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Abstract

A model to estimate 5%-damped response spectra of horizontal components at
specific orientations is presented. The model, which accounts explicitly for direc-
tionality, is based on prior research by the authors that identified that the orientation
of maximum horizontal spectral response at a site in strike-slip earthquakes tends to
occur at or close to the transverse orientation with respect to the epicenter. By us-
ing a database of 1962 ground motions recorded in shallow crustal earthquakes with
strike-slip faulting, it is shown that there is a significantly larger probability of ex-
ceeding orientation-independent RotD50 intensities in the transverse orientation than
in the radial orientation. Furthermore, the results indicate that, on average, spectral
responses in the transverse orientation are significantly larger than those in the ra-
dial orientation and that these differences become more significant as the period of
the oscillator increases. For example, spectral responses in the transverse orientation
are, on average, 12% larger than those in the radial orientation for 1-s oscillators and
are 78% larger for 10-s oscillators. A period- and orientation-dependent model is de-
veloped and calibrated to estimate 5%-damped response spectral ordinates at specific
orientations by modifying orientation-independent RotD50 intensities. The proposed
orientation-dependent model can explicitly account for directionality by modifying
means and standard deviations of any ground motion model that estimates RotD50 re-
sponse spectral ordinates for strike-slip earthquakes to obtain probability distributions
of response spectral ordinates but now at specific horizontal orientations.

Introduction

Earthquake ground motion intensity is usually characterized by 5%-damped horizontal response
spectra for earthquake engineering purposes. These spectral responses exhibit significant variation
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within the horizontal plane, that is, they depend on the azimuth at which they are recorded or
computed from recorded components, a phenomenon known as directionality. Ground motion
models (GMMs) and earthquake-resistant design procedures usually neglect this variation with
changes in orientation by using a single value of intensity representative of all azimuths, such
as the geometric mean between the intensities at the two as-recorded orientations or the median
intensity from all azimuths, usually referred to as RotD50 (Boore, 2010).

Empirical studies have shown that spectral acceleration directionality is significant and in-
creases with period (e.g., Hong and Goda, 2007; Poulos and Miranda, 2022a). For example, the
5%-damped maximum horizontal spectral acceleration from all azimuths (i.e., RotD100) is, on
average, 55% and 100% higher than the spectral acceleration in the corresponding perpendicular
orientation for periods of 1 and 10 s, respectively (Poulos et al., 2022). In these types of studies,
spectral accelerations are characterized as a function of their angle with respect to the orientation
in which maximum horizontal spectral response occurs, i.e., they study their variation with re-
spect to the orientation RotD100. However, predicting this orientation at a given site for a future
earthquake scenario remains challenging.

Significant attention has been given in the literature to directionality caused by directivity ef-
fects in the near-field of crustal earthquakes that may produce pulse-like ground motions. For
example, Somerville et al. (1997) found that at periods longer than 0.6 s, spectral accelerations in
the strike-normal orientation tend to be higher than average in the near-fault region. They attributed
this to the radiation pattern of shear waves caused by the shear dislocation occurring on the fault
that tends to produce a distinct large pulse in an orientation perpendicular to the fault (Somerville
etal., 1997). However, subsequent studies have shown that, even in the near-fault region, the orien-
tation of maximum spectral acceleration can differ significantly from the strike-normal orientation
(e.g., Howard et al., 2005; Watson-Lamprey and Boore, 2007; Shahi and Baker, 2014) and that the
tendency of the maximum intensities to occur at or near to the strike-normal orientation disappears
fairly fast as the source-to-site distance increases, being no better than a random orientation for
rupture distances greater than approximately 5 km (Shahi and Baker, 2014).

Ground motion directionality has also been attributed to several other causes that can occur
at any distance to the source, such as topographic irregularities (e.g., Spudich et al., 1996), local
geologic heterogeneities (e.g., Bonamassa and Vidale, 1991), and basin edge effects (e.g., Heresi
et al., 2020). However, despite these studies, systematic procedures to improve the prediction of
the RotD100 orientation are currently unavailable.

Recently, Poulos and Miranda (2023) studied the orientation of maximum horizontal spectral
response in 5065 ground motion records from shallow crustal earthquakes and showed that, for
strike-slip earthquakes, the orientation of maximum spectral response tends to occur at or close to
the transverse orientation (i.e., the orientation that is perpendicular to an imaginary line segment
joining the site to the epicenter) and that this tendency increases as the period becomes longer.
This paper builds upon this finding by studying how spectral accelerations at specific orientations
depend on the angle with respect to the transverse orientation. Probabilistic expressions are then
developed to enable the transformation of 5%-damped median spectral accelerations (i.e., RotD50)
to spectral accelerations in any specific orientation, therefore removing the need to predict the ori-
entation of maximum spectral acceleration. This model can be used together with a GMM that
estimates 5%-damped RotD50 spectral accelerations to account for the predominance of polariza-
tion along the transverse orientation in strike-slip earthquakes. Finally, probability distributions are
fitted to the ratio between spectral accelerations at a fixed horizontal orientation and the RotD50
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spectral acceleration at different periods and angles with respect to the transverse orientation.

Orientation of maximum spectral response

Horizontal ground motions are usually recorded in two orthogonal directions. Therefore, both
records can be used to compute the bidirectional response of a linear elastic single-degree-of-
freedom system with a specific period of vibration and damping ratio (assumed to be 5% in this
study). Spectral accelerations at all possible horizontal directions (azimuths) can then be obtained
by computing the maximum absolute response within the corresponding direction (see, for ex-
ample, Poulos and Miranda, 2022b). The maximum horizontal spectral acceleration, known as
RotD100, occurs at a record- and period-dependent orientation.

Figure 1 shows the RotD100 orientations computed for 10-s oscillators at stations (indicated
by small circles) that recorded the 2019 My, 7.1 Ridgecrest earthquake using a black line behind
each circle. The ground motion records were obtained from the database compiled by Rekoske
et al. (2020). Visually, we can observe that these orientations tend to be close to the transverse ori-
entation, that is, an orientation perpendicular to an imaginary line segment that joins the epicenter
to the site of interest (in this case a recording station). The absolute value of the angular differ-
ence between these two orientations (i.e., transverse orientation and the orientation of RotD100)
is denoted by ||, and its value at each site is given by the color of each corresponding circle. ||
is, by definition, always between 0° and 90°, and its probability distribution should be relatively
uniform if the transverse orientation has no predictive power (i.e., the maximum spectral response
is equally likely to occur in any orientation). However, the histogram presented in the lower left
corner of Figure 1 shows that the RotD100 orientations are much more likely to occur closer to
the transverse orientation than would be expected if || were uniformly distributed, with a mean
angular distance of only 21.4°, which is much lower than that of a uniform distribution, where this
mean would be 45°. Very similar results were also obtained for the My, 6.4 event from the same
Ridgecrest earthquake sequence (see Figure S5, available in the supplemental material).

Poulos and Miranda (2023) showed that the behavior presented in Figure 1 from the 2019
My, 7.1 Ridgecrest earthquake, in which the orientations of RotD100 tend to occur at or close to
the transverse orientation, is characteristic of ground motion records from strike-slip earthquakes.
Furthermore, they show that this tendency of orientation and level of polarization becomes more
important as the period increases, with the expected value of || being approximately 39° and
23° for periods of 1 s and 10 s, respectively, angles that are 13% and 49% smaller than those that
would occur if the transverse orientation had no predictive power to estimate the orientation in
which RotD100 occurs (Poulos and Miranda, 2023). On the other hand, the same study found that
records from reverse earthquakes in the NGA-West2 ground motion database do not exhibit this
behavior.
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Figure 1: Orientations of maximum horizontal spectral response of oscillators with a period of 10
s computed for ground motion records from the 2019 My, 7.1 Ridgecrest earthquake. The color
of the circles represents the angular distance to the transverse orientation at each site. The upper
right inset shows the location of the map within the contiguous United States. The lower left inset
shows the empirical probability density of angular distance |o|.

Spectral responses in the transverse and radial orientations

As explained in the previous section, the orientation in which the maximum spectral acceleration
tends to occur is close to the transverse orientation for ground motions from strike-slip earthquakes,
which leads to spectral accelerations in the transverse orientation being, on average, larger than



the median intensity from all orientations. Conversely, on average, spectral accelerations in the
radial orientation are lower than the median intensity from all orientations. Consequently, the
intensity in the transverse orientation can be considerably stronger than in the radial orientation.
To illustrate this, Figure 2 presents the directionality of a ground motion from the 2010 M,, 7.2
El Mayor-Cucapah earthquake recorded in the Anaheim station (record sequence number 5919 in
the NGA-West2 database), which was located at a rupture distance of 236 km. Figure 2a shows
the bidirectional response of a 6-s linear elastic oscillator by presenting its relative displacement
hodogram. The same figure also presents the spectral displacements in all directions using a polar
representation, where the spectral displacement at a given direction corresponds to the distance
from the spectral displacement curve to the origin. It can be seen that, for this example, the
orientation of maximum response (RotD100), which is presented by a black line in Figure 2a, is
much closer to the transverse orientation than to the radial orientation. Consequently, as shown in
Figure 2c, the relative displacement history is much larger in the transverse orientation than in the
radial orientation, which leads to the peak relative displacement (i.e., the spectral displacement)
also being much larger in the transverse orientation than in the radial orientation (3.38 times larger
for this particular records and period).

The responses of oscillators of all periods between 0 and 10 s for the same example ground mo-
tion record are summarized by the acceleration and displacement spectra shown in Figures 2b and
2d, respectively. The figures represent, at any period, the range of spectral responses with changes
in orientation by a shaded area and highlight the response spectrum in the transverse (o = 0°) and
radial (|ot| = 90°) orientations. For this particular record, the spectra do not depend very much on
the orientation for periods shorter than 4 s. However, for periods longer than roughly 4 s, the range
of spectral responses becomes much wider indicating that the response of the oscillator tends to
be much more polarized despite the recording station being very far away from the epicenter. At
all these long periods, the response spectrum in the transverse orientation is significantly larger
and much closer to the RotD100 spectrum than the response spectrum in the radial orientation.
Moreover, median spectral responses from all orientations (RotD50), which are used in most re-
cent GMMs and are depicted in the figure by dashed lines, are lower than spectral responses in the
transverse orientation and higher than spectral responses in the radial orientation for all periods.
Strong polarizations like those observed here have often been attributed to directivity effects. How-
ever, that is unlikely in this case, given that the recording station was more than 200 km from the
earthquake rupture. Poulos and Miranda (2023) found that orientations of maximum intensity at
or close to the transverse orientation for strike-slip events is consistent with the polarization of SH
waves from theoretical double couple point sources within a homogeneous propagation medium.

To study the observations of Figure 2 in a more general case and obtain statistically significant
results, this work used a large number of recorded ground motions corresponding to a subset of the
NGA-West2 ground motion database (Ancheta et al., 2014). The selected records corresponded
to those recorded from earthquakes with magnitudes equal to or greater than 5.0; at stations with
NEHRP site classes B, C, or D (i.e., those with a time-weighted average shear-wave velocity over
the upper 30 m between 180 and 1500 m/s); and that reasonably represented free-field conditions
following the criteria defined by Boore et al. (2014). The resulting subset contained 5,065 hori-
zontal pairs of ground motions, 1,962 of which originate from strike-slip earthquakes and 2,220
from reverse earthquakes. Spectral accelerations were computed for all selected records at 32 pe-
riods between 0.01 and 10 s. Each record was used up to its maximum usable period, resulting
in a decreasing number of usable records as the period increases (see Figure S2, available in the
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Figure 2: Example ground motion from the 2010 My, 7.2 El Mayor-Cucapah earthquake recorded
in the Anaheim station: (a) bidirectional horizontal displacement trace of a 6-s linear elastic oscil-
lator, (b) spectral accelerations, (c) relative displacement response in transverse and radial orienta-
tions of a 6-s linear elastic oscillator, and (d) spectral displacements.

supplemental material). RotD50 values were computed as the median of the spectral accelerations
at non-redundant azimuths with 1° increments.

Figure 3 shows the probability that a spectral acceleration in the transverse orientation ex-
ceeds RotD50 and the probability that a spectral acceleration in the radial orientation exceeds
RotD50. These probabilities were computed as the proportion of records in the set where RotD50
is exceeded and were calculated separately for records from strike-slip and reverse earthquakes.
Records from normal-faulting earthquakes were not considered in this study due to their very low
number in the NGA-West2 subset database. In the absence of a predominant orientation of max-
imum intensity, these probabilities would be expected to be close to 0.5, which is what occurs
for records from reverse earthquakes. However, as expected based on the observations by Poulos
and Miranda (2023), records from strike-slip earthquakes have a probability of exceeding RotD50
significantly higher than 0.5 in the transverse orientation and significantly lower than 0.5 in the
radial orientation. Moreover, these differences tend to become more important as the period in-
creases. For example, the exceedance probability for the transverse orientation is approximately
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0.6 at 1 s and reaches 0.86 at 10 s. Figure 3 also presents 95% pointwise confidence bands of these
exceedance probability estimations computed using bootstrapping (Efron and Tibshirani, 1993),
showing that, for all periods, the differences in probabilities of exceeding RotD50 in the transverse
and radial orientations for the strike-slip case are statistically significant. These results indicate
that, for strike-slip earthquakes, using RotD50 for earthquake-resistant design tends to underesti-
mate intensities in the transverse orientation and overestimate intensities in the radial orientation.
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Figure 3: Probability that intensities in the transverse and radial orientations exceed the RotD50
intensity for ground motions from earthquakes with (a) strike-slip and (b) reverse style of faulting.

To quantify how much spectral accelerations in the transverse and radial orientations dif-
fer from RotD50, one can compute the ratios between these values, that is, Sat/Sarepso and
Sag /Sagrepso, respectively. Figure 4 shows the mean and interquartile ranges of these ratios as
a function of period for records from both strike-slip and reverse earthquakes. As shown in the
figure, for all periods, mean Sart/Sarompso values are larger than one and mean Sag /Saromnso val-
ues are lower than one for strike-slip earthquakes. Thus, ground motion records from strike-slip
earthquakes have spectral accelerations that are, on average, significantly larger in the transverse
orientation than in the radial orientation, and this difference again becomes larger as the period
increases. Indeed, a two-sample Kolmogorov-Smirnov test led to reject the hypothesis that the
Sar/Sagropso and Sag /Sarepso samples are drawn from the same probability distribution at all
periods for the strike-slip case, indicating that intensities in the transverse orientation are statisti-
cally different to those in the radial orientation. On the other hand, for ground motions from reverse
earthquakes, the test could not reject the hypothesis for most of the studied periods, indicating that
spectral accelerations in the transverse orientation seem not to be statistically different from those
in the radial orientation. Figure 4 also shows mean ratios between intensities at an arbitrary ori-
entation Saa,p (1.€., at a random horizontal orientation) and RotD50, which are slightly lower than
one because the mean from all non-redundant orientations is, on average, slightly lower than the
median (RotD50).

The possible dependence of Sar/Saroso and Sagr /Saromso ratios on earthquake magnitude
and source-to-site distance for the strike-slip case was studied by binning the records in three
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Figure 4: Mean ratios between spectral accelerations in the transverse or radial orientations and the
RotD50 spectral acceleration for ground motions from (a) strike-slip and (b) reverse earthquakes.

groups of magnitudes and three groups of distances. The mean ratios of each group are presented
in Figure 5, which shows that the ratios are relatively insensitive to source-to-site distance but have
a moderate dependence on magnitude. However, there seems to be no clear trend on how these
variables affect the ratios. The supplemental material to this article presents the number of record
used in each magnitude and source-to-site distance bin of Figure 5 as a function of period (Figure
S3) and the number of earthquakes used as a function of period for the same bins (Figure S4).
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Figure 5: Dependence of mean Sart/Saroso and Sagr /Saromso ratios of records from strike-slip
earthquakes on (a) earthquake magnitude and (b) source-to-site distance.

Because several previous studies have found that spectral accelerations in the strike-normal
orientation are larger than average (e.g., Somerville et al., 1997), comparing them with those in
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the transverse orientation studied in this work is of interest. Figure 6 compares the ratios between
spectral accelerations in the transverse orientation and the orientation-independent RotD50 inten-
sity (Sat/Sarotpso) With the ratios between spectral acceleration in the strike-normal orientation
and the RotD50 intensity (Sasn/Sarotpso) for three periods. Both ratios were computed only for
records from strike-slip earthquakes. The distributions of rupture distances in each ground motion
set are given by the histograms on the top of Figure 6, which change with periods because of the
maximum usable periods of the records. The general trend of both ratios with rupture distance is
presented using locally weighted scatterplot smoothing (LOWESS, Cleveland, 1979), computed
by locally weighted linear regressions that used 20% of the data points whose rupture distances
were closest to each point. At all distances and periods, the LOWESS trends of Sat/Sagrepso are
larger than Sagn /Saropso and the difference between them usually becomes more significant as the
period and rupture distance increase. This suggests that ground motion directionality is probably
better characterized as a function of the angular distance with respect to the transverse orientation
than to the strike-normal orientation. The trend even holds for distances to the rupture less than
20 km, where one could perhaps expect Sagn/Sagrotpso ratios to be larger than Sat/Saromnso ra-
tios due to directivity effects in the near field. Moreover, Sat/Saronso remains relatively stable
throughout the distance range and increases as the period becomes longer, whereas Sasn /Sarotpso
tends to decrease as the rupture distance increases, especially for long-period oscillators. At 10
s, the LOWESS trends of Sagn/Sarotpso are significantly lower than one at long distances, which
is probably due to a bias in the location of recording stations relative to the earthquake strikes in
the NGA-West2 database, leading to transverse orientations being, on average, closer to the strike-
parallel than to the strike-normal orientation (Poulos and Miranda, 2023). Figure 6 also presents
95% pointwise confidence bands computed using bootstrapping (Efron and Tibshirani, 1993).
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Figure 6: Locally weighted scatterplot smoothing (LOWESS) of the Sar/Sarepso and
Sagn/Saropso ratios of ground motion records from strike-slip earthquakes as a function of rup-
ture distance for oscillators with periods of (a) 1's, (b) 4 s, and (c) 10 s. Shaded areas indicate 95%
confidence bands of the LOWESS lines. The top panels show histograms of rupture distances of
the ground motion records used at each period.

Estimation of spectral responses in any given horizontal orienta-
tion

The previous section dealt with spectral accelerations in the transverse and radial orientations.
However, the orientation of interest does not necessarily coincide with these two orientations.
Thus, the spectral accelerations in the horizontal plane from strike-slip ground motions were also
studied as a function of their angular difference to the transverse orientation (6) in the [-90°,90°]
range, which covers all possible orientations. These orientation-specific spectral accelerations,
Sa(é), were normalized by their associated orientation-independent RotD50 intensities, and their
means, geometric means, and interquartile ranges (shaded regions) are shown in Figure 7 for pe-
riods of 1, 4, and 10 s. The left and right panels of Figure 7 show these statistics in Cartesian
and polar coordinate systems, respectively. As expected, on average, the maximum and minimum
spectral accelerations occur very close to the transverse (8 = 0°) and radial (8 € {—90°,90°}) ori-
entations, respectively. Moreover, the variation with angle becomes more significant as the period
increases, which agrees with the results in the radial and transverse orientations (see Figures 3 and
4).

A model was developed to transform the mean and standard deviation of the logarithm of a
RotD50 spectral acceleration, usually given by modern GMMs, to equivalent statistics associated
with a spectral acceleration at any specific orientation. The model was fitted using strike-slip
records from the subset of the NGA-West2 database described in the previous section. Because,
as shown in Figure 7, the statistics of the Sa(é) /Sagrypso ratio are almost symmetric with respect
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to 6 = 0°, the model was developed assuming these ratios as perfectly symmetric with respect to
the transverse orientation, that is, they are computed as a function of 6 = |é| In other words,
the model treats in the same way orientations that are clockwise and counterclockwise from the
transverse orientation. To simplify the notation, the ratio between a spectral acceleration at a given
angular distance to the transverse orientation, Sa(6), and Sarepso is defined as:
v(0) = S48) M)

SaRrotD50
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The mean logarithm of the orientation-independent Sagrqps0 intensity can then be transformed into
the mean logarithm of a spectral acceleration at any given orientation with respect to the transverse
orientation, Sa(0), using:

E[InSa(8)] = E[InSarowso] + E[Iny(6)] 2)
Inpu(6)

which requires knowing the geometric mean of the ratio between both quantities, p(0). In Equa-
tion (2), E[-] represents the expectation function, and hence E [In Sagropso] corresponds to the mean
of the natural logarithm of RotD50, usually given by most recent GMMs. The geometric mean,
1(6), is represented by the solid lines of Figure 8, which are shown as a function of 6 for different
periods (Figure 8a) and as a function of period for the transverse and radial orientations (Figure
8b). As expected, 1 (0) varies more with changes in angle 0 as the period increases.

To simplify the use of these results, the following model was fitted through regression analysis
to the geometric mean ratios for each period independently:

f1(0) =c1+crc08(20) + c3c0s(40) 3)

where ¢y, ¢, and c3 are fitted parameters of the model. The resulting regression model is also
shown with dashed lines in Figure 8 to compare with the empirical statistical results computed with
the NGA-West2 recorded ground motions. After considering several functional forms, Equation
(3) was selected because it fits the data extremely well while minimizing the number of parameters.

(a) (b)
1.3
1.2 4 FooA 3
T 1.1 F -
>
—
o
S 1.0 oA r
(]
€
O
E 0.9 1 oo 3
[
g Period = 0.01 s
& 0.8 Period =1s B L
—— Period =4 s
—— Period=7s —— 6 = 0° (Transverse)
079 — Period=10s " 1 — 6 =90° (Radial) I
= = Regression model = = regression model
0.6

0° 30° 60° 90° 0 2 4 6 8 10
Angular distance to transverse orientation, 6 Period [s]

Figure 8: Geometric mean of the ratio between spectral acceleration at given angles 6 from the

transverse orientation and the RotD50 intensity as a function of (a) angle 6 and (b) period. Dashed

lines correspond to the fitted regression model. All considered ground motions are from strike-slip
earthquakes.

The logarithmic standard deviation of the orientation-independent RotD50 spectral accelera-
tion, o [InSaremnso], can be transformed into the logarithmic standard deviation of a spectral accel-

eration at any orientation, o [InSa(0)], by using the following equation of the orientation-specific
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variance:

62 [InSa(6)] = 62 [InSagenso] + 62 [Iny(6)] +2 Cov [InSagepso, In7(6)] 4)
2(6)
(e}

where o [-] represent the standard deviation and Cov [+, -] represents the covariance:

Cov [InSagreinso,Iny(0)] = Corr [InSaremnso, Iny(0)] o [InSaremnso] o [Iny(6)] )
) () ’ o(6)
P

and Corr|[-,-] represents the correlation. As shown in Equations (4) and (5), the computation of
the logarithmic standard deviation at a specific orientation requires two quantities, the standard
deviation of Iny(0) and the correlation between InSarypso and Iny(6), which are denoted here
for simplicity as 6(0) and p(6), respectively. These two quantities are presented in Figure 9 using
solid lines as a function of angle 0 between the orientation of interest and the transverse orientation
for different periods. The p(0) correlations were computed using residuals with respect to the
GMM developed by Boore et al. (2014). Using three other GMMs also developed with the NGA-
West2 database (e.g., Abrahamson et al., 2014; Chiou and Youngs, 2014; Campbell and Bozorgnia,
2014) resulted in fairly similar correlations.

The following models were fitted using nonlinear regression analysis to ¢(6) and p(6) for
each period independently:

6(0) = ca+csexp (—ce(6 —1/2)?) (6)

p(0) =c7+cgcos(20) @)

where ¢4 - cg are fitted parameters of the models, and 0 is in radians. The models are shown
by dashed lines in Figure 9 for five periods and are very close to the empirical data. The fitted
parameters for 32 periods between 0.01 and 10 s are available in the supplemental material to this
article.

Using the model given by Equations (2)-(7) is relatively straightforward. For a spectral accel-
eration in a given orientation (azimuth) at a given site generated by a strike-slip earthquake with a
given epicenter, the steps to modify the outputs of a GMM developed for RotD50 are:

1. Compute the transverse orientation at the site of interest using the locations of the site and
the earthquake epicenter.

2. Calculate the angular distance 6 € [0°,90°] between the orientation of interest and the trans-
verse orientation.

3. Compute u(0), o(6), and p(0) using Equations (3), (6), and (7), respectively.
4. Obtain the mean and standard deviation of InSagrqpsg using a GMM.

5. Modify the mean and standard deviation by using Equation (2) and by taking the square root
of Equation (4), respectively.
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Figure 9: (a) Standard deviation of Iny(60) and (b) correlation between InSagypso and Iny(0),
as a function of angle 6. Dashed lines correspond to the fitted regression model. All considered
ground motions are from strike-slip earthquakes.

For earthquakes with reverse faulting, where angle 6 seems not to affect the statistical prop-
erties of ¥(0), a GMM developed for RotD50 could be modified to the horizontal orientation of
interest by following Steps 3-5, with i, o, and p computed using the Saa,/Sarotpso ratio instead
of y(0).

To exemplify the use of the model, Figure 10 shows how the standard deviation of the GMM
developed by Boore et al. (2014) changes when applied to the transverse and radial orientations
for cases when the earthquake magnitude is > 5.5, the Joyner-Boore distance (R;p) is < 78 km,
and Vs3g is > 300 m/s (the GMM standard deviations are constant in these cases). As expected,
the modifications to the standard deviation are minor at periods shorter than roughly 0.5 s because
0 is not a good predictor of the orientation of RotD100 at these periods. At longer periods, the
modifications are more significant and depend on the orientation of interest. Figure 10 also shows
separate curves for the cases when the correlation term, 2p(0)0c[InSaremnso]o(60), is considered
and is not considered when modifying the standard deviations. The correlation term is clearly
significant at long periods, especially for the radial orientation, for which it reduces the standard
deviation significantly. For the transverse orientation, considering the correlation term increases
the standard deviation at long periods, although the effect is relatively minor. The correlation
values are affected by the fact that the statistics of the ¥ ratio do not depend on the predictor
variables usually used in GMMs, such as earthquake magnitude and source-to-site distance. If such
a model were developed, the correlations could be computed with the residuals with respect to the
model. Although, a better solution to estimate spectral ordinates in future strike-slip earthquakes
could be to develop a GMM that depends on 6 directly; thus, the modification proposed here would
not be required.

If complete probability distributions of the y ratios are required, the data shows they can be
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Figure 10: Standard deviations of InSa(6) as a function of period obtained by modifying the
Boore et al. (2014) GMM for cases when My > 5.5, Rjp < 78 km, and Vg39 > 300 m/s. The
standard deviations are computed with and without considering the covariance term of Equation
(4) for the transverse (6 = 0°) and radial (6 = 90°) cases.

well represented by scaled beta distributions with the following probability density function:

(N*'(vV2—yP1 .
() = (\/E)Wﬁ—lB(oc,B) 1f7€[0,\/§]
0 if y ¢ [0,v/2]

®)

where I is a scaled beta distributed random variable, @ and 3 are the shape parameters of the
distribution, and B(-, ) is the beta function. The minimum and maximum values of the distribution
are 0 and /2, respectively, because these correspond to the lower and upper bounds of 7. The
scaled beta distribution was fitted to 7y ratios at different periods and values of angle 8. The fitted
distribution parameters are presented in the electronic supplement to this article, together with a
comparison between empirical and fitted distributions in Figure S1.

Conclusions

This paper presents a horizontal ground motion directionality model for strike-slip earthquakes to
predict spectral accelerations at any given orientation (azimuth). Spectral accelerations were found
to be higher than average in the transverse orientation, that is, the orientation that is perpendicular
to the direction at the site that points towards the earthquake epicenter, and lower than average
in the radial orientation (i.e., perpendicular to the transverse orientation and pointing towards the
epicenter). These differences become more important as the period increases. Moreover, spectral
accelerations in the transverse orientation were found to be, on average, larger than those in the
strike-normal orientation, which previous studies have usually assumed to be the orientation of
maximum intensity because of directivity effects.
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Spectral accelerations, on average, increase as the orientation of interest approaches the trans-
verse orientation. Thus, simple analytical expressions that depend on the angular distance between
these orientations (i.e., transverse and orientation of interest) were developed and fitted to trans-
form the mean and standard deviation of the logarithm of orientation-independent RotD50 intensi-
ties at a site into equivalent statistics for a spectral acceleration at any fixed orientation of interest.
These empirical expressions depend on the period and the angle between the orientation of interest
and the transverse orientation. The model developed in this study can be used to modify outputs
from GMMs derived to estimate RotD50 intensities and obtain a probability distribution for spec-
tral accelerations at any given azimuth. These distributions could, for example, be used to estimate
spectral accelerations at fixed azimuths for a given earthquake scenario and in probabilistic seismic
hazard analyses.

The proposed model has several limitations. First, other than the period, the regression models
do not depend on predictor variables usually used in GMMs, such as magnitude and source-to-
site distance. However, the effect of source-to-site distance was found to be minor, and the effect
of magnitude was moderate, although no clear trend was identified. Moreover, the effect of site
conditions on directionality was not studied. Furthermore, because the model was developed for
shallow crustal earthquakes, its applicability to other tectonic regimes, such as subduction earth-
quakes, requires further studies. Additionally, records from earthquakes with normal and oblique
faulting were not considered and could hence be studied in the future, or, more generally, a model
could be developed that depends on the focal mechanism of the earthquake and the source-receiver
azimuth. Finally, using the epicenter of very large-magnitude earthquakes to define the transverse
orientation at sites close to the source might lead, in some cases, to significant errors, especially
when the hypocenter is far from the location where most of the slip occurs (e.g., the 2002 My, 7.9
Denali earthquake). Thus, caution should be taken when applying the model to these cases.

Although the model presented in this study is for 5%-damped spectral accelerations, it could
be easily extended to consider other damping ratios or ground motion intensity measures, such
as filtered incremental velocity (Ddvalos and Miranda, 2019), which has been found to be better
correlated with structural collapse of buildings. Moreover, the model could also be developed to
modify GMMs that use definitions of the horizontal component other than RotD50, such as the
geometric mean of the two as-recorded components or GMRotI50 (Boore et al., 2006).

Data and Resources

The ground motion records from the 2019 My, 7.1 Ridgecrest earthquake, which were only used
for Figure 1, were obtained from the Center for Engineering Strong Motion Data (https://doi.org/
10.5066/POREBW60). All other ground motion records used in this study were obtained from
the NGA-West2 ground motion database developed by the Pacific Earthquake Engineering Re-
search Center (https://ngawest2.berkeley.edu/spectras/new, last accessed April 2020). The maps
of Figure 1 used tiles by Stamen Design, under CC BY 3.0, and basemap data by OpenStreetMap,
under ODbL. The supplemental material includes beta distributions fitted to the 7y ratios and the
fitted parameters for Equations (3), (6), and (7). The supplemental material also includes figures
showing the number of usable records and earthquakes as a function of period, and a map with the
orientations of RotD100 for the 2019 My, 6.4 Ridgecrest earthquake.
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