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a b s t r a c t

Considering multiple ground motion intensity measures is important in seismic hazard analysis and

ground motion selection process. Using the NGA strong motion database and recently developed

ground-motion prediction models, empirical correlations are developed between cumulative absolute

velocity (CAV) and spectral accelerations (Sa) at periods from 0.01 to 10 s. The CAV–Sa correlations at

long periods are significantly influenced by rupture distance due to modification of the frequency

content and duration of the acceleration time history through travel path. Similarly, the presence of

strong velocity pulses in near-source ground motions also affects the correlations at moderate to long

periods. On the other hand, the correlations are not particularly sensitive to the earthquake magnitude,

orientation of the ground-motion recordings, selection of ground-motion prediction models and local

site conditions. Piecewise linear fitting equations are provided to quantify the correlations for various

cases. The application of the CAV–Sa correlations in ground motion selection process is also discussed.

& 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Ground motion intensity measures (IMs) are often used to
represent different characteristics of earthquake ground motions.
The commonly used ground motion intensity measures (IMs) can
be summarized into different categories: (a) the peak values of
ground motion time histories, including the peak ground accel-
eration (PGA), peak ground velocity (PGV), and peak ground
displacement (PGD); (b) the response spectrum representing the
peak response of a single-degree-of-freedom (SDOF) system; (c)
the integral forms of the spectral acceleration values over period
ranges of interest, including Spectrum Intensity [1], Acceleration
Spectrum Intensity [2], and more recently, Displacement Spec-
trum Intensity [3]; (d) intensity measures related to the time
integration of acceleration time histories, including Arias Inten-
sity [4], Cumulative Absolute Velocity and its variants [5,6], as
well as the time rate of Arias Intensity [7]; and (e) other intensity
measures such as the duration of earthquake ground motions.

Correlating critical ground motion IMs with structural damages
has been one of the most important topics in earthquake engineer-
ing. Particularly, the spectral acceleration (Sa) is one of the most
popular ground motion IMs in earthquake engineering. Previous
studies indicate that inelastic structural response is closely corre-
lated with the spectral accelerations of input motions over an
appropriate period range [8]. However, due to complexity of ground
motion time histories, no single IM was found to be sufficient to
ll rights reserved.

: þ852 2358 1534.
characterize all important aspects of earthquake ground motions.
For example, Cumulative Absolute Velocity (CAV) includes the
cumulative effects of the ground shaking duration, which cannot
be captured by the peak values of ground motion, such as PGA, and
its response spectrum. CAV and its variants are found to have
superior capacities than PGA in predicting the earthquake-induced
soil liquefaction [9,10]. Therefore, it is necessary to incorporate
multiple ground motion parameters in practice to better character-
ize earthquake ground motions. For example, the US Nuclear
Regulatory Commission adopted both CAV and spectral acceleration
checks in early warning systems to mandate the shutdown of a
nuclear power plant when an earthquake occurs [11].

However, little effort has been devoted in the past to the statistical
relationships between CAV and spectral accelerations. This study will
develop empirical correlations between CAV and spectral accelera-
tions based on the NGA strong motion database and recently deve-
loped ground-motion prediction models. Influencing factors such as
earthquake magnitude, rupture distance, local site conditions, and
presence of velocity pulses in the ground motion time histories will
be studied. The proposed correlation model provides useful means to
characterize the joint occurrence of these two important IMs, whose
application in ground motion selection will be briefly discussed.

2. Empirical CAV–Sa correlation

Cumulative Absolute Velocity (CAV) is defined as the time
integration of the absolute acceleration time history as follows:

CAV¼

Z ttotal

0
9aðtÞ9dt ð1Þ
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where 9a(t)9 is the absolute value of the acceleration time history,
and ttotal is the total duration of the ground motion. CAV assumes
the unit of g � s throughout the paper, where g is gravitational
acceleration. Since small-amplitude accelerations usually do not
contribute to structural damages, several variations of CAV were
proposed to exclude these small-amplitude accelerations into
the time integration in Eq. (1) so as to better represent long period
characteristics of the ground motion. EERI (1991) proposed a
standardized CAV, which only integrates accelerations whose
peak value exceeds a threshold value of 0.025g within a one-
second time interval. Another useful CAV variant, CAV5, is defined
to exclude these acceleration values smaller than a threshold
value of 5 cm/s2 [9]. However, exclusion of low-amplitude accel-
erations from contributing to CAV variants also results in a relative
small number of nonzero values, leading to a decreased stability in
predicting these IMs [12]. Therefore, in this study we will limit our
efforts to the development of correlations between CAV and spectral
accelerations. Correlations for CAV variants will be a subject of a
future study.

Among a few available ground-motion prediction models for
CAV, the model recently developed by Campbell and Bozorgnia
[12] is used in this study (henceforth referred to as the CB2010
model). The model is built on the efforts of the PEER-Next Genera-
tion Attenuation (NGA) relationships for shallow crustal earthquakes
in active tectonic regions. One distinctive feature of the CB2010
model is that it utilizes the same functional form and database as
these used in developing the NGA model for spectral accelerations
(termed as the CB2008 model) by the same authors [13]. Detailed
information about the strong motion database is provided in [14].
The ground motion database was carefully compiled to exclude
aftershock records, non-free field site conditions, low quality data,
non-shallow crustal events and data with missing horizontal com-
ponents. This study employs a subset of the above database
containing 1363 pairs of horizontal recordings from 59 events with
magnitudes ranging from 5–7.9 and rupture distances ranging from
0 to 200 km. Due to limitations of strong motion instruments, each
recorded time history has a maximum usable period that is related
to filtering in signal processing to remove long-period noise. Filter-
ing results in suppression of ground motion amplitudes and energy
at periods longer than the maximum usable period, such that the
motion is not representative of the real ground response over those
period ranges. Therefore, only records with a maximum usable
period greater than the specified spectral period will be used to
compute the CAV–Sa correlation at that period. Hence the number
of usable records used in computing CAV–Sa correlations decreases
as the spectral period increases. For example, a total of 1363 pairs of
records are used at period of 0.01 s, and the number decreases to
533 at period of 10 s.

The ground-motion prediction models typically assume the
observed logarithmic spectral acceleration at a spectral period T,
denoted as ln SaðTÞ, and the logarithmic cumulative absolute velo-
city, denoted as lnCAV , of a ground motion record follow lognormal
distribution, and can be written as follows:

lnSaðTÞ ¼ mln SaðM,R,y,TÞþeln SaðTÞsln SaðTÞ ð1Þ

lnCAV¼ mln CAV ðM,R,yÞþeln CAVsln CAV ð2Þ

where mln Sa and mlnCAV are the median estimates of lnSa and
lnCAV by ground-motion prediction models, e.g. [12,13], which
are a function of the earthquake magnitude (M), certain measures
of source-to-site distance (R), and other parameters (y) that might
be related to styles of faulting and local site conditions. The total
residuals, denoted by terms eln SaðTÞUsln SaðTÞ and eln CAVUsln CAV ,
quantify the differences between the observed and the predicted
IMs. The total residuals represent the aleatory uncertainty of the
intensity measure and are often found to be normally distributed.
The standard deviation of the total residuals is also often provided
by the ground-motion prediction model, and is denoted as sln SaðTÞ

and sln CAV respectively. The CB2008 and CB2010 models showed
that the aleatory uncertainty associated with CAV is significantly
smaller than that associated with spectral accelerations at any
period, e.g., sln CAV is 20%, 33%, 40% and 49% smaller than sln SaðTÞ

at T¼0.01 s, 1 s, 5 s and 10 s, respectively. Therefore, CAV has less
aleatory uncertainty and a higher degree of predictability than
spectral accelerations.

The epsilon terms, eln SaðTÞ and eln CAV , in Eqs. (1) and (2)
respectively represent the number of standard deviations by which
the difference between the observed and the predicted logarithmic
IMs is measured [15]. Epsilons are also called standardized total
residuals, standard scores, or z-scores. They have often been used in
probabilistic seismic hazard analysis and hazard degradation. To
compute the epsilons, the predicted logarithmic IMs and their
standard deviations of total residuals are obtained for each record
and each spectral period using prediction models. We performed
statistical analysis and verified that eln SaðTÞ or eln CAV can be well
approximated by a standard normal distribution with an expected
zero mean and a unit standard deviation. Fig. 1 shows the scatter-
plots of the obtained eln SaðTÞ and eln CAV at different periods. No
obvious nonlinear pattern is observed between these two variables,
indicating that the correlation coefficient could provide a reliable
measure of the strength of the linear relationship between them. The
correlation coefficients between epsilon terms are evaluated using
the well-known Pearson product-moment correlation coefficient
formulation [16]

rln CAV ,ln SaðTÞ ¼

Pn
i ¼ 1ðe

ðiÞ
ln CAV�eln CAV Þðe

ðiÞ
ln SaðTÞ�eln SaðTÞ ÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn

i ¼ 1 ðe
ðiÞ
ln CAV�eln CAV Þ

2Pn
j ¼ 1 ðe

ðjÞ
ln SaðTÞ�eln SaðTÞ Þ

2
q

ð3Þ

where N is the total number of usable records for the correlation at
period T, the superscript (i) denotes that the term is evaluated for the
i-th record. The bar overhead designates the sample mean of each
variable.

Using Eq. (3), the correlation coefficient is evaluated at 21 discrete
spectral periods from 0.01 s to 10 s, as is illustrated in Fig. 2. It may
be tempting to tabulate these values directly for each period, yet a
simple fitting function is much more convenient for practical
application. As is observed in Fig. 2, the correlation coefficient attains
a peak value at T¼0.01 s, and decreases as T increases to 0.1 s. The
correlation coefficient increases again at moderate periods around
0.5 s, which approximately corresponds to the predominant period
of earthquakes. The correlation coefficient generally decreases when
T increases from 0.5 s to 10 s. Note that the correlations are between
epsilon terms of two IMs, not their absolute values. The results can
be interpreted as such that if CAV of a ground motion is greater than
its expected value, its spectral accelerations at short-to-moderate
periods, compared with these at long periods, are more likely to be
greater than their expected values. Based on above observations,
the following piecewise linear equation is proposed to approximate
the CAV–Sa correlation:

rðTÞ � rln CAV ,ln SaðTÞ ¼ riþ
logðT=TiÞ

logðTiþ1=TiÞ
ðriþ1�riÞ if TirTrTiþ1

ð4Þ

The above equation shows the correlation coefficient is linearly
interpolated (in log T scale) between ri and riþ1 values at Ti and
Tiþ1 respectively. Usually, a linear interpolation through five or six
discrete points can well approximate the empirical data. As is
shown in Fig. 2, six periods T1, T2, T3, T4, T5, and T6 are chosen as
0.025 s, 0.12 s, 0.5 s 2 s, 4 s, and 10 s respectively to capture the
overall shape of the correlation coefficients over the period range
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Fig. 2. CAV–Sa correlations using the CB2008 NGA model.
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Fig. 1. Scatterplots of epsilons for lnCAV and lnSa(T) at different spectral periods.
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from 0.01 s to 10 s. The correlation coefficient assumes to be
constant if ToT1. Nonlinear regression analysis was performed to
determine ri values that best fit all empirical data, and the results
are listed in Table 1. The misfit error is generally smaller than 0.01
at any period. The piecewise linear function will also be used in the
later sections to quantify the correlation coefficients for various
cases. We have to clarify that the fitting function is provided in this
study solely as a convenient way to represent the empirical data,
without intention for any theoretical implication.

As only a finite number of recordings are used to determine
the correlation coefficient in Eq. (3), the result contains epistemic
uncertainty, which can be estimated using Fisher transformation
[16]. The Fisher transformation converts the correlation coeffi-
cient r into a transformed variable z

z¼
1

2
ln

1þr
1�r

� �
¼ tanh�1r ð5Þ

where z approximately follows a normal distribution. One important
property of the Fisher transformation is that it is an approximate
variance-stabilizing method: while the variance of the correlation
coefficient r usually becomes smaller when it approaches 1 or �1,
the variance of the transformed variable z is approximately constant.
The standard deviation of z can be estimated based on sample size
via the following equation:

stdðzÞ ¼
1ffiffiffiffiffiffiffiffiffiffiffi

N�3
p ð6Þ

where N is the sample size. It is obvious that the degree of
uncertainty in sample correlation decreases when sample size
increases. Accordingly, the inverse Fisher transformation can be
used to estimate the uncertainty in r. As is shown in Fig. 2, the
estimated standard deviation of r is less than 0.05 at all periods,
indicating the uncertainty is relatively low. Alternatively, one can
estimate such finite sample uncertainty using other statistical
methods such as the bootstrap method [17]. Although not shown
in the paper, results from these two methods agree very well.

Selection of a particular ground-motion prediction equation
and strong-motion database is another source of uncertainty in
determining the empirical correlation. In the previous session, the
total residuals associated with spectral accelerations are based
on the CB2008 NGA model. Three other NGA models, namely,
the Abrahamson–Silva model (AS2008), Boore–Atkinson model
(BA2008) and Chiou–Youngs model (CY2008) [18] were also used
to derive the CAV–Sa correlations. As is shown in Fig. 3, the
uncertainty resulted from using different NGA models is practi-
cally insignificant. The fitting line to the averaged case (solid line)
is plotted in Fig. 3 and its fitting parameters are also provided in
Table 1. It is interesting to observe that using the CB2008 model
results in the highest correlation coefficients at almost all periods,
probably due to the advantage that both the CB2008 NGA model
and CB2010 CAV model employ the same functional form and
database in developing these models. Therefore, their residuals
tend to have a higher degree of correlation than other models.
To better estimate the uncertainty associated with using different
NGA models and databases, analyses were performed using a
combination of four NGA models and their associated databases
(16 cases in total). The estimated mean correlation coefficients
71 standard deviation (dashed lines) are also plotted in Fig. 3.
In general, the standard deviation of the estimated correlation
coefficients associated with using different NGA models is around
0.04 at short periods, and 0.02 to 0.03 at long periods, as is reported
in Table 1.



Table 1
CAV–SA correlations using different NGA models.

NGA models T1 T2 T3 T4 T5 T6 r1 r2 r3 r4 r5 r6

CB2008 0.025 0.12 0.5 2 4 10 0.70 0.55 0.68 0.53 0.53 0.33

Averaged case 0.025 0.12 0.5 2 4 10 0.63 0.49 0.63 0.50 0.50 0.30

(std.) (0.04) (0.04) (0.04) (0.02) (0.02) (0.03)
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Fig. 3. Comparison of CAV–Sa correlations using different NGA models (solid line:

the average fitting line; dashed lines: mean71 standard deviation).
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As the recorded ground motions usually have two orthogonal
horizontal components, we further examine whether the CAV–Sa
correlations depend on the orientation of the records. It is noted
that the correlations are based on ‘‘averaged’’ quantities of two
horizontal components. The averaged spectral accelerations used
in NGA models, termed as GMRotI50 [19], are independent of
installed sensor orientations. On the other hand, the CAV pre-
dicted by the CB2010 model is from the geometric mean of two
as-recorded horizontal components. Similar to previous studies
regarding the spectral accelerations [20], CAVs of records orien-
tated in the fault normal direction is found to be systematically
higher than these orientated in the fault parallel direction.
However, almost identical CAV–Sa correlations are obtained regard-
less of the component used. The influence of local site conditions on
the CAV–Sa correlations is also studied and no systematic difference
has been found. Therefore, we concluded that the correlations are
not significantly dependent on the local site conditions.
3. Factors Influencing CAV–Sa correlation

3.1. Influence of rupture distances

Previous studies showed that the correlation between spectral
accelerations is not sensitive to the ground motions’ causal magni-
tudes and distances [15,21]. Similarly, the influence of earthquake’s
magnitude on the CAV–Sa correlation is found to be practically
unimportant. However, the CAV–Sa correlation is significantly
influenced by rupture distance (defined as the closest distance from
the record station to the fault rupture plane), may be due to the fact
that the travel path modifies the frequency content and the duration
of the ground motion time history. It is worth mentioning that the
effects of distance may be well incorporated into modern ground-
motion prediction models, yet the correlation measures the degree
of the linear relationship between the residuals of ground motion
IMs relative to their predicted median values, which are not
accounted for by the ground-motion prediction models.

The ground motion database is divided into four distance bins
according to rupture distances R¼0–30 km, 30–60 km, 60–100 km,
100–200 km. The size of the distance bin is carefully chosen to
ensure a sufficient number of data points within the distance bin for
statistically stable results. As is shown in Fig. 4, the number of
usable records is 226–449 at T¼0.01 s in each distance bin, while it
reduces to 117 to 153 at T¼10 s considering the maximum usable
period. Fig. 5 compares the obtained correlation coefficients for each
rupture distance bin. Several features are readily observed:
(1)
 The CAV–Sa correlations are very similar at the short-to-
moderate periods (0.01–1 s) for distances within 100 km. For
all cases, the largest correlation occurs between CAV and PGA
(which can be regarded as Sa evaluated at T¼0.01 s). The
correlation attains a second peak value at spectral periods of
0.5–0.6 s, indicating that the variability in CAV residuals has
the highest degree of association with that in residuals of
spectral accelerations around that period range.
(2)
 For short-distance (R¼0–30 km) ground motions, the correla-
tion coefficients at 0.5–10 s decreases linearly with period
(in log scale). The correlation coefficients for moderate-
distance (R¼30–60 km) ground motions are larger than the
short-distance results for periods beyond 2 s. Even larger
correlations for far-distance (R¼60–100 km) records are
observed at periods greater than 1 s. The difference probably
can be attributed to different wave characteristics as long
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travel path tends to filter out high frequency (low period)
components of the wave motions. Therefore, far-distance
ground motions consist primarily of surface waves excited by
travel paths and site effects with stronger long-period frequency
content and a longer duration [22–24]. The study shows that the
far-distance ground motions have considerably higher CAV–Sa
correlations at long periods than the near-source ground
motions. The effect may have important implication as long-
period ground motions have been increasingly important in
seismic design of high-rise buildings, long bridges and base-
isolated structures etc.
(3)
 For distances greater than 100 km, correlations at short-to-
moderate periods are generally larger than that for distances
within 100 km. It should be noted that relatively few data is
available in this distance bin (cf. Fig. 4), therefore the results
can be less reliable.
Piecewise fitting functions are also illustrated in Fig. 5 to
approximate the empirical data points for each distance bin, and
their parameters are summarized in Table 2. Again, these para-
meters are provided simply to facilitate the representation of the
empirical data for the convenience of practical usage. They do not
convey any theoretical or physical implication.
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3.2. Influence of strong velocity pulse

Near-fault ground motions are of particular interest in earth-
quake engineering since they have been found to cause excessive
damages to structures [25]. Fault rupture directivity effects might
be the major reason for the presence of strong velocity pulses in
near-fault ground motions. Previous researches have indicated
that the strongest pulses are generally more closely aligned with
fault-normal directions rather than fault-parallel directions [20].
Systematic differences in response spectrum due to directivity
effects have been identified [26]. The quantitative classification
scheme proposed by [27] is used in this study to identify and
characterize records with pulses. The method used wavelet
analysis to extract the largest velocity pulse from a given ground
motion time history and classify it as ‘‘pulselike’’ or ‘‘non-pulse-
like’’ using the following general criteria: (1) the pulse is large
relative to the residual features of the ground motion after the
pulse is extracted; (2) the pulse arrives early in the time history,
as would be expected for pulses associated with rupture direc-
tivity effects; and (3) the absolute velocity amplitudes are large
(PGV of the identified record must be equal to or greater than
30 cm/s). Although the causative mechanism of the identified
pulselike motion by this method is still not quite certain unless
other seismological information can be reviewed, it is believed
that many of the identified pulse-like motions are associated with
near-fault directivity effects.

A total of 91 fault-normal pulselike records identified in [27] are
used in this study. A detailed list of these pulselike records can be
found in the reference. Since ground-motion prediction models
are usually based on statistical regression using both pulselike and
e 2
–Sa correlations for different rupture distance bins.

stances (km) T1 T2 T3 T4 T5 r1 r2 r3 r4 r5

30 0.025 0.12 0.5 – 10 0.69 0.54 0.69 – 0.23

–60 0.025 0.12 0.5 2 10 0.69 0.54 0.69 0.48 0.41

–100 0.025 0.12 0.5 1 10 0.69 0.54 0.69 0.58 0.58

0–200 0.03 0.15 0.6 4 10 0.78 0.64 0.75 0.52 0.27
non-pulselike records from a ground motion database, they tend to
underestimate the spectral accelerations of pulselike records over a
period range around the pulse period [28]. Similarly, we found that
the ground-motion prediction model, such as CB2010 model, also
tends to underestimate CAVs of pulselike ground motions. As are
shown in Fig. 6(a), the total residuals of CAVs associated with
pulselike records are positively biased, especially for records with
moment magnitude smaller than seven. By comparison, the dis-
tribution of total residuals is not biased for near-fault records whose
rupture distances are within 30 km, as shown in Fig. 6(b). The near-
fault motions used for comparison are restricted to rupture dis-
tances within 30 km since the probability of occurrence of a pulse-
like record is nearly zero for distances greater than 30 km [27].

Fig. 7 compares the CAV–Sa correlations for all pulselike
records with these for near-fault records (R¼0–30 km). Although
the correlations for two cases generally have similar shapes, the
correlations for pulselike records are constantly larger over all
spectral periods, with the largest difference close to 0.2 at the
spectral period of 2 s. Previous studies showed that the observed
response spectra of pulselike records are systematically higher
than the predicted values within a narrow-band period range
centered around the periods of pulses [28,29]. Similarly, the
presence of long-period strong velocity pulses also contributes
to the increase in CAV–Sa correlation around the pulse periods.
C
or

re
la

tio
n 

c

Spectral acceleration period [s]
10−2 10−1 100 1010

0.1

0.2

0.3

0.4
Pulse records
R=0−30 km
Difference

Fig. 7. CAV–Sa correlations for pulse records.



G. Wang, W. Du / Soil Dynamics and Earthquake Engineering 43 (2012) 229–236234
Table 3 summarizes the fitting parameters of Eq. (4) for the CAV–
Sa correlation of the pulselike ground motions.
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4. Intra-event and inter-event Correlations

Following the concept of the random effect model [30], the total
residual terms in Eqs. (1) and (2) can be partitioned into inter-event
residual terms and intra-event residual terms as follows,

eln CAVsln CAV ¼ Zln CAVtln CAVþe0ln CAVs
0
ln CAV ð7Þ

eln SaðTÞsln SaðTÞ ¼ Zln SaðTÞtln SaðTÞ þe0ln SaðTÞs
0
ln SaðTÞ ð8Þ

The inter-event residuals Zt and intra-event residuals e0s0 are
usually assumed to be normally-distributed with means of zero
and standard deviations of t and s0 , respectively. Similar to the
epsilon terms, the normalized inter- and intra-event residuals, Z
and e0 , follow a standard normal distribution.

The inter-event residual terms ZUt represent the variation in
residuals between different earthquake events, and it remains the
same for all records from a given event. The intra-event residual
term e0s0 represents the variation in residuals within a given event,
and it is distinctive for each observed ground motion. Since the
inter-event and intra-event residuals are independent, the standard
deviation of the total residuals can be evaluated as follows:

sln CAV ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðtln CAV Þ

2
þðs0ln CAV Þ

2
q

ð9Þ

sln Sa ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðtln SaÞ

2
þðs0ln SaÞ

2
q

ð10Þ

First, the statistical distribution of CAV residual terms is
examined using Kolmogorov–Smirnov (K–S) test. Fig. 8 plots the
CDFs of the inter-event residuals and intra-event residuals asso-
ciated with CAV. A theoretical normal distribution CDF, which has
a mean of zero and standard deviation obtained from samples, is
also plotted for comparison. The plots show the CDFs of empirical
data lies within 710% K–S bounds. Therefore, the null hypothesis
that the inter-event residuals and intra-event residuals associated
with CAV follow normal distribution can not be rejected at 10%
significant level. Moreover, statistical tests have been performed
to test the normality of the inter- and intra-event residual terms
associated with spectral accelerations [31]. Similar statistical tests
Table 3
CAV–Sa correlations for pulse records.

T1 T2 T3 T4 T5 r1 r2 r3 ri r5

Pulse records 0.025 0.12 0.5 2 10 0.75 0.54 0.78 0.69 0.30

CAV Inter−event residuals
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Fig. 8. Cumulative distribution functions of (a) inter-event res
were also performed and the normality between lnSa(T) and
lnCAV were verified.

The Z and e0 terms associated with CAV and spectral accelera-
tions were back-calculated for each ground-motion record in the
database using the maximum likelihood approach proposed by [30].
Pearson product-moment correlation coefficient formulation Eq. (3)
can be applied to obtain the inter-event correlation between the Z
terms of CAV and Sa, denoted as rZln CAV ,Zln Sa, and the intra-event
correlation between the e0 terms of CAV and Sa, denoted as
re0

ln CAV
,e0

ln Sa
. Fig. 9 illustrates the obtained inter- and intra-event

correlations, where the shaded areas show the range of the estima-
ted mean7one standard deviation of the correlations due to the
finite sample uncertainty described in Session 2 using the bootstrap
method. Relatively large uncertainty in the estimated inter-event
correlations is observed due to the limited number of event terms
(59 events are used in this study). On the other hand, the estimated
intra-event correlation has much less uncertainty due to the large
sample size. It is interesting to note that the inter-event correlations
are rather uniformly distributed over a wide period range. The
finding is in contrast with previous observation regarding the spectral
accelerations, whose intra-event and inter-event correlations are
similar [18].

Using Eqs. (7) and (8) and the property that the inter-event
and intra-event residuals are independent variables, the total
correlation for the normalized total residuals can be expressed as
a combination of the inter-event and the intra-event correlations:

rln CAV ,ln Sa ¼ cZrZln CAV ,Zln Sa
þce0re0

ln CAV
,e0

ln Sa
ð11Þ

where

cZ ¼
tln CAVtln Sa

sln CAVsln Sa
, ce0 ¼

s0ln CAVs
0
ln Sa

sln CAVsln Sa
ð12Þ
CAV Intra−event residuals
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iduals, and (b) intra-event residuals associated with CAV.
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Fig. 9. Comparison of inter-/intra-event correlations and total correlations.
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Eq. (11) can be regarded as an alternative approach to obtain
the CAV–Sa correlation, which is evaluated by Eq. (3) previously.
Fig. 10 examines the variation of s0ln CAV=sln CAV and s0ln Sa=sln Sa

terms for all records used in the CB2008 and CB2010 models. It is
shown that the record-to-record variation of these terms is rather
small, so their average values can be used to evaluate Eq. (11).
Therefore, cZ and ce0 terms in Eq. (12) can be well approxima-
ted by constant numbers. Moreover, since the average values of
s0ln CAV=sln CAV and s0ln Sa=sln Sa are close to each other (cf. Fig. 10,
0.90 vs. 0.88), we can approximate cZþce0 � ðtln CAV=sln CAV Þ

2
þ

ðs0ln CAV=sln CAV Þ
2
¼ 1. The relationship can be used to further

simplify Eq. (11). For example, the following approximation holds
for T¼0.01 s:

rln CAV ,ln Sa � 0:2rZln CAV ,Zln Sa
þ0:8re0

ln CAV
,e0

ln Sa
ð13Þ

The above equation indicates that the total correlation is
primarily (80%) contributed by the intra-event correlation, so
they have similar estimated values and associated uncertainties.
In fact, as is shown in Fig. 9, the total correlation obtained from
combination of the inter- and intra-event correlations via Eq. (11)
agrees well with the previous results obtained by using Eq. (3).
5. Discussions

In this study, empirical correlations for logarithmic CAV and
logarithmic spectral accelerations are developed using the NGA
strong motion database and recently developed ground-motion
prediction models. It is observed that the CAV–Sa correlations at
long periods are dependent on rupture distance, probably due to
modification of the frequency content and duration of the ground
motion time histories through the travel path. Furthermore, the
presence of strong velocity pulses in the near-fault ground motions
also leads to an increase in the correlation over moderate-to-long
period ranges. On the other hand, the correlations are not particu-
larly sensitive to the earthquake magnitude, orientation of the
ground-motion recordings, selection of ground-motion prediction
models and local site conditions.

A piecewise fitting function is proposed to quantify the
empirical correlations for various cases. The obtained correlation
enables consideration of the joint distribution of CAV and Sa in
ground motion selection process following the proposal in [32].
Given the spectral acceleration value at a particular period T0, the
conditional mean of lnCAV can be evaluated from the following
equation [33]:

mln CAV9ln SaðT0Þ
¼ mln CAVþrln CAV ,ln SaðT0Þ

sln CAVeln SaðT0Þ
ð14Þ

where mln CAV ln SaðT0Þj is the conditional mean of lnCAV conditioned
on a given lnSaðT0Þ value; mln CAV and slnCAV are the median and
the standard deviation of ln CAV respectively predicted by
ground-motion models; eln SaðT0Þ

is the specified number of stan-
dard deviations (epsilon) of the spectral acceleration at the period
T0; rln CAV ;ln SaðT0Þ

is the CAV–Sa correlation at period T0.
Eq. (14) shows that if an observed spectral acceleration at period
T0 is larger than its predicted value, i.e. eln SaðT0Þ

40, the observed
CAV of that record is also likely to be larger than its predicted
value. The conditional standard deviation of lnCAV conditioned on
a given lnSaðT0Þ value, denoted as sln CAV ln SaðT0Þj , can be written as:

sln CAV9ln SaðT0Þ
¼ sln CAV

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�r2

ln CAV ,ln SaðT0Þ

q
ð15Þ

Compared with the unconditional distribution (sln CAV¼ 0.42
given by [12]), the variability of the conditional distribution of
CAV reduces. For example, if PGA of a record is known and
rln CAV ;ln PGA ¼ 0:69 based on this study, the standard deviation of
the conditional CAV is reduced by almost 30% as sln CAV9PGA ¼ 0:30.
In fact, the above is an extension of the conditional spectrum
concept proposed in [15]. Furthermore, the conditional CAV–Sa
correlation can be determined using the unconditional correlation
via the following equation:

rln CAV ;ln SaðTÞ9ln SaðT0Þ
¼
rln CAV ,ln SaðTÞ

�rln CAV ,ln SaðT0Þ
rln SaðTÞ,ln SaðT0Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1�r2
ln CAV ,ln SaðT0Þ

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1�r2

ln SaðTÞ,ln SaðT0Þ

q
ð16Þ

Eqs. (14)–(16) fully describe the statistical distribution of CAV
conditioned on a spectral acceleration ordinate at a specified period.
The empirical correlation provides a viable means to select and
modify ground motion time histories accordingly to capture the
joint distribution of both CAV and response spectra over a period
range of interest. Such a ground motion selection scheme as an
extension to the authors’ previous work [34] will be a subject of
future studies. It is expected that capturing the joint distribution of
CAV and response spectra can provide more realistic characteriza-
tion of the ground motions in seismic hazard analysis.
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