spe-
cial class of ground motions and its statistical properties. This paper will describe and
demonstrate an approach for performing a probabilistic seismic hazard analysis (PSHA)
that addresses explicitly records with such narrowband characteristics. Records without
such pulses are treated separately. The paper will also highlight the information that
needs to be developed and modified for this procedure.

This paper focuses on the pulse effect from forward directivity, and not on the per-
manent static ground motion displacement (“fling”), which is predicted to occur, for ex-
ample, in the parallel component of a strike-slip mechanism. In reality, forward direc-
tivity and fling are coupled depending on the orientation of the fault and faulting style
(Mavroeidis and Papageorgiou 2002, Bray and Rodriguez-Marek 2004).

GROUND MOTION RECORDS

The “pulse-like” ground motion recordings used in this study are a collection of the
pulse motions identified by Mavroeidis and Papageorgiou (2003), Fu and Menun (2004),
and Bazzurro and Luco (2004). The first two pairs of authors visually selected record-
ings deemed to contain a pulse in the velocity trace. Bazzurro and Luco (2004) selected
records whose location relative to the fault rupture suggested that a velocity pulse was
likely to occur, rather than directly identifying a velocity pulse in the record. As a result,
we visually selected only the subset of their record set that appeared to contain a pulse.
The first two author pairs fit a simple waveform with a modulating function to estimate
the Tp, while Bazzurro and Luco (2004) used empirical mode decomposition (Loh et al.
2001) to estimate the Tp. The processed records in the fault-normal direction were ob-
tained from the Next Generation Attenuation database as of March 2005 (NGA 2006).
Ground motion records were selected from both firm soil and rock (based on Geomatrix
site classes) for all faulting styles. This pooling of site and faulting sets is justifiable here
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because we expect that the pulse-like nature of these motions will dominate the spectral
shape, and the spectral shape effects induced by other ground motion properties will be
less influential.

It should be pointed out that the identification of pulse ground motions is not unique,
varying from one researcher to another. In the interest of obtaining a larger sample size,
we have included in the pulse-like set any recording that at least one of these authors has
identified as such. A total of 70 pulse-like records is contained in the resulting sample.
These recordings are listed in Tothong and Cornell (2006a; in Appendix A, Table A.2).
These data are used here only to demonstrate the effects of such recordings and the ap-
plication of the proposed PSHA procedure; the data set here does not affect the proce-
dure per se. More systematic pulse-identification methods (Baker 2007) are under de-
velopment for the purpose of developing numerical estimates of the pulse probabilities
and narrowband attenuation relationships necessary for practical implementation of this
method.

NARROWBAND PULSE-LIKE RECORDS

A near-fault (or near-source) pulse-like ground motion differs from a far-field mo-
tion by its “distinct” pulse in the velocity time history. Figure 1 shows an example
ground motion recording that displays the forward-rupture-directivity effect in the fault-
normal direction during the 1992 Landers earthquake. This velocity record shows a clear
low-frequency (long-period) waveform of the pulse. It should be pointed out that esti-
mating the pulse period �Tp� may in itself be a challenging problem due to noise present
in accelerograms (Mavroeidis and Papageorgiou 2002). Rather than attempt to measure
Tp by fitting a function to the velocity time history, we define Tp here as the period at the
peak of the response spectral velocity �Sv� with 5% damping ratio. Past research has

Figure 1. The velocity time history at Lucern station in the fault-normal direction during the
1992 Landers earthquake, demonstrating the forward-rupture-directivity effect.
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shown that this Tp value generally provides a good estimate of the period of the primary
pulse present in the ground motion velocity time history (e.g., Alavi and Krawinkler
2001, Fu and Menun 2004, Sinan et al. 2005). This estimation procedure ensures a com-
mon definition of Tp for the entire record set.

It has been shown that only oscillators within a narrow range of periods will be af-
fected significantly differently by a pulse-like record with a given Tp; thus it is desirable
to incorporate Tp in ground motion studies and structural analyses. It is particularly
helpful to know the relative value between the period of the oscillator and the pulse pe-
riod of the ground motion (Alavi and Krawinkler 2001, Mavroeidis et al. 2004, Fu
2005). Given this systematic behavior, it should prove valuable to incorporate Tp into
PSHA. Including Tp as an extra variable will require some modifications in standard
PSHA, as will be explained below.

The pulse-like ground motions were grouped into Tp bins (0.25�Tp�0.65, 0.65
�Tp�1.5, 1.5�Tp�2.5, 2.5�Tp�3.5, 3.5�Tp�4.5) to illustrate the narrowband

characteristics. The estimated mean values of Tp �T̄p� in each bin are about 0.4, 1.0, 1.9,
3.1, and 4.0 sec, and the number of records in each bin is 13, 20, 8, 10, and 9, respec-
tively. These periods will be used below to indicate the specific bin used to generate data
for plots and numerical examples. Figure 2 shows the estimated median (geometric
mean) response spectra of the pulse-like motions from two different Tp bins. Also plot-
ted in Figure 2 are median predictions of these spectra obtained from ordinary (Abra-
hamson and Silva 1997) and directivity-adjusted “broadband” (Somerville et al. 1997)
ground motion prediction models. As can be seen from Figure 2, the median curves of
the response spectra for the narrow Tp bins show peaks at periods around Tp and flatten
back downward towards the median values of ordinary record as periods move away
from Tp, exhibiting the so-called “narrowband” effect. This is a characteristic of
forward-rupture-directivity ground motions, as confirmed by observations from recent
large earthquakes (Somerville 2003). In contrast, the “broadband” model for these
ground motions predicts larger response spectral values at a wide range of periods,
rather than just a narrow range around Tp. When comparing the median curves in Figure
2 with the predicted median curves using Somerville et al.’s broadband model (1997),
where all periods are monotonically modified, it is clear that there is an important dif-
ference. This observation emphasizes that pulse-like ground motions cannot be ad-
equately described by the monotonic broadband scaling. To demonstrate further the nar-
rowband directivity spectrum, we plotted the median acceleration and velocity spectra of
the pulse-like ground motions that have been grouped into Tp bins. Figure 3 shows that
only spectral periods near Tp are significantly amplified, while spectral periods further
away from Tp are amplified less.

Figure 4 shows the estimated mean value of the normalized residuals ��� of the
pulse-like data (for four Tp bins) along with its +/− one standard deviation bands cal-
culated using the conventional attenuation relationship (i.e., Abrahamson and Silva 1997
model shown by a solid line and shaded area, respectively) and using the attenuation
model accounting for the forward-directivity effect in the fault-normal component (dot-
ted line; Somerville et al. 1997). Epsilon, �, is defined as the number of standard devia-
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tions by which the ground motion deviates from the predicted median attenuation model.
The horizontal axis is the normalized period �T /Tp�. The large deviation of � from zero
(here about 1.5 at T /Tp near unity) indicates the lack of fit when using a current attenu-
ation model to estimate ground motion amplitudes of the pulse-like motions. The sys-
tematic deviation of � from zero is clear, suggesting that Tp is a good indicator for pre-
dicting the spectral ordinates of pulse-like motions. The mean estimate of the
normalized residuals decays to zero as oscillator periods shift away from Tp. It should

Figure 2. The empirical median response spectra of the pulse-like records along with the me-
dians estimated from Abrahamson and Silva (1997) for ordinary records and from Somerville

et al. (1997) for the forward-directivity effect in the fault-normal direction. Tp bins: (a) T̄p

=1.0 and (b) T̄p=1.9. (Strictly, the predicted median curves are the median of the n estimated
medians as each record �i=1, . . . ,n� has its own earthquake magnitude, source-to-site distance,
and median.)
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also be pointed out that � calculated using Somerville et al. (1997) fails to capture the
narrowband effect, as expected. Using Somerville’s modification factor simply mono-
tonically shifts the median � toward zero, while the shape remains virtually unchanged.
This figure confirms what is expected from the narrowband effect as pointed out by
Somerville (2003). The Tp bin grouping demonstrates that the effect is similar for short-,
intermediate-, and long-period pulses.

Figure 5 shows the histogram of the epsilon value, � (i.e., a cross-section of Figure
4 at a specified T /Tp), using Abrahamson and Silva’s model (1997), of both pulse-like
and ordinary ground motions. The latter ground motion set was compiled by Tothong
and Cornell (2006a; see Appendix A, Table A.3). From Figure 5, we notice that pulse-

Figure 3. The median (a) acceleration spectra and (b) velocity spectra of the pulse-like ground
motions from three Tp bins. For illustration, only three of the five bins are shown.
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like ground motions tend to have higher positive � values than the ordinary records. This
is because pulse-like ground motions are relatively strong for T /Tp=1.0 as compared to
ordinary ground motions.

It should also be pointed out here that among the records typically identified as
“near-source” based on their proximity to the fault, only a fraction will display a clear-
cut, identifiable pulse-like behavior. Iervolino and Cornell (2007) find this fraction to
depend upon magnitude and geometry, but seldom to exceed 30%. Therefore, recent sta-
tistical studies seeking to identify and quantify this narrowband effect using the entire
body of all near-source records have proven largely ineffective, i.e., the residuals show
no significant T /Tp dependence. The large fraction of non–pulse-like records in the near-
source regime together with the broad scatter in the value of T tend to “smear out” and

Figure 4. The � values plotted versus the T /Tp grouped by Tp bins: (a) T̄p=0.4, (b) T̄p=1.0, (c)

T̄p=1.9, and (d) T̄p=3.1. Solid and dotted lines are the median of the normalized residuals with
respect to Abrahamson and Silva (1997) and Somerville et al. (1997) attenuation models, re-
spectively. The shaded area and the thinner dotted lines are the +/- one standard deviation bands
using Abrahamson and Silva (1997) and Somerville et al. (1997) attenuation models, respec-

tively. The bin with T̄p=4.0 sec is similar.
p
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dampen the narrowband effect when looked at this way. In contrast, here we look only at
the subset of records pre-identified as being pulse-like, when the effects are clear and
quantifiable.

THE EFFECT OF PULSE-LIKE GROUND MOTIONS
ON STRUCTURAL RESPONSE

To validate the importance of Tp and the differences between ordinary and near-field
pulse-like motions, the inelastic displacement ratios �Sdi /Sde� of nonlinear oscillators for
both ground motion sets versus the absolute spectral period, T, are plotted. Interested
readers are referred to, for example, Tothong and Cornell (2006a, 2006b) for further ex-
planation of Sdi /Sde and its significance. The bilinear oscillator (with 5% hardening stiff-

Figure 5. Histogram of epsilon at (a) T /Tp=0.75 and (b) T /Tp=1.0 for the pulse-like ground
motion data set superimposed with that of ordinary earthquake records.
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ness and 5% damping ratio) responses, given by the inelastic spectral displacement �Sdi�
normalized by its elastic spectral value �Sde� at the same initial elastic period, are plotted
in Figure 6 for a strength reduction factor equal to four. For inelastic responses,
T /Tp= 0.5 (i.e., a Tp that is twice as long as the elastic period of an oscillator) seems to
be the most damaging case because the effectively elongated period drifts towards the
peak of the elastic spectrum, which is near the pulse period, Tp (e.g., Alavi and Krawin-
kler 2001, Mavroeidis et al. 2004, Fu 2005, Tothong and Cornell 2006a, Tothong and
Cornell 2007). For the ordinary ground motion set, only ground motions with high-pass
filter frequency less than or equal to 0.10 Hz are used to plot Sdi /Sde shown in Figure 6.
This removal of records with weak signals at long periods reduces the number of records
from 291 to 169 accelerograms.

Figure 6a and Figure 6b show Sdi /Sde for the ordinary and pulse-like ground mo-
tions, respectively. It is clear that the estimated mean (solid lines) and +/− one standard
deviation (dotted lines) of ln�Sdi /Sde� of the pulse-like data set are higher for periods that
range from 0.5 to 3.0 sec, resulting in a broadband-like modification factor. (ln�·� De-

Figure 6. The ln�Sdi /Sde� with strength reduction factor equals 4 for (a) 169 ordinary ground
motions, (b) 70 pulse-like ground motions, (c) mean values of ordinary ground motions
grouped by Tp, and (d) mean values of pulse-like ground motions grouped by Tp.
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notes the natural logarithm of �·� throughout.) But Figure 6d (for three Tp bins) demon-
strates that Sdi /Sde of a near-fault ground motion at a given period can be more precisely
predicted if Tp is known. For example, for an oscillator with T=2 sec, the estimated
mean value of ln�Sdi /Sde� is approximately 0.1 for the broadband model (Figure 6b),
while it is approximately −0.2 for Tp=1 or 2 sec and approximately 0.7 for Tp=4 sec
(Figure 6d). As shown in Figure 6c, knowing Tp for ordinary ground motions does not
significantly help improve the characterization of the inelastic responses of nonlinear os-
cillators, so it is not useful to identify Tp for non–pulse-like motions (recall that Tp, the
period at the peak of Sv, is defined for even non–pulse-like records).

Another example to illustrate the benefit of considering Tp in characterizing pulse-
like, but not ordinary, ground motions is shown in Figure 7. The solid lines represent the
correlation between ln Sa at two periods when considering all records. The dotted lines
represent the correlation between ln Sa at two periods (T1=2 sec and T2 versus T2) for
ground motions with Tp values between 3.5 and 4.5 sec. For ordinary ground motions
(Figure 7a), we observe that the correlation function does not change whether using all
ground motions or only ground motions with Tp close to 4 sec. As seen in Figure 7b,
however, the correlation of ln Sa for all pulse-like ground motions may differ dramati-
cally from the correlation when using ground motions grouped by Tp bin. The correla-
tion function between ln Sa at two periods can be used to develop the vector-valued
PSHA (Bazzurro and Cornell 2002) for the near-fault environment in order to couple
with the vector intensity measure (e.g., Shome 1999) to improve the probabilistic re-
sponse prediction of structures.

PSHA METHOD

PSHA CONSIDERING NEAR-SOURCE EFFECTS

Given the above results that indicate differences between near-source and ordinary
ground motions, it would be desirable to modify the PSHA to incorporate these effects
in a hazard analysis. In order to clarify the effort needed and outline the differences for
the pulse-like PSHA with the conventional PSHA (Cornell 1968, Reiter 1990, Frankel et
al. 1996), we start with the following equation, which underlies the current standard ap-
proach for computing the mean annual frequency (MAF, �Sa

�x�) of exceeding a ground
motion parameter level, e.g., elastic-pseudo spectral acceleration �Sa� exceeding an in-
tensity level x:

�Sa
�x� = �

i=1

# faults

�i�
mw,rrup

�GSa�Mw
i ,Rrup

i �x�mw,rrup�� · fMw
i ,Rrup

i �mw,rrup� · dmw · drrup �1�

where �i is the mean rate of occurrence of earthquakes on fault i above a minimum
threshold magnitude. Uppercase denotes random variables, and lowercase indicates re-
alizations of those random variables throughout this paper. Mw is the moment magnitude
and Rrup is the closest distance from the site to the rupture plane. fMw

i ,Rrup
i �mw ,rrup� is the

joint probability density function (PDF) of Mw and Rrup on fault i. GSa
is the Gaussian
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complementary cumulative distribution function (CCDF) of the lognormally distributed
random variable Sa, which is defined as

GSa�Mw
i ,Rrup

i �x�mw,rrup� = 1 − �� ln x − µln Sa�mw,rrup

�ln Sa�mw,rrup

	 �2�

where ��·� is the standard Gaussian CDF, and µln Sa�mw,rrup
and �ln Sa�mw,rrup

are the con-
ditional mean and standard deviation of the natural logarithm of Sa, as obtained from a
ground motion attenuation model (e.g., Abrahamson and Silva 1997).

Building upon the above standard implementation of PSHA, it is now necessary to

Figure 7. The correlation of spectral acceleration between two spectral periods, T1=2 sec and
T2 versus T2, when using records with Tp values between 3.5 to 4.5 seconds: (a) ordinary
ground motions and (b) pulse-like ground motions.
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make several modifications to incorporate the effect of near-fault directivity. As in Som-
erville et al. (1997), we introduce a directivity parameter �X �or S� · cos ��, where X
=S /L; S is the projected distance (along the rupture plane) from the epicenter toward the
site; L is the fault rupture length; and � is the azimuth angle between the fault rupture
plane and the direction between the epicenter location and the site (Somerville et al.
1997). A similar definition is also available for the non–strike-slip case. In current near-
source PSHA software, the location of the hypocenter is treated as random, inducing a
distribution on S · cos � and requiring in effect an additional level of integration. Below,
for notational simplicity, we denote S · cos � as Z, implying too that the formulation is
independent of exactly how this variable is defined. In addition, we now propose to con-
dition the prediction of Sa on Tp, and then to integrate over the distribution of possible
Tp realizations. In addition, we chose to narrow our attention to pulse-like records be-
cause, as we have seen above, they impact linear and nonlinear structural response in
predictable ways. This additional restriction implies the need to develop an empirical re-
lationship for the likelihood of observing a pulse-like ground motion given record prop-
erties, P�pulse � Mw , distance , directivity parameters , etc.�. This piece of informa-
tion is currently under development by Iervolino and Cornell (2007).

Once all of the pieces of information have been established, we can incorporate the
near-source (NS) pulse-like effect into the PSHA using the following equation:

�Sa
�x� = �Sa,non−NS�x� + �Sa,NS�x� �3�

where �Sa,non−NS is simply that shown in Equation 1 for non–near-source hazard, e.g., for
distances greater than, say, 20 km. The MAF of Sa for the near-source case ��Sa,NS� is
given as follows, where �Sa,NS is separated into two parts: the near-source hazard from
the narrowband pulse-like ground motion events ��Sa,NS&pulse�, and the near-source haz-
ard due to non–pulse-like records ��Sa,NS&no pulse�.

For a given fault within Rrup�20 km,

�Sa,NS�x� = �Sa,NS&pulse�x� + �Sa,NS&no pulse�x� �4�

in which (assuming for simplicity only a single fault):

�Sa,NS&pulse�x� = �
mw,rrup

�
z
P�pulse�mw,rrup,z� · �

tp

GSa�pulse,Mw,Rrup,Z,Tp
�x�mw,rrup,z,tp�

· fTp�Z,Mw,Rrup
· fZ�Mw,Rrup

· dtp · dz · �d�Mw,Rrup
�mw,rrup�� �5�

�Sa,NS&no pulse�x� = �
mw,rrup

�
z
GSa�Mw,Rrup,No Pulse�x�mw,rrup�

· �1 − P�pulse�mw,rrup,z�� · fZ�Mw,Rrup
· dz · �d�Mw,Rrup

�rrup,mw��

�6�

Note that 
mw,rrup
��� · �d�Mw,Rrup

�mw ,rrup� � =� ·
mw

rrup

��� · fMw,Rrup
·dmw ·drrup, where
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�d�Mw,Rrup
�rrup ,mw�� is the absolute value of the joint mean rate of occurrence of events

with (loosely speaking) Mw=mw and Rrup=rrup on this nearby fault and � is the mean
rate of events on this fault. dtp and dz are the integration intervals of the realization val-
ues of variable Tp and Z�=S · cos ��, respectively. GSa�pulse,Mw,Rrup,Z,Tp

is the Gaussian
CCDF of Sa conditioned on Mw, Rrup, Z, and Tp (or T /Tp), where T is the period of the
oscillator. This narrowband Sa attenuation model is under development by NGA (e.g.,
Youngs and Chiou, personal communication with the authors, 2006). fMw,Rrup,Z,Tp

is the
joint PDF of Mw, Rrup, Z, and Tp. Similarly, fMw,Rrup,Z is the joint PDF of Mw, Rrup, and
Z. Using the definition of conditional probability, the joint distribution fMw,Rrup,Z,Tp

in
Equation 5 can be broken down as fTp�Mw,Rrup,Z · fZ�Mw,Rrup

· fMw,Rrup
. However, Tp has been

found to depend only on Mw (as cited above); therefore the function fTp�Mw,Rrup,Z is re-
duced to simply fTp�Mw

.

To compute �Sa,NS&no pulse�x� in Equation 4, it may be possible to use the same at-
tenuation relationships (for the ordinary ground motions) for Rrup�20 km and Rrup

	20 km, but this must be confirmed as these Rrup�20 km non–pulse-like motions are
likely to have smaller median and standard deviation values than the current Sa attenu-
ation models because they exclude the ground motions within 20 km with the severe
pulse-like motions. Youngs and Chiou (personal communication with the authors, 2006)
are also investigating this issue.

For a fault with Rrup	20 km, the conventional PSHA (shown in Equation 1) can be
used to compute �Sa,non−NS�x� because large-amplitude pulse-like ground motions, while
not impossible, are not likely there. In effect, we carry out the above three PSHAs—
namely �Sa,non−NS�x� ,�Sa,NS&pulse�x�, and �Sa,NS&no pulse�x�—and sum them to obtain the
total site-specific ground motion hazard.

PSHA DISAGGREGATION

In addition to the hazard curves considered above, another common calculation in
PSHA is disaggregation (McGuire 1995, Bazzurro and Cornell 1999). Typically, this cal-
culation is used to compute the distribution of magnitudes, distances, and epsilon values
contributing to occurrence or exceedance of some ground motion intensity level. In this
section, disaggregation equations are developed to also provide the probability that a
ground motion intensity level is caused by a pulse-like ground motion, and to provide
the distribution of pulse periods associated with those ground motions. This disaggre-
gation is important to structural engineers because it provides a rational basis for select-
ing representative ground motions (near-fault and non–near-source) to be used in dy-
namic analyses of a structure.

To compute the probability that a ground motion with Sa equaling x is caused by a
pulse-like ground motion, the following application of Bayes’ theorem can be used:

P�pulse�Sa = x� =

�Sa,NS&pulse�x�


�Sa
�x�

�7�

where 
�Sa
�x�=�Sa

�x�−�Sa
�x+
x� and 
x is a small increment of Sa.
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Once the probability of experiencing pulse-like motions is known �P�pulse �Sa��, it
would be helpful to know the distribution of associated pulse periods because (as men-
tioned above) the pulse period will affect the resulting structural responses. The follow-
ing equation can be used to obtain the PDF of Tp conditioned on Sa equaling x and on
experiencing a pulse-like motion:

fTp�Sa=x,pulse �
P�Tp = tp,Sa = x,pulse�

P�Sa = x,pulse�

= ��
mw,rrup

�
z

GSa�Mw,Rrup,Z,Tp

�x�mw,rrup,z,tp�

· P�pulse�mw,rrup,z� · fTp�Mw,Rrup,Z · fZ�Mw,Rrup

· dz · �d�Mw,Rrup�mw,rrup���
�Sa,NS&pulse�x� �8�

where 
GSa���x � � �=GSa���x � � �−GSa���x+
x � � �.

EXAMPLE

We demonstrate the proposed PSHA framework and the potential effects of near-
source effects by considering two hypothetical seismic cases: a firm soil site located at
Rrup=3 km from a strike-slip fault that produces only characteristic Mw=6.0 events, and
another separate example in which the site is 14 km from a fault that produces only
Mw=7.5 events. For simplicity the mean annual rate of the characteristic earthquakes for
both cases is assumed to be unity. In both cases, the site location projected onto the fault
rupture plane is assumed to be in the middle of the fault. To incorporate directivity pa-
rameters, we assume that the epicenter location follows a uniform distribution along the
fault. The fault lengths are eight and 100 kilometers. For non–pulse-like records, we
used the Abrahamson and Silva (1997) attenuation relationship. For pulse-like ground
motions, a narrowband modification function was estimated from data shown in Figure
4. The Harversed sine function was used to fit the normalized residuals by increasing the
median value (for 0.5�T /Tp�1.5); the dispersion was assumed to remain unchanged.
The empirical model used to estimate fTp�Mw

follows a lognormal distribution, which is

similar to the one shown in Somerville (2003). The estimated median values of Tp�T̂p�
for the Mw=6.0 and 7.5 events are 0.7 and 4.7 sec, respectively. The standard deviation
of ln Tp given Mw ��ln Tp�Mw

� is 0.7 in both cases. To approximate a continuous distribu-
tion, the realizations of Tp are varied from 0.1 to 15 sec using small, 0.1-second, inter-
vals. Finally, the probability of a pulse occurring at the site given an event that was used
here was based on early exploratory analyses by Iervolino and Cornell (2007), who
found empirically that P�pulse �Mw ,Rrup ,S ,��=1/ �1+exp�−�b0+b1 ·Rrup+b2 ·S+b3 ·�
+b4 · �Rrup���+b5 · �S������, with b0=−4.589, b1=−3.914, b2=4.046, b3=−4.923,
b4=−2.883, b5=4.190.
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UNIFORM HAZARD SPECTRA

The target MAF of exceeding Sa is chosen to be 1% in 100 years. The uniform haz-
ard spectra (UHS) of the two cases are shown in Figure 8. The thick solid line represents
the UHS using Abrahamson and Silva (1997). The thick dotted line represents the total
hazard using the proposed narrowband Equation 3. The dashed and dashed-dotted lines
represent MAF using Equations 5 and 6, respectively, i.e., they are the two contributions
to the near-source hazard. The broadband directivity attenuation model (Somerville et al.
1997) is also shown (thin dotted lines). When compared to the models of Abrahamson
and Silva (1997) and Somerville et al. (1997), the proposed PSHA framework demon-
strates a more intuitive picture of how narrowband pulse-like motions will affect the
computed ground motion hazard. Note that in Figure 8a the narrowband UHS is equal to
the Abrahamson and Silva–based UHS at shorter and longer periods, amplifying it only
in a region of T centered on 0.5 to 2 sec. This narrowband effect exists but is not so
obvious in Figure 8b because the UHS computations are restricted by current attenuation
law limitations to T�5 sec. Periods significantly longer than the expected Tp of 4.7 sec,

Figure 8. UHS at MAF of exceeding Sv at 1% in 100 years for (a) Mw=6.0 and (b) Mw=7.5.
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therefore, cannot be shown. The UHS shows its largest amplification relative to Abra-

hamson and Silva (1997) at the T close to T̂p, i.e., 0.7 and 4.7 seconds for Mw=6.0 and
7.5, respectively.

EFFECT OF TP �MW DISTRIBUTION

As the introduction of Tp is what distinguishes this narrowband model from previous
broadband models, in this section we explore the role of the conditional distribution of
Tp given Mw on the near-source UHS. In the previous section we saw the effect of
changes in the median of Tp due to changes in the causative magnitude. In Figure 9, we
show (for the Mw=6.0 case) the ratio (amplification factor) of the UHS for the narrow-
band approach versus that from the simple Abrahamson and Silva (1997) prediction.
Note that as �ln Tp�Mw

increases, this amplification broadens, has a lower peak, and has a
peak at a longer period.

To illustrate more graphically the effect of �ln Tp�Mw
on the UHS, we assume next two

different �ln Tp�Mw
values: 0.7 and 0.2. The median value of Tp is 4.7 (for the Mw=7.5

case). In order to help visualize the effect of the narrowband modification, we use here
a coarse, discrete, three-mass approximation of the Tp distribution (Tp=2.3, 4.7, and
7.0 sec). These three Tp values are assigned the appropriate probability mass function
(PMF) obtained from fTp�Mw

. For �ln Tp�Mw
=0.7, the PMF for each Tp realization is 0.34,

0.28, and 0.38, respectively. The PMF is 0.08, 0.79, and 0.13, respectively, for
�ln Tp�Mw

=0.2.

Noticeably, the smallest Tp realization will be given a very different weight accord-
ing to how large �ln Tp�Mw

is. This will affect the narrowband amplification at those pe-
riods. The unifrom hazard spectra using these two three-mass Tp approximations are
shown below in Figure 10 for the case of one fault producing only Mw=7.5 events. The
Sa or Sv amplification relative to Abrahamson and Silva (1997) is shown in Figure 11 for
three different cases: the Sv amplification for 1) Figure 8b, 2) Figure 10a, and 3) Figure
10b. The amplification is calculated as the ratio of Sv from the UHS based on the nar-

Figure 9. Amplification factor for Mw=6.0 event.
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Figure 10. Sv UHS using three Tp realizations for Mw=7.5: (a) with �ln Tp�Mw
=0.7, (b) with

� =0.2.
ln Tp�Mw
Figure 11. Amplification factor for Mw=7.5 event.
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rowband modification (Equation 3) to Sv from the UHS that uses only Abrahamson and
Silva (1997) for all periods and events. Note that the three-mass representation with
�ln Tp�Mw

=0.7 produces a “lumpy” approximation to the continuous result. As shown in
Figure 9 and Figure 11, the peak amplification value is dictated by the effect of �ln Tp�Mw

.
The larger the �ln Tp�Mw

, the more the shift in the peak amplification to the right (longer
period). The smaller the �ln Tp�Mw

, the narrower the amplification and the higher the peak.
Even with �ln Tp�Mw

=0.2, however, there remains a significant amplification of the UHS
at T�2 sec. Indeed it must be remembered that the UHS is a weighted combination of
possible future events. No matter what �ln Tp�Mw

may be, individual spectra observed dur-
ing these future events will have comparatively narrow response spectra with, poten-
tially, a peak near, say, 2 sec. The lowering and widening of the UHS with increased
�ln Tp�Mw

is a product of the UHS “averaging” process.

DISAGGREGATION OF PSHA RESULTS

Here we use Equations 7 and 8 to compute the probability of a pulse and the distri-
bution of Tp values, conditional upon Sa=x. In Figure 12a, conditional distributions of
Tp results (Equation 8) are shown for Sa=0.4 g at T=2 sec using the Mw=7.5 source
example case. Similar results are shown in Figure 12b for an Sa level of 3.0 g. These
values of x correspond to annual probabilities of exceedance of 32% and 0.24% for this
example case. The probabilities of these values “due to” a pulse are 0.75 and 0.97, re-
spectively (Equation 7). The former Sa level �0.4 g� represents an epsilon of about 0.6
relative to the median spectral acceleration predicted by Abrahamson and Silva (1997),
which in effect assumes no pulse, while the latter value represents an epsilon of 3.5 if
there were no pulse. Figure 13 presents similar results for the Mw=6.0 illustration. The
levels of 2-sec Sa being conditioned upon here are 0.2 and 1.5 g. These levels corre-
spond to annual probabilities of 3.6% and 0.086%, respectively, the probabilities that
were associated with a pulse occurrence are 0.08 and 0.23, respectively, and the epsilons
are 0.3 and 2.8 relative to Abrahamson and Silva (1997). Based on these no-pulse epsi-
lons, the lower values are not exceedingly rare (given an event) whereas the higher two
values are—unless a pulse occurs and its period is such that it induces larger median
ground motion amplitudes at the T of interest. Therefore, the occurrence of a larger
ground motion amplitude “suggests” that a pulse occurred and increased the median pre-
diction, i.e., that the pulse period was not far from the period of interest.

These effects dictate the Figure 12 and Figure 13 shapes of the disaggregated Tp dis-
tributions, i.e., the conditional distributions given Sa=x. The left-hand sides (lower Sa

values) are similar in shape to the marginal distributions of Tp (i.e., here, the lognormal
distributions given Mw=7.5 or 6.0). The right-hand sides (higher Sa values), on the other
hand, show sharp conditional probability mass increases near the period of interest.

It is anticipated that these disaggregation results will be of particular use in guiding
the selection of sample ground motion recordings for use in nonlinear dynamic founda-
tion and structural analysis.
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DISCUSSION

This paper has presented an explicit pulse–based PSHA method in terms to Sa, elas-
tic spectral acceleration, as the scalar ground motion intensity measure. It appears in the
development of the equations as well as in the illustrations. This intensity measure was
chosen because it is the conventional and most familiar one. The PSHA then provides
conventional uniform hazard spectra as well as insights from the disaggregation by pulse
and pulse period that supplement the conventional Mw, Rrup, and epsilon disaggregation
results. Together these results can be used much as they are now for near-source sites to
aid in the selection and scaling of recordings for use in foundation and structural dy-
namic analyses, e.g., to estimate the probability distribution of response given an Sa

value with a specified mean annual frequency. This may mean scaling to that Sa level a
sample of records chosen to reflect the causative magnitude, distance, and epsilon range,

Figure 12. Conditional probability density functions for Tp, given Sa=x and a pulse-like
ground motion for Mw 7.5: (a) Sa=0.4 g and (b) Sa=3.0 g for T=2 sec.
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plus, now, to reflect the correct fraction of pulse-like records together with their appro-
priate range of Tp values. In this way the effects of pulse-like records on, for example,
nonlinear response (described earlier) will be captured and their contribution to the seis-
mic threat ascertained. Analogous to the procedures that have been developed to deal
with the (local) peak-valley or “epsilon” effect (Baker and Cornell 2005, 2006), careful
record selection, and/or weighting, and/or local regression techniques may all help make
the assessment of structural response distributions easier in the near-source case as well,
although the dimensionality has been increased to include Tp. These procedures all re-
quire disaggregation results. For example, at 3.0 g intensity with Mw=7.5, if the total
ground motion needed is 30 records, engineers will then select 29 (i.e., 0.97�30) pulse-

Figure 13. Conditional probability density functions for Tp, given Sa=x and a pulse-like
ground motion for Mw 6.0: (a) Sa=0.2 g and (b) Sa=1.5 g for T=2 sec.
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like ground motions with Tp values that approximately match the distribution in Figure
12b and one non-pulse ground motion matching the Sa disaggregation on � (probably
the mean value in this case).

While written for Sa, the PSHA equations (e.g., Equation 3) also hold if Sa is re-
placed by virtually any other candidate scalar intensity measure (IM). In particular, they
hold if elastic Sa is replaced by Sdi, which has been shown (Luco 2002, Tothong and
Cornell 2006a, Luco and Cornell 2007, Tothong and Cornell 2007, Tothong and Luco
2007) to be a very effective IM. With Sdi as the IM in the explicit-pulse PSHA, again an
attenuation law for pulse-like ground motions would need to be created. The robustness
that Sdi has shown with respect to pulse-like ground motions in the past (e.g., Tothong
and Cornell 2006a, Tothong and Cornell 2007, Tothong and Luco 2007) suggests that
the (Sdi–based) epsilon versus T /Tp plots parallel to Figure 4 would be significantly dif-
ferent, with the mean lying closer to zero for all T /Tp. This robustness also suggests that
the shape of fTp�pulse,Sdi

would be less sensitive to the ground motion amplitude level and
to Tp. All this muting of the pulse effects implies that record selection and scaling should
be simpler if Sdi is used as the IM. Some of these same conclusions may also prove true
for IMs such as Sa−AVG, the spectral acceleration averaged over a relevant frequency
band. Finally, extension of the explicit-pulse PSHA to a vector IM such as �Sa ,� or
�Sa ,� ,Tp is also straightforward in principle.

CONCLUSIONS

A framework is proposed to incorporate accurately the effect of near-source pulse-
like ground motions into probabilistic seismic hazard analysis. The framework explicitly
incorporates the likelihood of experiencing pulse motions and the corresponding distri-
bution of pulse periods, Tp, into the analysis. The PSHA is separated into two parts:
non–near-source contribution and the near-source contribution. The former is simply a
conventional PSHA. The latter, or near-source, contribution is separated further into that
due to the event of experiencing a pulse-like motion and that when a pulse is not in evi-
dence. For the pulse case, a new narrowband modification for the ground motion attenu-
ation model needs to be developed. For the non-pulse but near-source case, the available
attenuation models may require at most minor parameter value changes.

The direct output of the analysis includes intensity measure hazard curves and uni-
form hazard spectra. To improve seismic hazard assessments, disaggregation results pro-
vide the conditional distributions of the causative event variables (i.e., �, Mw, distance,
P�pulse�, Tp, etc.) that are associated with a ground motion at a given intensity level. In
the same way that Mw, distance, and � disaggregation are provided in standard PSHA,
the near-source PSHA framework can provide disaggregation information for P�pulse�
and Tp distribution for a specified ground motion intensity level. This disaggregation in-
formation is important in selecting historical earthquake ground motions for structural
analyses because it improves the understanding of earthquakes and their effects on struc-
tures. The method is illustrated with elastic spectral acceleration as the intensity measure
using a simplified, preliminary model for the narrowband, pulse-like ground motion
model. The disaggregation results of P�pulse� and the conditional Tp distribution are

shown to vary with the intensity level.
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Once a PSHA analysis using the proposed procedure is complete and implemented,
it will not require additional effort from the engineers. It is simply a modification to,
e.g., the USGS hazard maps, together with supplementary information provided by dis-
aggregation regarding the contribution of pulse-like ground motions to the seismic haz-
ard. This extension will improve the usefulness and accuracy of PSHA results at sites
that might be subjected to near-source ground motions with pulse-like, forward-
directivity effects.
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