Bulletin of the Seismological Society of America

This copy is for distribution only by
the authors of the article and their institutions
in accordance with the Open Access Policy of the
Seismological Society of America.

For more information see the publications section
of the SSA website at www.seismosoc.org

SSh

THE SEISMOLOGICAL SOCIETY OF AMERICA

400 Evelyn Ave., Suite 201
Albany, CA 94706-1375

(510) 525-5474; FAX (510) 525-7204
WWW.S€1SmOs0C.0rg



Bulletin of the Seismological Society of America, Vol. 99, No. 6, pp. 3217-3233, December 2009, doi: 10.1785/0120080298

Empirical Equations for the Prediction of the Significant, Bracketed,

and Uniform Duration of Earthquake Ground Motion

by Julian J. Bommer, Peter J. Stafford, and John E. Alarcén

Abstract The complete characterization of earthquake ground motion includes the
length of the interval of strong shaking as well as the amplitude and frequency content
of the time series. There are relatively few published equations available for the pre-
diction of strong-motion duration from earthquakes, which may in part be a conse-
quence of the fact that the duration of shaking has generally not been considered in
structural engineering. Recognizing that there are many applications for which an es-
timate of the duration of ground motion is needed, this study presents new empirical
predictive equations for a number of definitions of strong-motion duration using the
records from the Next Generation of Attenuation (NGA) global database of acceler-
ograms from shallow crustal earthquakes. The equations can be used to estimate
ground-motion durations from shallow crustal earthquakes of magnitude between

M, 4.8 and 7.9 at distances up to 100 km from the source.

Introduction

Earthquake ground motion can be characterized by
many different parameters, each of which reflects some par-
ticular feature of the shaking such as the peak amplitudes, the
frequency content, or the energy carried in the signal. A com-
plete characterization of the ground motion must include a
measure of its duration, or more specifically the duration
of that part of the signal that is considered to be strong.
A large number of definitions of strong-motion duration have
been put forward in the literature, although these can gener-
ally be grouped into three generic categories (bracketed, uni-
form, and significant) and then classified by whether the
amplitude or energy thresholds used for their measurement
are absolute or relative to the peak value in the recording
(Bommer and Martinez-Pereira, 1999).

There is no clear consensus as to which of the multiple
definitions of duration is to be preferred, which probably re-
flects the fact that different definitions may be more or less
suitable for different applications. The real issue is that by
itself the duration of the motion conveys very little about
the ground shaking and its potential for causing damage,
and its influence generally needs to be quantified in relation
to another parameter of the ground motion. This is clear in
most methods for the assessment of liquefaction hazard,
where the capacity of the ground motion to trigger loss of
shear strength is a function of both the amplitude of the mo-
tion and its duration or the number of cycles. The apparent
role of duration in the response of the ground or structures
will depend on the primary ground-motion parameter used to
characterize the shaking. For two accelerograms with similar
amplitudes, the record with longer duration will generally be
more damaging, whereas for two records with the same

energy content, it is likely that the record with shorter dura-
tion would cause more destruction (Bommer and Martinez-
Pereira, 1999). For this reason, prediction of duration by
itself may be of limited value, and the long-term objective
of this study is to develop vector predictions of duration
in conjunction with other ground-motion parameters related
to amplitude and energy content (Bazzurro and Cornell,
2002). The derivation of equations for the stand-alone
prediction of duration measures is primarily a contribution
toward this goal and serves to explore the behavior of this
parameter, but the equations presented herein may also be of
use for a number of applications.

The importance of ground-motion duration in geotech-
nical engineering is universally recognized, the parameter
most widely adopted for this purpose usually being the num-
ber of cycles of motion (Liu et al., 2001; Green and Terri,
2005; Hancock and Bommer, 2005). Surprisingly, the num-
ber of cycles is found to be very poorly correlated with dura-
tion (Bommer et al., 2006). Therefore, in order to address the
need for direct prediction of the numbers of cycles, Stafford
and Bommer (2009) have recently derived empirical equa-
tions for this purpose.

The relevance of duration to structural response, how-
ever, is a subject of considerable debate. Hancock and
Bommer (2006) reviewed a large number of studies on this
subject and demonstrated that conclusions regarding the in-
fluence of duration on structural damage depend on several
factors including the type of structure examined, the other
parameters used to characterize the ground motion, and
the structural parameters used to quantify damage. Those
studies that characterize damage by maximum response

3217



3218

parameters find little or no influence of duration, whereas
those using cumulative measures, such as hysteretic energy
loss, find that the duration has an appreciable influence on
the level of damage. For structures whose stiffness and
strength degrade under the action of seismic shaking, such
as masonry buildings, the influence of duration can be pro-
nounced (e.g., Bommer et al., 2004), whereas the response of
steel structures, for example, would be expected to be far less
sensitive to duration. In their study of masonry structures,
Bommer et al. (2004) used the elastic acceleration response
as the primary parameter to characterize the ground motions
and noted that because this parameter has some degree of
correlation with the duration of the motion, the influence
of the latter may be partially concealed. In order to investi-
gate this issue, Hancock and Bommer (2007) used spectral
matching to produce a suite of accelerograms with almost
identical elastic response ordinates but with very different
durations, which were then applied to the analysis of a multi-
degree-of-freedom structure. The results confirmed that if
cumulative parameters are used to measure the damage, then
the duration of the motion is found to have a marked influ-
ence on the inelastic structural response. However, current
approaches to earthquake-resistant design and structural
analysis generally take no account of the duration of the
motion, and this parameter is not explicitly included in the
provisions of any seismic design code known to the authors.
One possible exception to this was the introduction of the
dominant earthquake magnitude—provided as the basis for
selecting the response period at which the constant displace-
ment plateau begins—in the 2003 National Earthquake
Hazards Reduction Program (NEHRP) provisions (BSSC,
2004), from which duration could also be inferred. The gen-
eral absence of direct reference to duration in seismic design
codes may partly explain why relatively little attention has
been given to the prediction of duration and why so few
equations have been published for the prediction of duration
compared to more widely used parameters such as response
spectral ordinates (e.g., Douglas, 2003).

One current development in earthquake engineering that
may provide additional motivation to derive equations for the
prediction of duration is displacement-based seismic design
(e.g., Priestley et al., 2007). Some approaches to this design
methodology use an equivalent linear system to represent the
inelastic deformation of a structure, with extended response
periods to model the decrease in stiffness as damage prog-
resses and increased equivalent viscous damping to represent
the dissipation of energy through hysteresis. The spectral
ordinates for damping levels higher than the nominal 5% of
critical usually assumed in seismic design codes are gener-
ally obtained by applying simple scaling factors—which are
functions of the target damping level—to the 5%-damped
displacement ordinates. In exploring the wide variation
among such scaling factors in design codes and in the litera-
ture, Bommer and Mendis (2005) found that the ratios of
spectral ordinates at different damping levels are strongly
dependent on the duration of the ground motion. Stafford,
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Mendis, and Bommer (2008) have subsequently derived
new scaling factors that are simultaneously functions of
the target damping level and the duration of the ground
motion.

Both to address the emerging needs in structural engi-
neering and as a first step in the development of vector pre-
dictions of ground-motion parameters coupled with duration,
this study uses a large global database of earthquake accel-
erograms to derive equations for the prediction of a number
of measures of strong-motion duration. In a way, this article
is an update and extension of the study of Kempton and
Stewart (2006), which presented equations for the prediction
of significant duration derived from the Next Generation of
Attenuation (NGA) dataset; this article explores alternative
functional forms for such equations and additionally presents
equations for the prediction of other definitions of duration.

Strong-Motion Database

The database employed for this study is essentially the
same as that used by Stafford and Bommer (2009) to derive
equations for the prediction of the number of cycles of mo-
tion. The records are extracted from the database compiled
for the NGA project (Chiou et al., 2008). The selection fol-
lows similar reasoning to that of Abrahamson and Silva
(2008) to include as many records as possible from shallow
crustal earthquakes worldwide but limiting the distance
range of records from non-western U.S. events to 100 km
to prevent differences in regional crustal structure from
becoming significant. While Abrahamson and Silva (2008)
retained records from western U.S. events with distances ex-
ceeding 100 km, in this study we remove these records. An
additional constraint applied by Stafford and Bommer (2009)
was to exclude records from events with depths to the top of
the rupture greater than 15 km. The associated metadata for
the final dataset of 2406 records were taken directly from the
NGA flatfile. The records are from 114 earthquakes with
moment magnitudes in the range from 4.8 to 7.9 and with
the following distribution of styles-of-faulting: 56 strike slip,
35 reverse or reverse oblique, and 23 normal or normal
oblique. The recordings are from sites with a wide range of
shear-wave velocities, ranging from just over 100 up to
2000 m/sec.

The explanatory variables adopted in this study are the
moment magnitude, M, the closest distance from the fault
rupture, Ry, (km), depth to the top of rupture, Z,,, (km), and
the average shear-wave velocity over the uppermost 30 m at
the site, V¢3¢ (m/sec). The influence of the style-of-faulting
is represented by a single parameter, F',, which takes a value
of 1 for reverse and reverse-oblique events and O for normal
and strike-slip ruptures. As explained in the following
section of the article, however, not all of these variables
are included in every predictive model.

The durations were calculated from the horizontal com-
ponents of the records according to a number of different
definitions. The first of these is the significant duration,
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Dg, which is defined as the interval between the times at
which different specified values of Arias intensity are
reached. Because the thresholds of Arias intensity used in
this case are relative to the total Arias intensity of the record,
the symbol Dgp, is used, with the second subscript indicating
the relative threshold. Two definitions of Dgg are used, both
starting at the point at which 5% of the total Arias intensity is
reached. The first definition measures the duration up to the
point at which 75% of the total is reached, while the other
extends to 95% of the Arias intensity; the former definition is
intended to capture the energy from the body waves whereas
the latter includes the full wave train.

The next definition of duration employed is the
bracketed duration, Dpg, which is defined as the interval
between the first and last excursion of a specified threshold
acceleration. The final definition is the uniform duration,
Dy;, which differs from the bracketed duration in that it only
considers the intervals for which the ground acceleration is
above the threshold, and therefore Dy, is always shorter than
Dy for a given record. For these two definitions, absolute
thresholds are used, whence the durations are represented
by the symbols Dy, and Dy, . Three threshold accelerations
are used with each definition, these being 0.025, 0.05, and
0.10g, whence in total six duration definitions are employed.
In using absolute thresholds of acceleration, clearly for any
component record for which the peak ground acceleration
(PGA) is below the threshold, the duration is zero, and hence
as the thresholds increase, the number of component records
with nonzero durations available for regression decreases.
The number of records available for the regression analysis
on each definition of duration are given in Table 1.

In calculating the durations, consideration must be given
to the treatment of the two horizontal components of each
accelerogram. Various different schemes have been used
for parameters related to the amplitude of the motion (Beyer
and Bommer, 2006), with the most popular in recent years
becoming the geometric mean of the values from the two
horizontal components and variations of this definition
(Boore et al., 2006; Watson-Lamprey and Boore, 2007).
For durations it is not clear what physical interpretation
one could give to the geometric mean, and for the Dgy
and Dy, definitions those records with one component
having zero duration would obviously create problems.
The approach adopted instead is to use both components
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of the records, which in effect represents the random com-
ponent of motion. The geometric mean component was orig-
inally introduced in strong-motion studies as a surrogate for
the random component, and it has subsequently been pointed
out that although median values of the two definitions may
be almost identical, the associated aleatory variability in each
case will differ due to the component-to-component variabil-
ity (Baker and Cornell, 2006). In this study we use the
method of Boore (2005) to calculate the component-to-
component variability and then use this to transform the stan-
dard deviation (sigma) of the random component to that for
the geometric mean. For this reason, Table 1 also indicates
the number of pairs of horizontal components available in
each case (i.e., both having nonzero duration values) for
calculating the component-to-component variability.

Regression Analyses

As noted in the Introduction, relatively few equations
have been published, at least in recent years, for the predic-
tion of ground-motion duration, so there is relatively little
guidance available on suitable functional forms. However,
Abrahamson and Silva (1996) have proposed a functional
form for the prediction of significant duration that is based
upon seismological considerations. More recently, Kempton
and Stewart (2006) have implemented the same basic func-
tional form for the scaling with respect to both magnitude
and distance. The rationale behind the selection of this func-
tional form is that the significant duration at the source can
be assumed equivalent to the source duration. For the predic-
tion of significant duration at a given site, this source dura-
tion must be modified to account for the effects of the travel
path and near-surface site effects, as well, potentially, as
other phenomena. From basic seismological theory, the
source duration may be assumed equal to the reciprocal of
the corner frequency, which may in turn be related to a
measure of the earthquake size as in equation (1):

DSR(Rrup =0)

_ 1 . 1 My\'/3

T fe(My,Ao)  49x10°6\Ac)
)

Here, (3 is the shear-wave velocity of the crust in the vicinity

of the source, Ao is the stress drop, and M, is the seismic
moment. Both Abrahamson and Silva (1996) and Kempton

Table 1
Sizes of Datasets Used for the Derivation of the Empirical Predictive Models for Different Measures of Duration
Dsp(5-75%)  Dsp(5-95%)  Dya(0.025)  Dya(0.050)  Dya(0.100)  Dga(0.025)  Dga(0.050)  Dga(0.100)
Eqgs 114 114 112 95 112 104 95
Recs 2406 2406 1918 853 1918 1456 854
Comps 4812 4812 3699 2681 1471 3706 2699 1487
Pairs 2406 2406 1795 652 1797 1272 657

Eqs, number of earthquakes contributing records; Recs, number of records contributing components; Comps,
number of components used; and Pairs, number of records with two nonzero durations on both horizontal components.
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and Stewart (2006) allowed the stress drop to be modeled as
a function of earthquake magnitude, although Kempton and
Stewart (2006) only used this form for Dgg (5-95%) and re-
tained a constant stress-drop model for Dgg (5-75%). Both
studies also made the sound assumption that the marginal
distribution of duration is lognormal. The base functional
form that was consequently adopted by these authors for
the magnitude scaling is therefore written as

In DSR(Rrup = 0)

1 explb; + by(M — M*)]~1/3
= 1n(4.9 < 1066{ 1015M+16.05 - (@)

Here, b, and b, are parameters to be obtained during the
regression analysis, and M* is a reference magnitude that is
simply selected by the analyst. The expression in equation (2)
is arrived at after following physical arguments but is not a
particularly elegant expression. From the perspective of re-
gression analysis it is preferable to recast the expression in
equation (2) in an equivalent, but simpler, form. Fortunately,
it is straightforward to do so, as can be appreciated from
equation (3):

In DSR(Rrup = 0)

- {%[16.05 In(10) — b, 4+ b,M*] — In(4.9 x 10%)}
+ B]n(lo) —%bz}M. 3)

In the present study, the basic scaling of durations with
respect to magnitude is therefore assumed to be linear and
equation (2) may be expressed in the far simpler equivalent
form as in equation (4), where ¢, and m, are parameters to be
obtained via regression analysis:

In DSR(Rrup = 0) = Cp + mlM. (4)

It is worth noting here that if the stress drop is modeled as a
constant with respect to magnitude, then one should expect
the coefficient m; to be approximately 1.15. Abrahamson
and Silva (1996), for Dgr(5-75%), and Kempton and
Stewart (2006), for Dgg(5-95%), found the value of b, to
be 0.85 and 0.82, respectively, which would indicate that
the coefficient on the magnitude scaling could be reduced
by about a quarter of a unit. While such considerations are
useful, one must always keep in mind that although the func-
tional form may be based upon physical reasoning, the final
model is entirely empirical and care should be taken when
inferring physical attributes from regression coefficients.
This is particularly true in the case where terms including
magnitude appear in other parts of the functional form.
For the present study, in addition to the basic scaling
with earthquake magnitude described by equation (4), the
functional forms that were considered included terms to
capture scaling with respect to distance, shear-wave velocity,
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the depth to the top of the earthquake fault rupture, and style-
of-faulting. For each of these effects several functional terms
were tested. The selection of the final form was driven by the
ability of the model to capture the scaling observed in the
empirical data in combination with a desire to adopt as sim-
ple a functional form as possible. Standard statistical metrics
were used to quantify the ability of a particular model to sat-
isfy both of these criteria. In particular, likelihood ratio tests
were conducted, and metrics, such as the Akaike information
criteria, the Bayesian information criteria, and the restricted
log-likelihood, were compared among the different models.
Residuals of the empirical models were checked and the sta-
tistical significance of all of the coefficients, as well as the
correlations among the coefficients, were inspected to ensure
that the empirical models that were derived were robust.

The final functional form that was adopted for the pre-
diction of significant duration, both Dgg(5-75%) and
Dgr(5-95%), is given in equation (5):

In Dgg (x) = ¢ + mM,, + (ry + r,My,) In ,/Rfup + h%
+ 0110 Vg + 21Zig;r- 5)

The coefficients of equation (5) were obtained using the nlme
package in R (Pinheiro ef al., 2008; R Core Development
Team, 2008). These coefficients are presented, along with
associated 95% confidence intervals, in Table 2. The coeffi-
cients ry, rp, hy, v, and z; are determined by regression to-
gether with the coefficients ¢, and m; introduced earlier. The
inclusion of the term representing the scaling with respect to
the depth to the top of rupture may surprise some readers.
However, the regression analysis indicates a very well-
constrained negative correlation between the logarithmic
duration and this depth measure. Within the dataset that is
used in this study there is a clear correlation between

Table 2
Parameters of the Regression Models for Significant
Durations with Relative Thresholds Defined
as 5-75% and 5-95% of Arias Intensity

Parameter Dgr (5-75%) Dgr (5-95%)
co —5.6298 + 0.9325 —2.2393 £ 0.8051
m 1.2619 £ 0.1401 0.9368 +0.1223
r 2.0063 £ 0.1845 1.5686 + 0.1489
) —0.252 +0.027 —0.1953 £ 0.0219
hy 2.3316 + —1.5293 2.5°
vy —0.29 £0.0338 —0.3478 £ 0.0274
Z1 —0.0522 + 0.0223 —0.0365 £ 0.0202
T 0.3527 £ 0.0577 0.3252 +0.0521
o 0.4304 £ 0.0116 0.346 £ 0.0107
o, 0.1729 % 0.0049 0.1114 + 0.0031
O ARB 0.5564 £ 0.0372 0.4748 £ 0.036
OT.GM 0.5289 £+ 0.0392 0.4616 + 0.0371

The plus and minus values define the approximate 95%
confidence interval for each parameter.

“Note that the parameter A, is fixed for the 5-95% case, for
which reason no confidence intervals are reported.
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magnitude and depth to the top of rupture, with larger events
tending to have smaller depths; it is likely that this correla-
tion is having some effect on the observed dependency.
However, Kagawa ef al. (2004) found that buried ruptures
tend to have larger stress drops, and we believe that the ob-
served scaling with respect to the depth to the top of rupture
can be primarily explained as a result of this. As the depth of
the event increases, the significant duration decreases for
an earthquake of the same magnitude. If the energy released
by an event is related to the earthquake magnitude, then
an increase in ground-motion amplitudes with increasing
stress drop for a given magnitude would simultaneously
lead to a shorter significant duration as is predicted by our
model.

The influence of the style-of-faulting was not found to
be statistically significant for these durations, and inspection
of the residuals with respect to this parameter confirmed that
its inclusion in the predictive model is not warranted.

In Table 2 the total standard deviation of the models is
represented in two ways, o7 agp and o7 gyv. As previously
discussed, the physical interpretation of the geometric mean
of duration is not as clear as it is for amplitude-based mea-
sures of ground motion. The regression analyses are there-
fore conducted using individual components, and the two
stated total standard deviations correspond to the total stan-
dard deviation obtained directly from the regression analysis,
o7 ARB» and that corresponding to the geometric mean dura-
tion, which is obtained through an adjustment of the o7 agp
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to account for the component-to-component variability, o.
The relationships among these variance components are
described formally in equations (6) and (7) in which 7 and
o represent the interevent and intraevent standard deviations,

respectively:
OTARB = Y/ 2+ 0% + 02, (6)
oT,GM = O—%,ARB - U%- (7N

In deriving the models for significant duration, a distinction
was made between aftershocks and mainshocks. The stan-
dard deviations of the aftershock recordings were found to
be ~15% larger than the mainshock records. In Table 2 the
standard deviations that are presented correspond to those for
mainshock events only.

Figures 1 and 2 show the residuals of the two definitions
of significant duration against the four predictor variables in-
cluded in equation (5), which confirm that the functional
form and fitting procedures are robust.

For the bracketed and uniform durations, the regression
approach of Stafford (2008) was implemented in order to ac-
count for the presence of components with zero-valued dura-
tions. This approach requires the prediction of the probability
that each component will not result in a zero-valued duration.
These values are equivalent to the probability that the PGA
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will exceed the absolute threshold for the duration definition
being considered. An empirical predictive model for PGA
is thus required, and we have adopted the NGA model of
Abrahamson and Silva (2008) for this purpose. The Abra-
hamson and Silva (2008) model is an obvious choice given
that the dataset used in this study is very similar to that used
by these authors. That said, a small adjustment must still be
made as although the datasets are very similar, they are not
the same, and we wish to ensure that our estimates of the
probability of observing a zero-valued duration are not
biased. Furthermore, the variability must be adjusted as the
study of Abrahamson and Silva (2008) combines the hori-
zontal components in a manner different from the approach
taken in this study. The adjustment that is required is dis-
cussed in Stafford (2008).

The same rationale that was used to arrive at the func-
tional form for the equations for significant duration was fol-
lowed in order to select those for the bracketed and uniform
durations. However, one additional factor that was consid-
ered is that the bracketed and uniform durations are inher-
ently far less predictable than the significant durations.
Given this reality, we placed greater emphasis on the selec-
tion of simple functional forms. We adopted the philosophy
that while it may be possible to identify more complex
expressions with statistically significant terms, the resulting
reduction in variance is very minor, and we struggle to pro-
vide physical arguments to support the inclusion of these
additional expressions.

Intra-event Residuals

Intra-event Residuals
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100 200 300
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Residual plots for significant duration Dgg (5-95%).

The same functional form was adopted for both
bracketed and uniform duration as both measures behave in
a similar manner. The final regression coefficients were ob-
tained using purpose-built scripts in MATLAB, but the pre-
liminary testing of functional forms was carried out using
the nlme package of R. The final functional forms for
bracketed and uniform duration are given in equations (8)
and (9), respectively:

lnDBA()C) = Cy + mlMW + ry ln WR%up + ]’l%

+ Uy In VS30 + lerva (8)
lnDUA(x) = Cp + mlMW + r ln \’ngup + ]’l%
+ 01 In Vg + f1F,,. )

Bommer et al. (2003) have discussed the various ways in
which the style-of-faulting influences ground-motion ampli-
tudes. Typically, a distinction is made between normal,
strike-slip, and reverse-faulting events. However, in equa-
tions (8) and (9), a factor is only included to increase the
bracketed and uniform durations associated with reverse-
faulting events. A distinction between strike-slip and normal
events was considered but was found to be statistically insig-
nificant. The increase in duration associated with reverse-
faulting events can easily be explained by virtue of the fact
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that ground-motion amplitudes increase for these types of
events and that the threshold acceleration level is therefore
likely to be exceeded for longer periods of time.

As previously mentioned, regression is performed using
the individual components and the component-to-component
standard deviation, o, is estimated using all records for which
both horizontal components are nonzero valued. The number
of records for which this condition holds is given in Table 1.
The final coefficients for the models defined by equations (8)
and (9) are given in Tables 3 and 4, respectively. In these
tables, in addition to the coefficients and variance components
that were given in Table 2 for the significant durations, two
correlation coefficients are also provided, p, and p,. The cor-
relation coefficients are estimated directly as part of the
regression approach of Stafford (2008). The p, value repre-
sents the correlation between the interevent residuals of the
predictions of PGA and the duration measure in question,
while the p. value represents the corresponding correlation
between the intraevent residuals.

The final consideration in the development of the mod-
els was to explore the inclusion of rupture directivity effects.
Somerville et al. (1997) showed that forward rupture direc-
tivity generally produces motions of shorter duration as a re-
sult of the almost simultaneous arrival of waves emanating
from different portions of the fault rupture, whereas in the
backward directivity region the separation of these waves re-
sults in signals of extended duration. Somerville et al. (1997)
derived factors for the adjustment of empirical predictions of
Dgr (5-75%) based on the proportion of the total rupture be-
tween the epicenter and the recording station and the azimuth
of the epicenter—station path with respect to the fault strike
for strike-slip events; for dip-slip events an analogous param-
eterization was suggested. Within the framework of the NGA
project, Spudich and Chiou (2008) developed new rupture
directivity factors for the adjustment of predicted spectral or-
dinates from the NGA equations. The Spudich and Chiou

(2008) study aimed to address some shortcomings identified
in the formulation of Somerville et al. (1997) and defined an
isochrone directivity parameter (IDP). The intraevent resid-
uals of the durations predicted by the equations developed
in this study were examined for trends with respect to the
IDP of Spudich and Chiou (2008). For the significant dura-
tion Dgr(5-75%), Figure 3 shows the residuals with respect
to IDP for data grouped into magnitude and distance bins,
which indicate that there are no clear and consistent trends
with respect to this parameter, particularly in those bins (larg-
er magnitudes and shorter distances) where rupture directiv-
ity effects would be expected to be most pronounced. Similar
considerations were also made for the absolute durations, for
which it was possible to observe some weak trends. How-
ever, the aleatory variability that exists for these measures
of duration is very large, and the increase in complexity re-
sulting from the introduction of terms for modeling directiv-
ity effects is not warranted. As the reduction in aleatory
variability that results from the inclusion of the directivity
terms is very minor, it was considered preferable to maintain
as simple a functional form as possible. For this reason, rup-
ture directivity has not been included as an explanatory vari-
able in the models presented herein. It should be noted that
Kempton and Stewart (2006) presented a model to account
for rupture directivity effects. They initially attempted to in-
corporate the rupture directivity parameter (RDP) proposed
by Somerville et al. (1997) but found no significant correla-
tion with this parameter, except for the case of strike-slip rup-
tures and only for forward directivity (i.e., no corresponding
increase in duration was found for the backward directivity
region). Kempton and Stewart (2006) eventually proposed a
linear adjustment (having a negative correlation with increas-
ing distance out to 20 km from the source) to their base-
model predictions in order to account for forward directivity
effects. However, Kempton and Stewart (2006) state that this
adjustment may be interpreted as a directivity effect for

Table 3

Parameters of the Regression Models for Bracketed Durations with Absolute Thresholds
of 0.025, 0.050, and 0.100g

Dpa (0.0509) Dpa (0.100g)

Parameter Dga (0.025¢)
Co 9.6688 + 3.463
ny 1.3798 £+ 0.0546
8 —3.1204 £ 0.7236
hy 46.3141 4 20.8243
U1 —0.6247 £ 0.0895
S 0.173 £ 0.0863
T 0.5017 £+ 0.0076
o 1.0265 £+ 0.0065
O¢ 0.4478 £+ 0.0146

OT,ARB 1.2271 £ 0.0033

OT.GM 1.1425 4+ 0.0057
Pn 0.0119 +£0.1844
Pe 0.429 £ 0.0263

3.0982 £ 1.6243
1.6885 £ 0.0849
—2.2715 +£0.3376
19.3897 & 7.3035
—0.7994 + 0.1339
0.145 £ 0.1287
0.5652 +0.0138
1.2743 £ 0.0113
0.597 £ 0.0232
1.5165 £ 0.0058
1.394 4+ 0.0099
0.2211 £ 0.1754
0.5076 4 0.028

0.6342 + 1.8931
1.7122 £ 0.1315
—2.7126 + 0.369
11.1824 4 4.292
—0.5269 + 0.2161
0.1486 + 0.1941
1.0273 £ 0.0669
1.3983 £ 0.0222
0.7261 £ 0.0393
1.8809 4 0.0371
1.7351 £ 0.0164
0.6417 + 0.1085
0.5193 £ 0.0371

The plus and minus values define the approximate 95% confidence interval for each parameter.
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Parameters of the Regression Models for Uniform Durations with Absolute Thresholds
of 0.025, 0.050, and 0.100g

Dya (0.0509)

Dya(0.100g)

Parameter Dya(0.0259)
Co 5.5325 + 1.2505
m 1.5598 + 0.0613
r —2.6156 + 0.2603
hy 22.5475 + 5.5147
v —0.9392 + 0.0914
fi 0.2275 + 0.0872
T 0.6287 +0.0123
o 1.07 £ 0.0035
o, 0.3294 +0.0108

OT ARB 1.284 + 0.0061

OT.GM 1.241 £ 0.0029
Py 0.0555 & 0.1838
Pe 0.7449 £ 0.0143

3.626 £ 1.1044
1.5675 +0.0811
—2.5499 +0.2144
12.6151 &+ 3.1416
—0.9929 £ 0.123
0.207 £0.1174
0.6758 £ 0.0177
1.1911 £ 0.0057
0.4018 +0.0156
1.4272 £ 0.0086
1.3694 £ 0.0046
0.2482 +0.173
0.796 £+ 0.0139

0.6011 £ 1.4784
1.536 +0.1139
—2.603 £ 0.2542
7.7907 £ 2.4482
—0.7645 + 0.1937
0.2902 + 0.1746
0.784 £+ 0.0335
1.2856 £+ 0.0103
0.456 £ 0.0248
1.5733 £0.0173
1.5058 £ 0.0075
0.0097 £ 0.1844
0.8079 £ 0.0177

The plus and minus values define the approximate 95% confidence interval for each parameter.

strike-slip events and the Dgg(5-75%) duration definition,
but that in other cases these terms are effectively correcting
for a bias in the distance scaling of the base model. Figure 4
presents residuals grouped as in Figure 3 plotted against the
RDP parameter, and once again no consistent and statistically
significant trends are found. It therefore seems that although
one may anticipate that rupture directivity should be incor-
porated into predictive equations for duration measures, we
are not currently able to adequately capture this phenomenon
with empirical models.

A final point worthy of note is that in order to explore
the sensitivity of the magnitude scaling in our models, we
performed the regressions with various subsets of the data,
firstly removing all of the recordings from 1999 Chi-Chi
earthquakes. Additionally, we performed the regressions
after removing poorly recorded events (defined, in different
experiments, as producing less than 5, less than 10, and less
than 15 records) from both the datasets, with and without
Chi-Chi. The coefficients do, of course, change as a result
but the changes were neither systematic nor significant in
terms of the medians; the only difference being, as expected,
a reduction in the interevent standard deviation when poorly
recorded events are removed. The results presented in the
article, and recommended for use, are those obtained from
the full dataset.

New Predictive Equations and Comparison with
Previous Studies

As noted previously, there are relatively few published
equations for the prediction of strong-motion durations, and
many of those that are available are sufficiently old to be
considered obsolete. This limits the scope for making com-
parisons of the predictions from the new equations with those
from existing models, not least because some of the older
models use such different parameter definitions that several
adjustments would be required to achieve compatibility be-

fore making the comparisons. Nonetheless, a few graphical
comparisons are made in order to illustrate and assess the
performance of the new equations.

In Figure 5 the new predictions for significant durations
are shown for various combinations of magnitude and dis-
tance and compared with those from Abrahamson and Silva
(1996) and Kempton and Stewart (2006). The first observa-
tion that can be made is the great similarity between the pre-
dictions from the other two equations, although this is not
very surprising considering that they use very similar func-
tional forms. As noted earlier, this form consists of some
physically based reasoning, that is, that the significant dura-
tion at short distances is equivalent to the source duration and
that the relationship that the source duration is approximately
equal to the reciprocal of the corner frequency holds. The
authors of the other equations then adjust this slightly to
allow for a magnitude-dependent stress drop and include
additive terms for both distance and site class, which may
not capture well the dependence on distance.

Although not identical, the predictions from our equa-
tions are broadly consistent with those from the other equa-
tions at short distances from the source, where the duration of
shaking is expected to be controlled by the duration of the
rupture. The most important difference between the pre-
viously published models and our own is the dependence
of the significant duration on distance. In the previous mod-
els, with increasing distance one observes decreasing ampli-
tudes and an increased wave-train length. If the distribution
of energy within the signal remains roughly constant with
increasing distance, then the significant duration should con-
tinue to increase indefinitely as suggested by these models.
The scaling that we obtain suggests that, initially, the increas-
ing length of the wave train is important and that the energy
is partitioned from direct arrivals into the indirect arrivals. In
this case the Arias intensity consists of significant contribu-
tions from both of these wave types. However, after some
distance the relative contribution to the Arias intensity of
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Isochrone Directivity Parameter (IDP)

Isochrone Directivity Parameter (IDP)

Intraevent residuals for the Dgg (5-75%) significant duration model plotted against the IDP of Spudich and Chiou (2008). The

residuals are grouped according to magnitude—distance bins as shown on the individual panels. The solid line represents a linear regression
through the residuals, and the dashed lines represent the 95% prediction interval for this linear regression.

the indirect arrivals lessens. This may be due to much of
these components being high-frequency waves whose ampli-
tudes are decaying quite rapidly. The net effect is that the
significant duration does not continue to increase indefi-
nitely and that the bulk of the energy in the motion comes
from wave arrivals occurring early in the signal. A degree of
saturation of the duration with both magnitude and distance,
as indicated by our models, seems reasonable.

A particular difference between our predictions and
those from the earlier models is the absence of the marked
increase that the previous models indicate as event size in-
creases from magnitude 7 to 8 (where, it should be noted, the
data are still relatively sparse) for distant sites. For very large

earthquakes the length of the fault rupture becomes so large
that sites close to one end of the fault are effectively unaware
of the seismic energy radiated from the other end of the
rupture. The empirical relationship of Wells and Copper-
smith (1994) for strike-slip earthquakes indicates that for
a magnitude 8 event the median fault rupture length would
be 245 km.

The crossover for the durations at different distances in
the left-hand frames is obviously unexpected, but it is very
small. The important point is that referring back to Figures 1
and 2, the residuals do not show any trend with magnitude or
distance, suggesting that the model is appropriate. Although
not shown, when we conduct a regression analysis using the
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functional form of Kempton and Stewart (2006) and the
dataset used in this study, we find significant trends in
the residuals with respect to both distance and shear-wave
velocity. These findings provide us with confidence in depart-
ing from the functional form suggested by Abrahamson and
Silva (1996) and adapted by Kempton and Stewart (2006).
By way of exploring the validity of the inferred magni-
tude and distance dependence in our models, the expected
values of significant duration for different combinations of
predictor variables are estimated from the model of Stafford
et al. (2009) for an energy-based envelope function for earth-
quake accelerograms. Because this envelope function is di-

rectly related to the Arias intensity, it can be used to calculate
the significant durations based on build-up of this parameter.
Figure 6 compares predicted median durations from the mod-
els presented in this article and from the envelope function of
Stafford et al. (2009), from which it can be seen that the over-
all behavior, particularly in terms of saturation with magni-
tude and distance, is common to both approaches. Although
this cannot be considered as independent validation of the
new models, we believe this does provide corroboration
for the models presented in this article.

The models for significant duration that are presented
herein scale in a very simple way with respect to both
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Comparison of empirical predictive models for significant duration. Here the comparison is made between the models of

Abrahamson and Silva (1996), Kempton and Stewart (2006), and that of this study. For the plots against rupture distance, a depth to
the top of a rupture of zero is assumed for the model of this study, and for the plots against magnitude this parameter is prescribed so
that it decreases with increasing magnitude. The variation of Z,,, with M, is modeled using a cubic polynomial fit through the data used

to derive the regression model.

shear-wave velocity and the depth to the top of the rupture.
Given that the Dgr (5-95%) is defined so as to capture the
duration of the entire wave train, one might anticipate that
the influence of local soil conditions would be more marked
for this measure. However, Figure 7 presents plots of the
significant durations with respect to both depth to the top
of rupture and shear-wave velocity, and from inspection of
this figure it may be appreciated that the scaling for
both Dgr (5-75%) and Dgg(5-95%) is very similar in both
cases.

With regard to the right-hand panels of Figure 7, it can
be seen that the new models predicted a clear dependence on
the shear-wave velocity with, as would be expected, longer
durations on softer sites. Direct comparison with the Vg3
dependence in the Kempton and Stewart (2006) model is dif-
ficult because whereas in our equations the influence of this

parameter on duration is multiplicative, in their model it is
additive. For the two bounding values of Vg3, shown in
Figure 7 (180 and 760 m/sec), Kempton and Stewart (2006)
predict increases of 0.75 and 2.38 sec for the 5-75% and
5-95% significant durations, respectively, which are on the
same order as those from our model for most magnitude and
distance ranges of engineering interest.

Figure 8 compares median predictions of the six dura-
tions based on absolute thresholds for which new equations
have been derived, for three magnitudes and a range of
distances. The behavior is as would be expected: the
bracketed durations are consistently greater than the uni-
form durations for a given threshold. For a given acceler-
ogram, both definitions yield a value of zero when the
threshold is equal to the PGA and become equal to the total
duration of the record as the threshold tends to zero, but for
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all intermediate values Dy, is always larger than Dyy,,
and this is confirmed by the predictions. Another expected
feature of the predictions, following the previous discus-
sion, is that at greater distances from the source, where
the PGA level will be expected to reduce to close to the
threshold accelerations, both durations should converge to
zero. Although not immediately apparent in these plots on
logarithmic axes, the differences between the Dga(0.10g)
and Dy, (0.10g) durations at 100 km is a small fraction
of a second for all magnitudes.

Figure 9 compares predictions of bracketed duration
from the new equations with three previously published
models, one derived from Japanese data (Kawashima and Ai-
zawa, 1989) and two derived from Greek strong-motion data
(Papazachos et al., 1992; Koutrakis et al., 2002). These com-
parisons are hampered by the use of different parameter de-
finitions in the models; adjustments are made for magnitude
scales as explained in the figure caption. There is a very high

degree of divergence amongst the predictions, with those
from the new models generally being appreciably lower than
the durations obtained from the other models. Although we
do not have any suggestions for why this might be the case,
some of the durations predicted by the other models do seem
highly suspect: for an earthquake of M, 5.5, the Papazachos
et al. (1992) model predicts 20 sec of shaking exceeding 0.1g
close to the source, and this value becomes greater than
100 sec for an event of M, 7.5. Another feature of the
new models that differs from those published previously
is the more rapid decay of the bracketed durations with dis-
tance, but this can be easily explained as a consequence of
the present study implicitly accounting for the components
of motion that yield durations of zero. All of the other studies
have simply neglected these records and thus have positively
biased (overestimated) predictions at increasing distances.
The extent of this overprediction has been demonstrated
by Stafford (2008).
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Concluding Remarks

This article has presented new equations for the predic-
tion of eight different measures of ground-motion duration,
applicable to sites at up to 100 km from shallow crustal earth-
quakes of magnitude from M,, 4.8 to 7.9. The models are
based on simple functional forms and include only a small
number of explanatory variables, achieving what we consid-
er a good balance between reduced aleatory variability and
model complexity. The models include magnitude, distance,
site classification (Vg33), and either depth-to-top-of-rupture
or style-of-faulting depending on the duration definition
under consideration. Interestingly, the influence of fault
rupture directivity does not appear strong enough to warrant
its inclusion in the models, because only a very modest
reduction in variability is achieved for a large increase of
complexity. For situations in which it is thought that rupture
directivity effects may significantly alter the predicted dura-
tion values, numerical analyses may be required as current

empirical models are not able to capture this effect in a robust
manner.

The new models for duration measures based on abso-
lute acceleration thresholds appear to perform consistently
better than previously published models for similar measures
of strong-motion duration. The new models for significant
durations predict values that are broadly comparable to those
obtained from other relatively recent models but do not pre-
dict durations that increase monotonically with increasing
distance. For the case of bracketed and absolute durations,
we are of the view that the new models should always be
used in preference to the previously published equations,
which we believe are generally flawed, and this is an impor-
tant contribution of this article to have provided robust mod-
els for these parameters. For the case of significant durations,
however, we do not believe that our models necessarily
supersede those of Kempton and Stewart (2006), but rather
represent an alternative interpretation of the same dataset.
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In that sense, the difference between our predictions could be
considered to represent epistemic uncertainty in the estima-
tion of this parameter. Therefore, a legitimate approach for
seismic hazard assessment in terms of significant duration in
regions of shallow crustal seismicity would be to combine
these equations within a logic-tree framework in the same
way as would be done for spectral accelerations (Bommer
et al., 2005).

We believe that these new equations can be applied with
confidence in active regions of shallow crustal seismicity,
within the ranges of applicability in terms of magnitude
and distance (Bommer et al., 2007). The equations have been
derived using the NGA dataset, which is dominated by re-
cordings from western North America and from Taiwan,
but also includes data from other active crustal regions in-
cluding southern Europe, Turkey, and the Middle East.
The NGA database was compiled for the specific purpose
of deriving spectral acceleration prediction equations primar-

ily for application in coastal California, but it has been shown
that they are also applicable to the prediction of response
spectrum ordinates in Europe and the Middle East (Stafford,
Strasser, and Bommer, 2008). Although no specific tests
using data from the latter region have been carried out, there
is no obvious reason why the equations presented in this
article should not be used for the estimation of duration
of shaking from shallow crustal earthquakes in Europe
and the Middle East, and indeed any other active crustal
region.

Because an estimation of duration would usually be
required in conjunction with other parameters of the ground
motion, probably related to amplitude, caution must be
applied in how durations are calculated, especially within
the framework of probabilistic seismic hazard analysis
(PSHA). If PSHA is used to determine ground motions for
design or assessment, then rather than employing these equa-
tions directly in the hazard calculations, the hazard in terms
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of the amplitude-based parameter (such as the spectral ordi-
nate at the fundamental period of the structure of interest)
should be disaggregated in order to determine the dominant
earthquake scenario in terms of magnitude and distance from
the site. The equations presented in this article can then be

employed to calculate the duration corresponding to this sce-
nario. A preferable approach would be to calculate the hazard
in terms of a vector of the amplitude-based parameter and the
duration simultaneously. This requires coupled predictions
of duration and other strong-motion parameters including
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the correlations of their residuals. The next stage of this work
will develop such models.

Data and Resources

The accelerograms and the associated metadata that
were used in this study were obtained from the Pacific Earth-
quake Engineering Research (PEER) NGA strong-motion
database at http://peer.berkeley.edu/nga/ (last accessed
July 2009).
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