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Abstract

The most commonly used intensity measure of ground motion in earthquake en-
gineering is the 5%-damped spectral ordinate, which varies in different directions.
Several different measures have been proposed over the years to combine the inten-
sity of the two horizontal recorded ground motions to derive ground-motion models as
well as for design purposes. This study provides the relation to seven previously used
measures of horizontal ground motion with respect to a recently proposed orientation-
independent measure of horizontal ground motion intensity referred to as MaxRotD50.
This new measure of horizontal intensity is defined as the median value of the max-
imum spectral ordinate of two orthogonal directions computed for all possible non-
redundant orientations. The relations are computed using 5,065 pairs of horizontal
ground motions taken from the database of ground motions recorded in shallow crustal
earthquakes in active tectonic regions developed as part of the Pacific Earthquake En-
gineering Research Center—Next Generation Attenuation-West2 project. Empirically-
derived period-dependent relations are presented for three quantities which permit
transforming any of the seven other definitions of horizontal ground motion inten-
sity to MaxRotD50, namely: (1) geometric mean of the ratio of MaxRotD50 to any of
the seven other measures of intensities; (2) standard deviation of the natural logarithm
of the ratio of MaxRotD50 to any of the seven other measures of intensities; and (3)
the correlation between the natural logarithm of the ratio of MaxRotD50 to the other
measures of intensities and the natural logarithm of the other measure of intensity. Ad-
ditionally, the influence of site-class at the recording station, earthquake magnitude,
and distance to the horizontal projection of the rupture is examined on the geometric
mean of the ratio of MaxRotD50 to the median intensity of all non-redundant orien-
tations (i.e., RotD50), showing negligible influence of site class and only a relatively
small influence of magnitude and distance.
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INTRODUCTION

Earthquake shaking has two horizontal components of ground motion, which are usually recorded
in orthogonal directions. Although some methods have been proposed to consider the orientation
dependence of ground motion intensity (e.g., Hong and Goda, 2007), usually a single measure of
intensity is used to characterize horizontal ground motions. In most cases, 5%-damped response
spectral ordinates are used as measures of ground motion intensity, such as for the development of
ground motion models (GMMs) and to define target spectra for earthquake-resistant design. Several
methods have been used to combine measures of intensity of both recordings into a single ground
motion intensity. The simplest options consist of combining the intensities of the two as-recorded
directions, such as by taking the geometric mean intensity, which was usually used in early GMMs
(e.g., Youngs et al., 1988; Abrahamson and Silva, 1997; Sadigh et al., 1997), choosing one of the
directions at random (e.g., Boore et al., 1997; Atkinson and Boore, 2003), or using the largest of
the two intensities, as done by the ShakeMap project (Worden et al., 2020). Another option is to
compute the intensity in a direction that relates to the orientation with respect to the seismic source,
such as using the fault-normal or fault-parallel directions (Somerville et al., 1997). Lastly, defini-
tions of horizontal intensity that do not depend on the geometry of the source nor the orientation of
the horizontal orthogonal sensors have also been proposed, which are computed using the geomet-
ric mean of all non-redundant orientation angles of the two orthogonal horizontal components and
then finding the geometric mean corresponding to a certain percentile of the resulting set of geo-
metric means (Boore et al., 2006). One of these definitions was used in the GMMs of the Pacific
Earthquake Engineering Research (PEER) center’s Next Generation Attenuation of Ground Mo-
tions (NGA) project (e.g., Boore and Atkinson, 2008; Campbell and Bozorgnia, 2008; Chiou and
Youngs, 2008). Boore (2010) introduced a measure of ground motion horizontal-component inten-
sity that does not require the computation of the geometric mean of two orthogonal components and
is still independent of the in situ orientations of the recorded ground motion. His proposed measure
of intensity, referred to as RotDpp is computed by calculating the 5% damped spectral ordinate for
all non-redundant rotations of the two recorded horizontal components of a ground motion (i.e.,
for a range of azimuths from 0° to one rotation-angle increment less than 180° because a spectral
ordinate is by definition the peak value of the absolute value of the response of the oscillator and
therefore it has a rotation-angle periodicity of 180°) and then finding a certain percentile pp of the
set of spectral ordinates. The NGA-West2 project used RotD50 as a measure of horizontal ground
motion intensity and some of the latest GMMs used this parameter (e.g., Boore et al., 2014).

Several studies have derived empirical relations between different definitions of the horizontal
ground motion intensity (e.g., Beyer and Bommer, 2006; Watson-Lamprey and Boore, 2007; Huang
et al., 2008; Shahi and Baker, 2014; Boore and Kishida, 2017). These relations can be used to con-
vert one definition to another, which is useful for example in probabilistic seismic hazard analysis
(PSHA) when combining GMMs derived using different definitions of horizontal component.

On the other hand, because of their overall geometry in plan and the arrangement of their lateral-
load-resisting elements, most structures have two horizontal principal axes that are orthogonal to
each other. The design of most structures to resist seismic loading is typically done by conducting
either static or response spectrum modal analyses where the same horizontal design spectrum is
applied to the two horizontal principal axes of the structure. Therefore, of particular interest to
structural engineers is the probability that the ground motion will exceed the design intensity in at
least one of these two orthogonal horizontal principal axes of the structure. Since the orientation of



the ground motion with respect to the principal directions of the building is unknown, the maximum
intensity of the two directions can be computed at different orientations. In order to use a measure
of ground motion intensity that is conceptually more relevant to the design of structures, Poulos
and Miranda (2022) recently proposed a new measure of horizontal ground motion intensity that is
also independent of the in situ orientations of the horizontal recording sensors. The new measure of
horizontal ground motion intensity is computed as the largest spectral ordinate of two orthogonal
directions of all non-redundant angles (for a range of azimuths from 0° to one rotation-angle incre-
ment less than 90°) and then computing the 50th percentile (i.e., the median) of the set of spectral
ordinates. Following the notation introduced by Boore et al. (2006), the new measure of ground
motion intensity is referred to as MaxRotD50, where the prefix Max refers to the selection of the
maximum of two orthogonal horizontal pseudo-acceleration spectral ordinates. This definition has
the advantage that, if the orientation of the ground motion with respect to the principal directions
of the structure is assumed to be uniformly distributed, the probability that MaxRotD50 will be
exceeded in at least one of the principal directions of the structure is, by definition, 50%, whereas
the equivalent probability of exceeding RotD50 in at least one of the two principal directions of
the structure varies from record to record but is significantly higher, being on average approxi-
mately 95% (Poulos and Miranda, 2022). Even though this measure of ground motion intensity is
of greater interest to structural engineers than previously used measures, the use of MaxRotD50
is still limited at present since currently there is no GMM developed for this definition of ground
motion intensity, and its relation to other horizontal components of ground motion intensity has not
been studied.

This study provides relations between MaxRotD50 and several other definitions of the horizon-
tal component of ground motions that are commonly used. These relations can be used together
with existing GMMs to obtain the logarithmic mean and standard deviation of MaxRotD50 re-
quired for conducting PSHA. The relations are obtained empirically from a large dataset of ground
motions from shallow crustal earthquakes in active tectonic regimes (Ancheta et al., 2014). The
theoretical boundaries of the ratios are also derived.

HORIZONTAL COMPONENTS OF GROUND MOTION

Horizontal ground motion intensity is dependent on orientation. For example, Figure 1a shows
a hodogram of the relative displacement of a 5%-damped linear elastic oscillator of period 1 s
subjected to both horizontal components of ground motion from the 1994 Mw 6.7 Northridge
earthquake recorded at the Canoga Park station. The directions where the ground motion was
recorded correspond to 0° and 90° rotation angle in the figure. The response was then used to obtain
spectral acceleration (Sa) at all rotation angles 8, which, for a particular orientation, corresponds to
the maximum of the hodogram projected onto that orientation. The result is shown in Figure 1a in
a polar representation (i.e., the spectral acceleration is given by the distance between the curve and
the origin), and in Figure 1b as a function of the rotation angle with respect to the orientation of the
sensors installed in this recording station. The spectral accelerations in Figure 1b are only presented
in a rotation angle range of 180° since they repeat for the next 180°. The orientation dependence of
spectral acceleration is significant in this case since the response is fairly polarized. The degree of
this dependence changes from record to record and with the period of the oscillator, but on average,
the intensity in the direction of maximum intensity is approximately 39% higher and 68% higher



than the intensity in the orthogonal directions for periods of 0.1 s and 3 s, respectively (Hong and
Goda, 2007). In other words, the change in intensity with change in direction is by no means small.
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Figure 1: Orientation dependence of spectral acceleration for an example ground motion record
shown in (a) polar and (b) linear representations.

Several methods can be used to transform the orientation-dependent representation of horizon-
tal ground motion intensity shown in Figure 1a into a single intensity measure. The eight definitions
that will be used in this study are described in Table 1 and are shown in Figure 1b for the example
ground motion. The first three definitions are the simplest since they use the as-recorded orienta-
tions directly, and hence depend on the orientation of the horizontal sensors. GMag is computed
by taking the geometric mean of the intensities of the as-recorded orientations and has been com-
monly used in several GMMs (e.g., Youngs et al., 1988; Abrahamson and Silva, 1997; Sadigh et al.,
1997). Similarly, Maxxg is the maximum intensity in the two as-recorded orientations. The third
definition corresponds to the intensity of a component arbitrarily selected from the two as-recorded
components. GMMs with this definition usually use both components independently in their cali-
bration (e.g., Boore et al., 1997; Atkinson and Boore, 2003), which results in the same logarithmic
mean as would be obtained by using the geometric mean but with a higher logarithmic standard
deviation (Boore et al., 1997).

The next five definitions shown in Table 1 are independent of the orientation of the sensor and
require computing the intensity at all non-redundant orientations. Boore et al. (2006) introduced
orientation-independent definitions that correspond to a percentile from the distribution of the geo-
metric mean of two orthogonal horizontal components at all non-redundant orientations. The me-
dian value of this definition is termed GMRotD50. Moreover, Boore et al. (2006) also introduced
GMRotI50, which corresponds to the geometric mean of two orthogonal horizontal components
at a rotation angle that minimizes the difference to GMRotD50 over a certain period range. Thus,
GMRotI50 is the only definition of Table 1 that depends on the response of oscillators with peri-
ods different from the period of interest. GMRotI50 was used by the GMMs of the NGA project
(e.g., Boore and Atkinson, 2008; Campbell and Bozorgnia, 2008; Chiou and Youngs, 2008). Boore
(2010) then introduced another orientation-independent definition that uses a single component
instead of the geometric mean of two orthogonal components. The notation of this definition is
RotDpp, which corresponds to the pp-th percentile of the intensity from all orientations. Thus, the



Table 1: Definitions of the horizontal components of ground motion intensity used in this study.

Symbol OI* Definition
GMar X Geometric mean of the as-recorded directions: /Sa(0°)Sa(90°)
Maxar X Maximum of the as-recorded directions: max{Sa(0°), Sa(90°)}
Arbitrary X Sa(0°) or Sa(90°)
GMRotD50 v Median of 1/Sa(6)Sa(90° + ) for 6 € [0°,90°)
GMRotI50 v /Sa(0*)Sa(90° + 6*), where §* minimizes the difference to GMRotD50 over all T
RotD100 v/ Maximum Sa over all rotations angles : , [max : Sa(6)
€[0°,180°
RotD50 v/ Median of Sa(#) for § € [0°,180°)
MaxRotD50 v Median of max{Sa(#), Sa(90° + 6)} for § € [0°,90°)

* Indicates if the definition is orientation independent (check mark) or orientation dependent (cross
mark).

maximum intensity from all orientations is termed RotD 100, which, for the example ground motion
of Figure 1, occurs at a rotation angle of approximately 73°. Moreover, RotD50 corresponds to the
median intensity and was used for the GMMs of the NGA-West2 project (e.g., Boore et al., 2014).

Finally, MaxRotD50 is defined as the median value from the maximum of two orthogonal com-
ponents for all non-redundant orientations (i.e., over a 90° range). This definition is analogous to
GMRotD50 with the geometric mean being changed to the maximum of both orthogonal compo-
nents. The values of all definitions of Table 1 are represented in Figure 1b for the example ground
motion. By definition, RotD100 is always greater than or equal to the rest of the intensities. More-
over, the figure also shows that RotD50, GMagr, GMRotD50, and GMRotI50 are very similar to
each other, which is usually the case for most ground motions since they all represent measures of
central tendency of the intensities from several orientations. Furthermore, MaxRotD50 is between
the previous four definitions and RotD100 for the example ground motion, but closer to RotD100.
Finally, the intensity of the arbitrary component has higher variability since it can take the value of
a spectral acceleration at any orientation.

CONVERSION BETWEEN DIFFERENT HORIZONTAL COMPONENTS
OF GROUND MOTION

Let Y} be a definition of horizontal component with logarithmic mean i,y and logarithmic stan-
dard deviation Tn(vh) given by a GMM. The logarithmic mean and standard deviation of any other
definition of horizontal component Y5 can be computed using the following equations (Watson-
Lamprey and Boore, 2007):

Fin(yz) = Hinvy) T Hin(va/vi) (1

2 2 2
Tla(va) = Oin(vi) T Tnva/vi) T 2Pm(vi) n(va/v1) Tn(v1) T In(va/v1) 2)

where Hin(ya/v1) and Tln(yy/vy) Ar€ the logarithmic mean and standard deviation of the Y5 /Y] ratio,
respectively; and py,y;) (v, /v) 1 the correlation coefficient between In(Y;) and In(Y>/Y1). In this
work Y5 is always MaxRotD50 and the seven remaining definitions listed in Table 1 are used for Y;.
The three terms required to use Equations (1) and (2), i.e. Pin(va/vi)» Oin(Ya/¥1)> and Pla(y1),In(Ya/Y1)?



were computed from a ground motion database for the seven different definitions of Y. In order to
show the central tendency of the ratios directly, the results of the first term will be presented with
an exponential (i.e., exp(uln(y2 /Yl)))’ which is equivalent to the geometric mean of the Y5 /Y] ratio.

In several cases, the ratio between two horizontal components has a lower and/or upper bound
that can be deduced from their definitions (Table 1) or using some idealized ground motion case.
The bounds for the ratios considered in this study are summarized in Table 2. The MaxRotD50
to RotD100 ratio cannot exceed 1 since RotD100 is by definition the maximum intensity of any
orientation. Moreover, MaxRotD50/RotD50 is greater or equal than 1 since the maximum of two
values is always greater than or equal to one of the values. Similarly, the MaxRotD50/GMRotD50
ratio is also always greater than or equal to 1 since the maximum between two values is always
greater than or equal to their geometric mean.

Table 2: Theoretical limits of the ratios between MaxRotD50 and the rest of the definitions of
horizontal ground motion intensity.

Ratio Lower limit Upper limit
MaxRotD50 / RotD100 cos(22.5°) ~ 0.92* 1

MaxRotD50 / Maxar c0s(22.5°) ~ 0.92" cos(22.5°)/ cos(45°) ~ 1.31*
MaxRotD50 / RotD50 17 c0s(22.5°)/ cos(45°) ~ 1.31*
MaxRotD50 / GMRotD50 1 1/+/tan(22.5°) ~ 1.55*
MaxRotD50 / GMRotI50 - -

MaxRotD50 / GMaRr c0s(22.5°) ~ 0.92* oo*
MaxRotD50 / Arbitrary cos(22.5°) ~ 0.92* 00*

* Indicates that the limit is derived from the fully polarized case.

T Indicates that the limit is derived directly from the definitions of both com-
ponents.

¥ Indicates that the limit is derived from a ground motion that is fully polar-
ized and then switches to being fully polarized with the same intensity in an
orthogonal orientation.

Most of the bounds shown in Table 2 can be derived from the case of a fully polarized ground
motion, where the oscillator responds only in a single orientation that for illustration purposes
will be assumed to coincide with one of the as-recorded components. Figure 2 shows the case
where the ground motion only occurs in the § = 0° orientation. Spectral accelerations at any
other orientation for this fully polarized ground motion are obtained by simple projection, i.e.
Sa(f#) = RotD100| cos(#)|. This functional form can be used together with the definitions of
Table 1 to compute the values of intensity of this fully polarized ground motion for most def-
initions of horizontal components, which are also shown in Figure 2. These values can then
be used to derive the lower bound of the MaxRotD50/RotD100 ratio and the upper bounds of
the MaxRotD50/RotD50 and MaxRotD50/GMRotD50 ratios. Moreover, the lower bound of the
MaxRotD50/Arbitrary ratio is found when Sa(0°) is selected as the Arbitrary component, and no
upper bound exists since the Arbitrary component can be zero for Sa(90°). The MaxRotD50/GMagr
ratio also has no upper bound since GMag is zero for the fully polarized case of Figure 2. Further-
more, the lower and upper bounds of the MaxRotD50/Max g ratio also occur for polarized ground
motions if the as-recorded orientations are § = {0°,90°} and 6 = {45°, 135°}, respectively.
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Figure 2: Spectral acceleration as a function of rotation angle for a fully polarized ground motion
that occurs only in one component (f = 0° in this figure).

An idealized case where the lower bound of the MaxRotD50/GMr ratio occurs is when the
ground motion is fully polarized in the § = 0° orientation for a portion of the duration of the record
and then switches to being fully polarized with the same intensity in the § = 90° orientation. In
this case, GMsr would be equal to RotD100 and MaxRotD50 would have the same value as the
fully polarized case.

No clear bound was found for GMRotI50 due to its dependence on other periods of the oscilla-
tor. Thus, the MaxRotD50/GMRotI50 ratio can go beyond the bounds of the MaxRotD50/GMRotD50
ratio, although in practice they are very similar.

GROUND MOTION DATABASE

The ground motions used in this study were obtained from the NGA-West2 database (Ancheta
et al., 2014). Only records generated by earthquakes of moment magnitude greater than or equal
to 5.0 and recorded in NEHRP site classes B, C, or D were used. Moreover, records “thought to
not reasonably reflect free-field conditions” were removed following the procedure used by Boore
et al. (2014). These constraints resulted in a total of 5,065 pairs of horizontal ground motion with
the distribution of magnitude and Joyner-Boore distance shown in Figure 3.

Spectral accelerations were computed using a critical damping ratio of 5% at 40 periods log-
arithmically equispaced between 0.01 s and 10 s. Spectral accelerations were only used up to the
maximum usable period of the record, which is the inverse of the lowest usable frequency defined
by the NGA-West2 database. Thus, the number of records used decrease with increasing period.
For example, at a period of 1 s 4996 records are used, whereas at a period of 10 s only 2865 records
are used, which corresponds to 57% of the total number of records. The spectral accelerations were
computed at rotation angles (¢) from 0 to 180° with 1° increments to compute all the definitions
of horizontal component intensity presented in the previous section. This rotation increment of 1°
is the same as used in previous studies (e.g., Boore et al., 2006) who found this rotation increment
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Figure 3: Distribution of magnitudes and Joyner-Boore distances of the ground motion records
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this figure.

sufficiently small.

RESULTS

The ratios between MaxRotD50 and six of the other seven definitions of horizontal ground motion
intensity are shown in Figure 4 as a function of the structural period for all ground motion pairs
in the database. Figure S1 shows the remaining ratio, MaxRotD50/Max g, and can found in the
supplemental material to this article. In order to better appreciate the relative values of these ratios,
the same limiting values are used in the figure for all ratios. The geometric mean computed for
each period is also presented, together with the 16th and 84th percentiles. The ratios of individual
records do not follow a trend and can vary significantly from one period to another. However, the
geometric mean and percentile curves are more stable and increase with the period for all ratios
except MaxRotD50/RotD100, which decreases slightly. Figure 4 also shows that the ratios of all
records are within the theoretical bounds presented in Table 2. Apparent “spikes” at very high and
very low percentiles (e.g., higher than 95% or lower than 5%) in this figure arise because the period
sampling used to compute these ratios for every record is not dense enough to capture the variation
with period at these extreme percentiles.

The three expressions required to transform the seven definitions of the horizontal component
to MaxRotD50 are presented in Figure 5. The same geometric mean of the different ratios shown
in Figure 4 are presented together in Figure 5a. The geometric mean of the MaxRotD50/RotD100
ratio is not very sensitive to the periods and has an average value of approximately 0.94. This
constant value can be used to estimate MaxRotD50 as a function of RotD100 which is the value
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currently used as a basis for design in ASCE 7-16 (American Society of Civil Engineers, 2016).
In other words, the use of MaxRotD50 for design would lead to design spectral ordinates approxi-
mately 6% lower than those obtained using the maximum intensity. The MaxRotD50/Maxg ratio
also has a geometric mean that is relatively constant, with its value ranging from 1.01 to 1.02. The
geometric means of the rest of the ratios are fairly similar, even though their theoretical limits and
record-to-record variabilities vary significantly, as seen in Figure 4. At short periods, the geometric
means of these ratios are between 1.12 and 1.13. Starting at 0.1 s the MaxRotD50/RotD50 ratio
increases slower than the rest and has a value of 1.2 for a period of 10 s, whereas the rest of the ra-
tios have values ranging from 1.27 to 1.29 for the same period. These differences arise because, at
higher periods, displacement time histories tend on average to become more polarized, which leads
to RotD50 tending to be greater than the measures that rely on the geometric mean of two compo-
nents, as seen, for example, in Figure 2. For estimating the geometric mean MaxRotD50/RotD50
ratio, using a constant value equal to 1.12 for periods smaller than 0.1 s and straight-line approxi-
mation in semilog axes for periods equal or greater than 0.1 s, that is

3)

MaxRotD50 B 1.12 T<0.1s
RotD50 | 1.155+0.0152In(T) 0.1s<T <10s

provides an excellent approximation of this ratio with a coefficient of determination of approxi-
mately 0.97.

The second expression required for the transformation is the standard deviation of the natural
logarithm of the ratio, which is presented in Figure 5b. The variability of the MaxRotD50 to
RotD100 ratio is much lower than the variability of the rest, with a relatively constant standard
deviation that ranges from 0.016 to 0.019. The logarithmic standard deviation of the MaxRotD50 to
RotD50 ratio is also relatively constant with values of approximately 0.072. Logarithmic standard
deviations for the rest of the ratios exhibit a stronger period dependency. The MaxRotD50 to
Arbitrary ratio has a much higher logarithmic standard deviation than the rest since its lack of
averaging the intensity in various directions results in a significantly larger variability, as shown in
Figure 4f.

Finally, the correlation needed in Equation (2) is presented in Figure Sc for all the definitions
of horizontal component. All correlations are fairly small with values between -0.15 and 0.2.
Correlations where Y is GMar, GMRotI50, GMRotD50, and RotD50 are very similar and always
positive, whereas the correlations for RotD100, Arbitrary, and Maxag are negative. The numeric
values of all curves shown in Figure 5, which are required for the conversions of Equations (1) and
(2), can be found in Table S1 (available in the supplemental material to this manuscript).

The evaluation of the influence of the site class, earthquake magnitude, and source-to-site dis-
tance on the MaxRotD50/RotD50 ratios is shown in Figure 6. Only the ratios to RotD50 are
presented here since it is the most commonly used definition of ground motion intensity in recent
GMMs. Figure 6a shows the geometric mean of the MaxRotD50/RotD50 ratio for the three differ-
ent NEHRP site classes used in this study. The results indicate that there is practically no influence
of site class on the ratio of intensities.

The records were also separated into the three one-unit magnitude bins shown in Figure 6b. Al-
though the dependence on magnitude seems to be fairly small, some clear trends can be observed
in the figure. For periods smaller than about 4 s, the ratio decreases slightly with increasing earth-
quake magnitude, whereas the ratio tends to slightly increase with increasing magnitude for periods
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on the geometric mean of the MaxRotD50/RotD50 ratio. The number of records in each bin is
presented in parentheses.
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greater than about 4 s, although this latter trend is less pronounced. These trends of the influence of
magnitude are similar to those observed by Boore and Kishida (2017) for the RotD50/GMRotI50
and RotD100/RotD50 ratios.

Figure 6¢ shows the geometric mean MaxRotD50/RotD50 ratio using four bins of Joyner-Boore
distance. The ratios tend to decrease with increasing distance. However, at long periods, the
influence of distance is less important and smaller than the differences that would arise by using
any of the other definitions of the horizontal component shown in Figure 5a. Moreover, the last two
distance bins have similar results, suggesting that the distance dependence of the ratios is negligible
for distances greater than 50 km. Similar dependencies to those shown in Figure 6 were obtained
for the other six definitions of the horizontal component of ground motion and can be found in the
supplemental material to this article.

CONCLUSIONS

This study presents empirically derived period-dependent relations between the recently proposed
MaxRotD50 intensity and seven other definitions of horizontal ground motion intensity that have
been used previously. The results can be used to transform the logarithmic mean and standard
deviation given by a GMM from one of these seven definitions to MaxRotD50. The changes to
the logarithmic mean were found to be significant for most definition of horizontal ground motion
intensity considered, whereas the changes to the logarithmic standard deviation are very small for
all definitions except for the arbitrary component. Thus, neglecting changes to the logarithmic stan-
dard deviation seems a reasonable assumption for most engineering applications, although small
changes to the standard deviation could impact PSHA results at very high return periods.

Since RotD50 is the most used horizontal component in recent GMMs, special attention was
given to its relationship with MaxRotD50. The MaxRotD50/RotD50 ratio was shown to always
be greater than 1 and smaller than 1.31. The dependence of this ratio with common inputs of
ground motion models was also studied, indicating a negligible dependence on site class and fairly
small dependence on earthquake magnitude and Joyner-Boore distance. Similar dependencies on
magnitude and distance have also been found for other ratios in previous studies (e.g., Watson-
Lamprey and Boore, 2007; Boore and Kishida, 2017); however, their impact in most engineering
applications is very small (Watson-Lamprey and Boore, 2007). Thus, using directly the values
presented in Figure 5, which are independent of the explanatory variables, seems to be a reasonable
approximation for the transformation of any of the definitions of horizontal ground-motion intensity
used in this study to MaxRotD50.

The relations of this study were obtained using records from shallow crustal earthquakes in
active tectonic regimes. Thus, their applicability to other tectonic regimes (e.g., subduction zones
and stable continental regions) is still uncertain. However, the results of Boore and Kishida (2017)
suggest that these types of ratios are generally similar for different tectonic regimes.

Because most structures have two horizontal principal axes that are orthogonal to each other,
rather than designing all structures for the maximum direction intensity (i.e., RotD100) as currently
done in ASCE 7-16 (American Society of Civil Engineers, 2016), a conceptually better approach
would be to use MaxRotD50, which would lead to design spectral ordinates approximately 6%
lower than RotD100 across all periods. The relations of this study, together with GMMs developed
for any of the other seven definitions of horizontal ground motion intensity, can be used to construct
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design spectra for MaxRotD50, and then to define amplification factors for RotD100 to be used only
for the small percentage of structures that are axisymmetric with cylindrical symmetry with respect
to a vertical axis (Stewart et al., 2011; Poulos and Miranda, 2022). Alternatively, the design spectra
can be constructed using GMMs developed specifically for MaxRotD50, which could be developed
in the future.

DATA AND RESOURCES

The ground motion records used in this study were obtained from the NGA-West2 ground motion
database developed by the Pacific Earthquake Engineering Research Center using the web-based
search and download tool (http://ngawest2.berkeley.edu/spectras/new, last accessed April 2020).
The number of records that can be downloaded at the same time is limited, with the current limit
set to 200 records every two weeks. The supplemental material provides the period-dependent
expressions required to transform any of the seven definitions of horizontal ground motion intensity
considered in this study to MaxRotD50, a figure with the ratios between MaxRotD50 and Maxag,
and figures with the influence of site class, moment magnitude, and Joyner-Boore distance on the
geometric mean ratio between MaxRotD50 and each of the other definitions of horizontal ground
motion intensity.
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