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ABSTRACT 

  
 The spectral intensity of earthquake ground motions and corresponding seismic demands on structures can vary significantly 

with changes in the horizontal orientation, and this variation may exhibit sensitivity to the associated rupture distance and 
vibration period. We use a database of physics-based Hayward fault rupture simulations with broadband, spatially dense ground 
acceleration records to study the polarization characteristics of near-fault ground motions in strike-slip events, and their spatial 
and period-dependent variation. Preliminary results show strong polarization toward the strike-normal orientation in the near-
fault region, and toward the transverse epicentral orientation across a longer distance range. The directionality characteristics of 
the spectral accelerations of simulated ground motions were found to be generally consistent with those of real ground motions 
observed in the near-fault region. 
 

Introduction 
The intensity of horizontal earthquake ground shaking and the imposed seismic demands on structures exhibit 
variation with changes in orientation within the horizontal plane. Quantifying this variation, conventionally 
known as ground motion directionality, is important for the seismic analysis and design of structures, especially 
those in regions of high seismic hazard [1]. The directionality of horizontal ground motion has traditionally 
been characterized by the direction of maximum spectral acceleration (SA) over all possible orientations [2], 
[3], [4], [5], [6], [7], [8]. Over the past two decades, studies of recorded ground motions have also documented 
the spatial variation of the direction of maximum SA across rupture distances. Early studies found that the 
maximum SAs at relatively short periods did not have a preferred orientation at distances longer than 5 km from 
the fault [3], [9]. At distances shorter than 5 km, the orientation of the maximum SA tended to be close to the 
strike-normal (SN) orientation [3], [9], [10], and the SN component intensity was frequently observed to be 
higher than the strike-parallel (SP) component intensity for strike-slip events. This polarization in near-fault 
ground motion was generally attributed to the seismic wave propagation patterns causing the well-known 
forward rupture directivity effects, which induce strong velocity pulses at near-fault locations [11], [12]. 
Although the polarization of horizontal ground motion was typically observed in the near-fault region, analysis 
of the 2010 Darfield earthquake [3] revealed that it persisted at rupture distances (𝑅!"#) up to 30 km for SAs 
at periods longer than 1.0 second. More recent investigations [3], [5], [7], [16] found that the direction of 
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maximum SA in several densely recorded earthquakes at 𝑅!"#	> 30 km occurred near the so-called transverse 
epicentral orientation, which is the distance perpendicular to a straight line drawn from the site to the epicenter.  

Although the spatial variation of ground motion directionality has been studied in several earthquake events, 
recordings of near-fault ground motions are relatively sparse. In addition, the systematic effects of different 
rupture characteristics are difficult to isolate from individual event observations. Physics-based fault rupture 
simulations [13], [14], [15] offer new opportunities for studying the directionality features of ground motion 
intensity measures, especially at near-fault locations. These simulations offer spatially dense and site-specific 
recordings across large geographical regions, and can isolate systematic source, path, and site effects. In this 
study, we examine the directionality of near-fault ground motions in a database of physics-based fault-rupture 
simulations, which represent multiple realizations of a magnitude 7 (M7) Hayward fault rupture across the San 
Francisco Bay Area (SFBA) [16]. We use the database to analyze the spatial and period-dependent polarization 
of near-fault simulated ground motions, compare their directionality characteristics to those associated with real 
ground motion records, and discuss the implications of the observed trends. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Physics-Based Fault Rupture Simulations 
We obtained the fault rupture simulations from the Simulated Ground Motion Database managed by the Pacific 
Earthquake Engineering Research Center (PEER) and Lawrence Berkeley National Laboratory [16]. These 
simulations have undergone substantial validation efforts in recent years [16], [17], [18]. We use fifty rupture 
realizations which represent variations in the hypocenter location, slip distribution across the fault surface, and 
presence and size of slip asperities (patches). Each realization contains recordings at 2,270 stations spaced at 2 
km over a 120-km by 80-km spatial domain. The simulations use the United States Geological Survey SFBA 
velocity model [19], and resolve frequencies up to 5 Hz with a minimum shear-wave velocity of 250 m/s. 
 

Spatial and Period-Dependent Variability of Ground Motion Directionality 
We describe the directionality of ground motion intensity by the direction of the orientation-independent 
maximum SA (RotD100) [1] for a 5%-damped oscillator with vibration periods between 0.2 and 10 seconds. 
The horizontal ground motion components were rotated through all possible angles between 0 and 180°, and 
the orientation and amplitude of RotD100 were recorded. We calculated the minimum angular difference 
between the RotD100 direction and two reference orientations: (1) the transverse epicentral orientation 𝛼%&; 
and (2) the SN orientation 𝛼'(. A representative example of the orientation of RotD100 is shown in Figure 1 
for a single rupture realization and two vibration periods: 0.5 and 10 seconds. The transverse epicentral 
orientation is also shown for reference. Analysis of the RotD100 direction in all rupture realizations highlights 
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Figure 1.    Amplitude and orientation of RotD100 across the SFBA at two vibration periods: (a) 0.5 seconds 
and (b) 10 seconds. The star indicates the epicenter location. 
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its variation with the associated rupture distance. This observation is summarized in Figure 2, which displays 
the probability density of 𝛼%& 	 and 𝛼'( for RotD100 at all vibration periods and two groups of 𝑅!"#. We observe 
that the direction of RotD100 tends to be close to the epicentral transverse direction, especially at near-fault 
locations (Figure 2a): the median 𝛼%& is equal to 27 degrees for rupture distances shorter than 5 km, and 36 
degrees for rupture distances longer than 5 km. In reference to the SN orientation (Figure 2b and 2d), the 
RotD100 direction of near-fault ground motions (𝑅!"#< 5 km) also tends to be close to the SN direction (median 
𝛼'(= 28 degrees), which agrees with the observations of Bradley and Baker [2] and Watson-Lamprey and Boore 
[19] for real near-fault ground motions. However, at rupture distances longer than 5 km, the RotD100 direction 
is slightly closer to the SP direction (median 𝛼'( = 52 degrees). 
 
 
 
 
 
 
 
 
 
 

  
 

 
 
 
 
 
 
 
 

 
 
 
 
 

 
 

  
 
 
 
 
 

 
We also observe that the angular distance between the RotD100 direction and epicentral transverse 

orientation remains consistent across different vibration periods, with the median 𝛼%& 	values ranging from 24 
to 38 degrees. These trends are summarized in Figure 3a for multiple vibration period bins within the two 
rupture-distance groups. In contrast, the angular distance between the RotD100 direction and SN orientation 
exhibits a stronger sensitivity to both the rupture distance and vibration period range (Figure 3b). For 𝑅!"# < 5 
km, the RotD100 direction tends to be close to the SN orientation, especially at periods shorter than or equal to 

 

 

 

 

 

 

 

 

Figure 2.    Probability density of the angle between RotD100 and the reference orientations: (a) 𝛼%& at 
𝑅!"# 	< 5 km, (b) 𝛼'( at 𝑅!"# < 5 km, (c) 𝛼%& at 𝑅!"# 	≥ 5 km, and (d) 𝛼'( at 𝑅!"# 	≥ 5 km. 
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Figure 2.    Probability density of the angle between RotD100 and the reference orientations: (a) 𝛼%& at 
𝑅!"# 	< 5 km; (b) 𝛼'( at 𝑅!"# < 5 km; (c) 𝛼%& at 𝑅!"# 	≥ 5 km; and (d) 𝛼'( at 𝑅!"# 	≥ 5 km. 

 

Figure 3.    Angle between RotD100 and the reference orientations for multiple vibration periods and 
rupture distance bins: (a) 𝛼%& (b) 𝛼'(. Boxes mark the 25th, 50th, and 75th percentiles, and 
whiskers mark the 10th and 90th percentiles. 
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0.5 seconds (median 𝛼'( = 18 degrees for 𝑇 ≤	0.5 s). However, at rupture distances longer than 5 km, most 𝛼'( 
values at all vibration periods do not exhibit a directional preference or are slightly closer to the SP orientation. 
Specifically, the median 𝛼'( values for the four period bins in Figure 3b range between 48 and 54 degrees. 
These observations suggest that the epicentral transverse orientation may offer a more consistent metric for 
describing the spectral acceleration (SA) directionality across a wide range of distances and vibration periods, 
compared with the SN direction typically adopted for near-fault ground motions. 

 
Comparison between Simulated and Recorded Ground Motions 

The directionality characteristics of the simulated ground motions were also compared against a group of 
recorded ground motions from the PEER NGA-West2 database [20], which consists of 87 pairs of records with 
magnitudes between 6.2 and 7.7 (median magnitude of 6.9), 𝑅!"# between 0 and 30 km, and average shear-
wave velocity in the top 30 meters (𝑉)*+) between 250 and 1200 m/s. A subset of 1,500 pairs of simulated 
ground motions was randomly sampled to closely match the distribution of 𝑅!"# and 𝑉)*+ of the PEER NGA-
West2 records. Figure 4 summarizes the trends of the angular distance between the RotD100 and SN direction 
for both groups at multiple distance bins and periods of 0.5, 5.0, and 10.0 seconds. We observe that the 
differences between the directionality patterns associated with the simulated and recorded ground motions are 
sensitive to the associated rupture distance and vibration period. It is, however, noteworthy that the box plots 
for 𝑅!"#< 5 km contain only 12 real ground motions. Based on the Kolmogorov-Smirnov test at the 5% 
confidence level, we observe no statistically significant difference in the orientation of the RotD100 between 
the simulated and real ground motions for most periods between 0.2 and 10 seconds at rupture distances shorter 
than 15 km. On the other hand, for rupture distances longer than 15 km, a statistically significant difference is 
observed between the two groups at most periods. However, the size of the difference is considered small to 
medium, based on Cliff’s Delta effect size measure 𝑑 (|𝑑|	< 0.35). These findings suggest that the directionality 
patterns of near-fault simulated ground motions are generally consistent with those of real ground motions. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Conclusions 
Analysis of physics-based Hayward fault rupture simulations reveals that their ground motion directionality 
patterns are generally consistent with those of recorded ground motions, especially in the near-fault region. The 
RotD100 direction in the simulated ground motions exhibits substantial spatial variability and strong 
polarization toward the SN direction in the near-fault region, but this polarization diminishes at rupture distances 
longer than 5 km. Our analysis also suggests that the epicentral transverse direction may offer a more consistent 
reference orientation for characterizing the directionality of simulated ground motion intensity across a wide 
range of distances and vibration periods, compared with the SN orientation. Future work will examine the 
influence of rupture characteristics, such as the hypocenter location and spatial distribution of slip, on the 
polarization of the intensity measures of simulated ground motions. 
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Figure 4.  Angular distance between the RotD100 and SN orientations for simulated and real ground 
motions at the following vibration periods: (a) T = 0.5 s; (b) T = 5.0 s; and (c) T = 10.0 s. Boxes 
mark the 25th, 50th, and 75th percentiles, and the mean is indicated by the red dot. 
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