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Abstract

Probabilistic seismic hazard analysis (PSHA) is typically used to estimate a ground motion intensity
measure representing a central tendency within the horizontal plane, such as the median intensity
across all horizontal orientations. However, in many cases, ground motion intensity is needed
in specific horizontal orientations, particularly along the principal response axes of structures.
Depending on the earthquake source, path effects, and site conditions, a site may exhibit significant
levels of ground motion directionality, that is, a variation in ground motion intensity within the
horizontal plane. If such variations are systematic across the earthquakes that affect the site, they
can lead to significant differences in ground motion intensity between horizontal orientations. This
paper introduces directional PSHA, an extension of conventional PSHA that quantifies seismic
hazard for a specified horizontal orientation. The method primarily involves adapting the outputs
of existing ground motion models to be orientation-specific. The approach is applied to strike-
slip earthquakes, which tend to produce above-average ground motion intensity in the transverse
orientation. Two simple case studies are used to illustrate the method: a line-segment fault and
the San Francisco Bay Area, limited to the San Andreas and Hayward Faults. Results show strong
orientation dependence in seismic hazard at sites located very close to a strike-slip fault. Similar
levels of orientation dependence are found at sites located farther from the fault relative to its length.
The proposed method offers a more detailed description of the seismic hazard at a site and can
improve seismic risk assessment methods for both new and existing structures.
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Introduction

A probabilistic description of ground motion intensity is essential for many earthquake engineering
applications, including the development of seismic hazard maps (e.g., Petersen et al. 2024), assessment
of seismic risk (McGuire 2004), and performance-based structural design. This description is typically
obtained through probabilistic seismic hazard analysis (PSHA; Esteva 1967, 1968; Cornell 1968), which
computes the exceedance rates of a ground motion intensity measure, such as horizontal pseudo-spectral
acceleration. Although most of these intensity measures exhibit significant variation within the horizontal
plane, ground motion models (GMMs) used in PSHA usually consider a single scalar value, such as
the geometric mean of the two as-recorded horizontal components or the median intensity across all
horizontal orientations (RotD50, following the notation introduced by Boore 2010). However, there
are many cases in which ground motion intensities at specific horizontal orientations (azimuths) are of
interest. For example, due to their geometry and the arrangement of their lateral-force-resisting elements,
most structures (e.g., buildings and bridges) have two perpendicular horizontal principal axes. Thus,
depending on the orientation of the structure, ground motion intensities along these axes of interest may
exceed or fall below the RotD50 intensity.

The variation of ground motion intensity within the horizontal plane, usually known as ground
motion directionality, has been attributed to several phenomena that can polarize seismic waves, such as
topographic irregularities (e.g., Spudich et al. 1996), near-surface geological structures (e.g., Bonamassa
and Vidale 1991), basin edge effects (e.g., Ktenidou et al. 2016), and rupture directivity (e.g., Somerville
et al. 1997). However, predicting the specific orientations in which higher or lower-than-average
intensities tend to occur has, in general, remained elusive. While a few studies have characterized the
variation of pseudo-spectral acceleration probabilistically as a function of the angular distance from the
orientation of maximum pseudo-spectral acceleration (Hong and Goda 2007; Poulos and Miranda 2022a),
this maximum orientation is still required to estimate values at specific horizontal orientations.

By evaluating ground motions in the NGA-West2 database (Ancheta et al. 2014), Poulos and Miranda
(2023a) recently found that strike-slip earthquakes tend to produce the maximum pseudo-spectral
acceleration within the horizontal plane at an orientation close to the transverse orientation, that is,
an orientation perpendicular to the line segment between the site of interest and the epicenter. This
observation was then verified in recent strike-slip earthquakes in Taiwan (Poulos and Miranda 2024),
California (Girmay et al. 2024a), and Tiirkiye (Girmay et al. 2024b). Consequently, Poulos and Miranda
(2023b) proposed a probabilistic model for strike-slip earthquakes to modify the median pseudo-spectral
acceleration (RotD50) and obtain pseudo-spectral accelerations in any specific horizontal orientation,
with this ground-motion intensity decreasing as the orientation of interest moves away from the transverse
orientation. This model can therefore be used together with any ground motion model (GMM) developed
for RotD50 (e.g., Boore et al. 2014) to conduct PSHA for pseudo-spectral acceleration at specific
horizontal orientations.

This paper proposes an extension of PSHA, called directional PSHA, that computes mean annual
exceedance rates of a ground motion intensity measure at a specific horizontal orientation. The method
is developed to estimate 5%-damped pseudo-spectral acceleration at specific orientations by using the
model proposed by Poulos and Miranda (2023b). Two simple examples are used to illustrate the proposed
directional PSHA method and to identify cases where its results vary significantly with changes in
horizontal orientation, and hence where its adoption would lead to better estimates of ground motion
intensity.
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Orientation-dependent ground motion intensity

In earthquake engineering, ground motion intensity is usually characterized by response spectral
ordinates, which correspond to peak responses of a linear elastic oscillator with a specific period of
vibration and a specific damping ratio (usually 5%). For a given ground motion record and period, this
peak response can depend significantly on the horizontal orientation of interest. For example, Figure 1
shows the bidirectional relative displacement trace (hodogram) of a 5%-damped linear elastic oscillator
with a vibration period of 5 s subjected to both horizontal components of ground motion from the 1999
My 7.1 Hector Mine, California, earthquake recorded at the LAX Fire Station. Spectral displacements at
any specific orientation (azimuth), depicted in Figure 1b as the distance from the origin (i.e., the resting
position of the oscillator) to the black line, can be computed as the maximum absolute displacement
within the corresponding orientation (see, for example, Poulos and Miranda 2022b). The maximum
intensity across all possible orientations is commonly referred to as RotD100 (Boore 2010) and, in this
case, is 116% larger than the minimum intensity across all possible orientations (RotD00). Several studies
have shown that this difference tends to increase as the period of the oscillator becomes longer (e.g., Hong
and Goda 2007; Poulos and Miranda 2022a).
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Figure 1. Ground motion from the 1999 Mw 7.1 Hector Mine earthquake recorded at the LAX Fire Station: (a)
location of the earthquake and site, and (b) relative displacement hodogram and spectral displacements of a
5-s oscillator. The transverse, radial, and RotD100 orientations are depicted using blue, orange, and black
lines, respectively. The surface rupture is from (Treiman et al. 2002). The upper-left inset of panel (a) shows
the location of the main map.

By studying ground motions from earthquakes with strike-slip faulting in the NGA-West2 database
(Ancheta et al. 2014), Poulos and Miranda (2023a) found that the orientation of RotD100 tends to be
close to the transverse orientation, that is, an orientation perpendicular to the line segment that joins
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the recording station to the epicenter. For the example record, the orientation of RotD100 is relatively
close to the transverse orientation, with the angular distance between these orientations, |«/|, being only
17° (Figure 1). The orientation of RotD100 tends to be even closer to the transverse orientation as the
period of the oscillator becomes longer (Poulos and Miranda 2023a). As an example, Figure 2 shows
the orientations of RotD100 for oscillators with periods of 5 and 10 s at 119 stations that recorded the
1999 My 7.1 Hector Mine earthquake. The orientations of RotD100 tend to be closer to the transverse
orientation in the 10-s case than in the 5-s case, with the mean |a| values being 11.0° and 27.6°,
respectively. However, even for the 5-s case, the mean |« is still relatively low compared to a scenario
where RotD100 orientations are random and sampled from a uniform distribution, in which the mean ||
is 45°.
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Figure 2. Orientations of RotD100 for (a) 5-s and (b) 10-s oscillators subjected to horizontal ground motions
of the 1999 Mw 7.1 Hector Mine earthquake. The circles represent recording stations and are colored to depict
the angular distance between the orientation of RotD100 and the transverse orientation at each site. The
corresponding mean angular distances are presented at the top of each panel.

Given the observations of Poulos and Miranda (2023a), Poulos and Miranda (2023b) studied the
variation of pseudo-spectral accelerations as a function of their angular distance to the transverse
orientation, denoted here by 6. In order to compare the variations among records with different intensities,
the pseudo-spectral accelerations are normalized by the median intensity across all horizontal orientations
(RotD50), leading to the following ~ ratio:

2(0) = S0 )

Sarodso

where Sa(6) is a pseudo-spectral acceleration at an orientation of interest § away from the transverse
orientation, and Sagrepso is the RotD50 pseudo-spectral acceleration. Using ground motions from
the NGA-West2 database (Ancheta et al. 2014) recorded during strike-slip earthquakes, Poulos and
Miranda (2023b) fitted regression models to several statistics of the « ratio, of which the geometric
mean and logarithmic standard deviation are shown in Figure 3. The models depend only on the
period of the oscillator and on #. The geometric means of Figure 3a show that, on average, pseudo-
spectral accelerations decrease when moving away from the transverse orientation, that is, as 6 increases.
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Furthermore, the variation of pseudo-spectral acceleration with § becomes more significant as the period
increases. If the epicenter is known, then the transverse orientation can be determined for any site, and
these models can be combined with any GMM developed for the RotD50 intensity to estimate pseudo-
spectral accelerations at any specific horizontal orientation.
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Figure 3. Statistics of the v(0) = Sa(6)/Saretso ratio from Poulos and Miranda (2023b) for different periods
and angular distances to the transverse orientation: (a) geometric mean and (b) logarithmic standard deviation.

Incorporating orientation-dependent horizontal intensities in PSHA

The objective of PSHA is to compute the seismic hazard curve at a given site of interest, that is, the
mean annual rate of exceedance of different levels of a ground motion intensity. The ground motion
intensity is usually characterized by a measure of central tendency of horizontal intensities, such as
the geometric mean of the two as-recorded horizontal components or, more recently, by RotD50. PSHA
usually estimates the seismic hazard at a given site by using a finite set R of earthquake rupture scenarios.
The seismic hazard curve at the site, Arps, is then computed as the weighted average of the probabilities
of exceedance of each scenario, with the weights being the mean annual rates of each of the scenarios:

Arv(@) = > AP(IM, > x) 2)
reER

where )\, is the mean annual rate of occurrence of rupture scenario  and P(I M, > x) is the probability
of exceeding a certain level of ground motion intensity / M = x for rupture scenario r, which is computed
by assuming that the ground motion intensity measure is lognormally distributed:

p(]MT>x):1_q)<ln(z)mner> 3)
Ol IM,
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where ®(-) is the cumulative distribution function of a standard normal random variable; and g, s,
and oy, 7, are, respectively, the mean and standard deviation of the logarithm of the ground motion
intensity for rupture scenario r, which are given by a GMM. These GMM parameters depend on the
rupture itself (e.g., earthquake magnitude, style of faulting, and hypocenter depth), some characteristic
of the path (e.g., source-to-site distance), and the site conditions, which are usually considered using the
time-averaged shear-wave velocity to 30 m depth (Vs30).

The seismic hazard curve at a given site can then be computed with the following steps:

1. Characterize the seismic hazard of the site by a set of earthquake rupture scenarios, each with an
associated mean annual rate of occurrence.

2. Evaluate the mean and standard deviation of the ground motion intensity for each rupture scenario
using a GMM.

3. Computed the conditional probabilities of exceedance of the ground motion intensity for each
rupture scenario using Equation (3).

4. Compute the hazard curve by combining all rupture scenarios using Equation (2).

The high-level procedure to conduct PSHA explained previously can be modified to compute a seismic
hazard curve but now for a ground motion intensity at a specific horizontal orientation 1, denoted here
as A IM|¥ .

Aty (,9) = Z Ar P(IM, () > @) “)

reER

where IM,.(¢) is the ground motion intensity at orientation v for rupture scenario r. The difference is
that now the mean and standard deviation of the logarithm of the ground motion intensity are computed
for a specific horizontal orientation ):

&)

PUM,() > ) =1 (111(%) — 1, w))

OlnIM, (¢)

The way in which the mean, puy, 7z, (), and standard deviation, o, 1, (1), at the specific horizontal
orientation 1) are computed could vary depending on the cause of directionality that is being considered
and the model that is being used. One option is to modify a GMM developed for a scalar intensity,
such as RotD50 or the geometric mean of the two as-recorded components. This study uses the model
recently developed by Poulos and Miranda (2023b) to modify the pseudo-spectral accelerations computed
with a GMM developed for RotD50. Specifically, the mean logarithm from a RotD50 GMM, 1y, 1, 1S
modified by adding the mean logarithm of +, fu1, , which is the same as the logarithm of the geometric
mean y shown in Figure 3a:

Pin 10, (V) = pin s, + pan~ (0-(1)) (6)

where 6,.(1) is the angular distance from the orientation of interest ¢ to the transverse orientation of
rupture scenario r. Additionally, the logarithmic standard deviation is modified using the logarithmic
standard deviation of <, o1,,, and the correlation coefficient between the logarithm of the RotD50
intensity and the logarithm of 7y, pin 127, 1n~:

Ot a1, (V) = 0 1ar, + 1 (0r(1)) + 2010 101, 0104 (8- (1)) pim 101, .10 (6 (1)) @)



Poulos and Miranda 7

where o1, 1, 1s the logarithmic standard deviation from a from a RotD50 GMM. (Poulos and Miranda
2023b) provide values for pin~, Oin~, and pin 71, 1n - Note that the modification of the GMM is site
and rupture scenario-specific because it depends on angle ¢, which in turn depends on the position of the
site of interest relative to the epicenter and whose computation is shown schematically in Figure 4. Thus,
the modification has to be integrated within the PSHA computations, that is, incorporated in Equations
(6) and (7) for each rupture scenario prior to considering all scenarios in Equation (4). Perhaps other
sources of ground directionality, such as local geological structures and topography, could in some cases
be modeled as scenario independent, and directional PSHA could be considered as a post-processing step
of a conventional RotD50 PSHA, therefore decoupling both analyses.

Ground surface

Epicenter

Rupture

W
Orientation
Transterse  Of interest

orientation

Hypocenter

Figure 4. Diagram showing the computation of angle € (i.e., the angle between the transverse orientation and
the orientation of interest v) for a given site, earthquake rupture scenario on a strike-slip fault, and horizontal
orientation of interest required for directional PSHA.

To summarize, the seismic hazard curve at a given site and specific orientation of interest ¢ can be
computed with the following steps:

1. Characterize the seismic hazard of the site by a set of earthquake rupture scenarios, each with an
associated mean annual rate of occurrence.

2. Evaluate the mean and standard deviation of the ground motion intensity for each rupture scenario

using a GMM.

Compute the transverse orientation at the site of interest for each rupture scenario.

Compute the angle 6 between the transverse orientation and the orientation of interest .

5. Modify the mean and standard deviation from the GMM to make them orientation-specific using
Equations (6) and (7).

hali
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6. Compute the conditional probabilities of exceedance of the ground motion intensity for each
rupture scenario using Equation (5).
7. Compute the hazard curve by combining all rupture scenarios using Equation (4).

Simple illustrative example calculations

Two simple examples are presented to illustrate the use of the proposed directional PSHA method: a basic
line-segment fault and a simplified seismic hazard case for the San Francisco Bay Area that considers
only the San Andreas and Hayward Faults. These examples also help identify cases where the results of
directional PSHA differ from those of conventional, orientation-independent PSHA and thus warrant its
use.

Line-segment fault

The first case consists of a line-segment seismic source representing a vertically dipping strike-slip fault
that generates earthquakes with moment magnitudes ranging from 4 to 7. The length of the fault is initially
set to 50 km, although lower and higher values are also tested. The frequency of earthquakes is given by a
Gutenberg-Richter magnitude frequency distribution with parameters a = 4 and b = 1 (Ishimoto and lida
1939; Gutenberg and Richter 1944). Ruptures are assumed to be vertical planes with lengths given by the
magnitude-dependent empirical relation developed by Wells and Coppersmith (1994). The GMM used
is that developed by Boore et al. (2014) to estimate RotD50 pseudo-spectral accelerations, and a Vgsg of
500 m/s is considered for all sites used in the analysis.

The first site considered is located collinear with the fault, at a distance of 5 km from the edge of
the fault, as shown in the top right corner of Figure 5a. The proposed directional PSHA method is
first used to compute hazard curves of pseudo-spectral acceleration at 5 s for two specific orientations:
north-south (N-S) and east-west (E-W), as shown in Figure 5a. For the site considered in this first
example, the transverse orientation always coincides with the N—S orientation, regardless of the epicenter
location. Consequently, the pseudo-spectral acceleration in the N—S orientation has mean annual rates of
exceedance higher than those corresponding to the RotD50 pseudo-spectral acceleration. Conversely, the
pseudo-spectral acceleration in the E-W orientation has mean annual rates of exceedance lower than
those of the RotD50 pseudo-spectral acceleration because, for the considered site, the E-W orientation
always coincides with the radial orientation. Figure 5a also highlights the intensities corresponding to
return periods of 475 and 2475 years, which correspond to intensities with probabilities of exceedance
of 10% and 2% in 50 years, respectively, values that are commonly used in earthquake-resistant design.
For the 475-year return period, the intensities in the N-S and E-W orientations are, respectively, 8.5%
higher and 16.2% lower than the RotD50 intensity. Relatively similar values are obtained for the 2475-
year return period, with the intensity in the N-S and E-W orientations being 11.8% higher and 15.9%
lower, respectively.

The same analysis is then repeated to compute seismic hazard curves at all possible horizontal
orientations to obtain the intensities that correspond to return periods of 475 and 2475 years. Figure 5b
shows these intensities in a polar representation, that is, the intensity at any specific orientation is given by
the distance from the corresponding line (475 or 2475 years) at that orientation to the origin. As expected,
the orientations that maximize and minimize the resulting intensities are the N—S and E-W orientations,
respectively. Orientations near the N—S orientation have intensities higher than the corresponding RotD50
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Figure 5. Seismic hazard results for pseudo-spectral acceleration at 5 s at the selected site: (a) hazard curves
at the north-south (N-S) and east-west (E-W) orientations compared to the median across all horizontal
orientations (RotD50), and (b) directional uniform hazard pseudo-spectral acceleration at return periods of 475
and 2475 years compared to the corresponding RotD50 seismic hazard (gray dashed circles). The top right of
panel (a) shows a map view of the selected site relative to the fault.

intensity, with orientations where this occurs representing 44% and 48% of all possible orientations for
the 475- and 2475-year return period cases, respectively.

Repeating the previous analysis for a range of periods, instead of just 5 s, and computing the 475- and
2475-year return period intensities leads to the uniform hazard spectra at the N-S and E-W orientations
shown in Figure 6a. Regardless of the return period, the uniform hazard spectra associated with the
N-S orientation (which coincides with the transverse orientation in this example) are larger than those
associated with RotD50, which would be the result of a conventional PSHA. Conversely, the response
spectra associated with the E-W orientation (which coincides with the radial orientation in this example)
are lower than those associated with RotD50. Furthermore, the difference between the RotD50 spectra
and either the N-S or E-W spectra increases as the period becomes longer, which is consistent with the
geometric mean ratios from the Poulos and Miranda (2023b) model (see Figure 3a).

To quantify the effect of orientation on seismic hazard results, this work uses the maximum divided by
the minimum pseudo-spectral acceleration from all orientations, which is denoted by w:

_ weldl S

sl S

where Sa(1)) is the pseudo-spectral acceleration at an orientation v for a specific return period (either
475 or 2475 years). For the example site and line-segment fault shown in Figure 5a, the maximum and
minimum pseudo-spectral accelerations occur in the N-S and E-W orientations, respectively, and the
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Figure 6. Uniform seismic hazard results at the selected site for return periods of 475 and 2475 years: (a)
uniform hazard spectra at the north-south (N-S) and east-west (E-W) orientations compared to the median
across all horizontal orientations (RotD50), and (b) maximum to minimum pseudo-spectral acceleration ratios
(w) as a function of period.

w ratio increases as the period becomes longer (Figure 6b). Hence, the seismic hazard from directional
PSHA becomes more orientation-dependent and more distinct from that of conventional, orientation-
independent PSHA.

The level of orientation dependence of directional PSHA changes depending on the location of the
site relative to the fault. To illustrate this effect, two additional sites shown in Figure 7 are analyzed:
one located 5 km from the edge of the fault (Site B) and another located 10 km from the midpoint of
the fault (Site C). The two new sites show variations in seismic hazard with orientation that are very
different from the original site (Site A), with Site C showing essentially the same seismic hazard across
all orientations and Site B showing its maximum hazard at 26° clockwise from the N-S orientation. It is
important to note that the orientation of maximum intensity at each site does not necessarily correspond
to the transverse orientation of specific rupture scenarios. Rather, it is the outcome of the integration of
all rupture scenarios, where rupture length, position, and epicenter are randomized.

To simplify the comparison of the level of orientation dependence of directional PSHA across all
sites surrounding the fault, a single value is compared for each site, corresponding to the w ratio for the
pseudo-spectral acceleration at 5 s and a return period of 2475 years. These ratios are shown in Figure 8
for faults of lengths 1, 50, 100, and 150 km, with the fault length studied previously shown in Figure 8b.
The figure also presents the orientations of the maximum pseudo-spectral acceleration at each site. For
the case of the 1 km fault (Figure 8a), all epicenters are essentially located at the same point, resulting in
all earthquakes having the same transverse orientation and a uniform w ratio of approximately 1.34 across
sites. As the fault lengthens, two regions begin to appear on either side of the fault where the transverse
orientation varies significantly between different earthquake epicenters, resulting in weaker orientation
dependence of directional PSHA and w ratios closer to 1. Sites far from the fault relative to the length of
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Figure 7. Directional uniform seismic hazard results at three selected sites for oscillators with periods of
vibration of 5 s and return periods of 475 and 2475 years. The gray lines at each site represent the orientations
of maximum hazard, and the dashed circles represent the RotD50 hazard. The bottom-right illustration is a
map view of the three selected sites relative to the fault.

the fault continue to have high w ratios because the transverse orientation does not vary significantly as
the earthquake epicenter changes. Interestingly, sites located directly on the fault or relatively collinear
to it show high w ratios, regardless of the fault length. This behavior occurs because, for these sites, the
transverse orientation remains perpendicular or nearly perpendicular to the fault trace.
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Figure 8. Spatial distribution of the maximum to minimum pseudo-spectral acceleration ratio (w) at 5 s, for a
2475-year return period, and considering line-segment faults of lengths (a) 1 km, (b) 50 km, (c) 100 km, and
(d) 150 km. Different sites are depicted by gray circles, and the gray lines correspond to the orientations of
maximum pseudo-spectral acceleration at each site. The black line of each panel represents the fault.

San Francisco Bay Area

The previous example considered a single line-segment fault; however, most sites are affected by several
seismic sources, which would generally reduce the level of orientation dependence of directional PSHA
as the contribution of other sources increases. This effect is exemplified here by considering a simplified
PSHA of the San Francisco Bay Area, which considers only the two most important faults that affect
this region of California: the San Andreas and Hayward Faults. For the sake of simplicity and to better
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illustrate the effects of directionality, other seismic sources were not considered. The geometry and
earthquake rates of each of the two faults were obtained from the Uniform California Earthquake Rupture
Forecast Version 3 (UCERF3) model (Field et al. 2014). Sites were considered to have constant Vgsg
values of 500 m/s, and the same GMM as before was used (i.e., Boore et al. 2014).

Similar to the results for the simple line-segment fault case, sites near the San Andreas and Hayward
Faults have large w ratios and, therefore, a greater degree of orientation dependence in seismic hazard
(Figure 9). For pseudo-spectral acceleration at 5 s and a return period of 2475 years, the w ratio exceeds
1.25 within a band centered on the San Andreas Fault with a width ranging from 10 to 14 km, and the
band where the w ratio is greater than 1.2 has a width that fluctuates between 15 and 25 km (Figure 9b).
In contrast, sites near the Hayward Fault have lower w ratios and narrower bands. For instance, the band
where the w ratio is greater than 1.2, centered on the Hayward Fault, is only about 7 to 9 km wide. This
difference arises because the rate of earthquakes on the Hayward Fault is significantly lower than that
on the San Andreas Fault. As a result, the seismic hazard at sites near the Hayward Fault is significantly
affected by earthquakes on the San Andreas Fault, reducing orientation dependence, whereas the seismic
hazard near the San Andreas Fault is almost unaffected by earthquakes on the Hayward Fault. Additional
seismic hazard analyses that consider each fault individually (Figures S1 and S2 of the supplemental
material for this article) further emphasize the stronger influence of the San Andreas Fault on sites near
the Hayward Fault, compared to the influence of the Hayward Fault on sites near the San Andreas Fault.
The w ratios for pseudo-spectral acceleration at shorter periods are lower than those at 5 s, consistent
with the modeled directionality effect (Figure 3a). For example, the mean w ratios at 2 and 5 s across
the region are 1.10 and 1.15, respectively; however, the relative spatial distribution among sites remains
largely unchanged (Figure 9a).

Conclusions

This study proposes an extension of probabilistic seismic hazard analysis (PSHA) that can be used to
obtain orientation-dependent hazard estimates. The proposed method computes mean annual rates of
exceedance of a ground motion intensity measure (i.e., a hazard curve) at any specific azimuth of interest.
Of the several phenomena that can cause the seismic hazard at a site to be orientation-dependent, this
work focuses on the predominance of the transverse orientation in ground motions from earthquakes with
strike-slip faulting. The method modifies the ground motion model used in PSHA, which considers the
median (i.e., RotD50) pseudo-spectral acceleration from all horizontal orientations, to estimate pseudo-
spectral accelerations at a specific orientation of interest. This modification increases pseudo-spectral
accelerations near the transverse orientation and decreases them near the radial orientation.

The method was first applied to a simple line-segment fault generating strike-slip earthquakes. Results
show that sites collinear with the fault (such as those directly above it) and sites located far from the fault
relative to its length have seismic hazard results with strong orientation dependence, which increases
with period. For example, the pseudo-spectral acceleration at 5 s with a return period of 2475 years
can be 34% higher in the orientation where it reaches its maximum intensity relative to the orientation
where the minimum intensity occurs, and this percentage can be as high as 100% for a period of 10 s.
The method was then applied to the semi-realistic setting of the San Francisco Bay Area, affected by
the two most important faults in this region of California: the San Andreas and Hayward Faults. Sites
close to these faults were found to be significantly affected by ground motion directionality. However,



14 Earthquake Spectra 42

A

NNNNNN Y

77
e
e/
7 A
A
~ A
e
A
e

Figure 9. Spatial distribution within the San Francisco Bay Area of the maximum to minimum pseudo-spectral
acceleration ratio (w) at (a) 2 s and (b) 5 s for a 2475-year return period, considering the San Andreas and
Hayward Faults. Different sites are depicted by gray circles, and the gray lines correspond to the orientations of
maximum pseudo-spectral acceleration at each site. The lower-left inset shows the location of the map within
California.

the orientation dependence of the seismic hazard at some sites can be smaller than that computed using a
single fault. This is particularly true for sites on top of the Hayward Fault because they are significantly
affected by earthquakes on the San Andreas Fault. Future studies could test how these results change in a
more realistic setting, considering additional faults with varying styles of faulting. Moreover, the method
could be extended to consider other phenomena that cause ground motion directionality, such as rupture
directivity and the effect of subsurface geological structures (e.g., sedimentary basins).

Having seismic hazard estimates at specific horizontal orientations can be an important input for
the seismic design of structures, especially those that have structural properties that are significantly
orientation-dependent. Moreover, these estimates can improve seismic risk analyses of structures, since
current methods do not consider the horizontal orientation of the structures. In other words, if a structure
were to be rotated within the horizontal plane, the seismic risk estimated by the current orientation-
independent PSHA method would remain the same. Although the method proposed here only includes
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one of the possible causes of ground motion directionality, it can serve as a starting point to consider the
dependence of horizontal orientation within PSHA.
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