
Ground motion directionality in the 2010–2011
Canterbury earthquakes

Brendon A. Bradley1,*,† and Jack W. Baker2

1Department of Civil and Natural Resources Engineering, University of Canterbury, Private Bag 4800, Christchurch,
New Zealand

2Department of Civil and Environmental Engineering, Stanford University, 473 Via Ortega, Stanford, CA, USA

SUMMARY

This paper examines the observed directionality of ground motions in the Christchurch urban area during the
2010–2011 Canterbury, New Zealand earthquakes. A dataset of ground motions recorded at 20 strong motion
stations over 10 different earthquake events is utilized to examine the ratios of various response spectral
directionality definitions and the orientation of the maximum direction. Because the majority of previous
related studies have utilized overlapping ground motion datasets from the NGA database, the results of this
study provide a largely independent assessment of these ground motion aspects. It is found that the direction-
ality ratio between the maximum (100th percentile) and 50th percentile orientation-independent spectral
acceleration is similar to that obtained from recent studies. Ground motions from the 4 September 2010
Darfield earthquake are shown to exhibit strong directionality for source-to-site distances up to Rrup= 30 km,
notably further than results from a previous study, which suggests that such effects are generally limited to
Rrup< 5 km. The adopted dataset also offers the unique potential to consider site-specific effects on direction-
ality ratios and maximum direction orientations; however, in both cases, site-specific effects are found not to
be significant in the observed empirical results. Copyright © 2014 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Earthquake-induced ground motions produce translational accelerations in two horizontal components
and one vertical component. The representation of horizontal ground motion intensity via a single
ground motion intensity measure (IM), which is desirable for conventional seismic design, therefore
requires either some combination of the two orthogonal horizontal components, or the consideration of
a single specific orientation or direction. Historically considered scalar measures include the geometric
mean of the bidirectional ground motion intensity in its as-recorded orientation, the ‘larger’ of the two
orientations, or a ‘random’ orientation [1–5]. Because of the dependence of the aforementioned
measures on instrument orientation (the determination of which is arbitrary), Boore et al. [6] proposed
that a so-called ‘orientation-independent geometric mean’ be obtained for all non-redundant orientations
and then an appropriate percentile value choosen (namely the 50th or 100th percentiles, i.e. the median
or maximum). Boore [7] subsequently proposed that a single component of the ground motion, rather
than the geometric mean, be used in computing an orientation-independent ground motion IM. For a
given ground motion, the numerical values of the above scalar definitions of a bidirectional ground
motion will vary as a result of the ‘directionality’ of the ground motion.
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Ground motion prediction equations (GMPEs), used in seismic hazard analysis, often provide
predicted levels of ground motion intensity for a single definition of bidirectional ground motion.
Historically, the use of geometric mean-based definitions have been prevalent in GMPEs [1, 8],
often because of the identified fact that such definitions result in a prediction equation with
marginally lower standard deviation relative to single-direction predictions. However, others have
suggested that the overall seismic response of inelastic structures is more dependent on the severity
of ground motion along its principal direction, and therefore propose the use of maximum direction-
based definitions [9]. Although the choice of which directionality definition is most appropriate is
arguably both application-specific and structure-specific, it is clearly important that the definitions
used in seismic hazard and response analyses are the same in order to ensure that design and
performance expectations are not biased [10, 11]. As a result, it is useful to understand the ratios of
various directionality definitions so that empirical models can be developed to easily convert
between available and desired definitions.

Several researchers have previously studied ground motion directionality and developed prediction
models for the ratios of various directionality definitions [12–16]. Most of these studies used subsets of
the NGA West or NGA West-2 databases [17], and therefore it is arguably not surprising that they yield
similar empirical directionality results, and the possibility exists that such ratios may differ for other datasets.

The aim of this study is to examine ground motion directionality from the 2010–2011 Canterbury
earthquake sequence. Firstly, ratios between various directionality definitions are computed using a
dataset obtained from the recorded ground motions at 20 strong motion stations in Christchurch
during the 10 most significant earthquakes in the 2010–2011 Canterbury earthquake sequence, a
dataset that is essentially independent from those of previous studies. As well as examining the
directionality ratio between the maximum component, SaRotD100, and the ‘average’ component,
SaRotD50, so it reads additional ratios are examined with other directionality definitions, in particular,
the ‘larger’ component, Salarger, which is adopted in the current New Zealand loadings standard [9].
The potential for site-specific directionality characteristics is also examined based on the fact that the
adopted dataset contains 10 repeated ground motion observations at 20 different strong motion stations.

2. GROUND MOTION DIRECTIONALITY

Various metrics for representing bidirectional horizontal ground motion intensity have been previously
considered. The four metrics considered in this study are provided in Table I, while other definitions
can be found in Beyer and Bommer [12]. Herein, attention is restricted to pseudo-spectral acceleration
(Sa) as a ground motion IM, although much of the discussion is equally applicable to other IMs.

In examining Table I, it can be seen that two IMs represent geometric mean combinations of
orthogonal horizontal components (i.e. SaGM and SaGMRotDnn) and while the remaining two
(i.e. SaLarger and SaRotDnn) represent the ground motion in a specific orientation. It is also important
to note that both SaGM and SaLarger are based on the orientation of the as-recorded ground motion
components, an undesirable trait that motivated Boore et al. [6] and Boore [7] to develop the
orientation-independent definitions of SaGMRotDnn and SaRotDnn. For the purpose of illustration,

Table I. Ground motion directionality definitions considered in this study.

Symbol Description

SaGM Geometric mean of the Sa values for two as-recorded orthogonal components
(H1 and H2) at each period: SaGM ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

SaH1SaH2
p

SaLarger Larger value of the two as-recorded components at each period: SaLarger=max[SaH1, SaH2]
SaGMRotDnn nn-th percentile of the geometric mean value obtained by rotating the horizontal components

through all non-redundant angles. Typically, the 50th and 100th (i.e. max) percentiles are
considered, that is, SaGMRotD50 and SaGMRotD100, respectively.

SaRotDnn nn-th percentile of the Sa value obtained by rotating the horizontal components through
all non-redundant angles. Typically, the 50th and 100th (i.e. max) percentiles are considered,
that is, SaRotD50 and SaRotD100, respectively.
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Figure 1 presents the spectral response for a SDOF system with T= 2.0 s to the Rolleston ground
motion from the 4 September 2010 Mw7.1 Darfield earthquake [18]. It can be seen from Figure 1a
that the spectral response is quite polarized, with a peak displacement of nearly 35 cm along an
orientation of approximately θ = 120° anticlockwise of the as-recorded components, and less than
20 cm at the orthogonal orientation of θ = 30°. Figure 1b illustrates the computed values of Sa as a
function of rotation angle as well as the values of the four definitions of Sa from Table I. Several
important things to note in examining Figure 1b are: (i) the value of Sa at different orientations
varies significantly, with the minimum and maximum values being approximately 0.18 g and 0.34 g,
respectively; (ii) SaLarger is always less than or equal to the maximum value of Sa, SaRotD100,
because it is a function of the as-recorded orientation of the instrument, which is arbitrary [6]; and
(iii) although the ‘Geometric Mean’ definition of Sa, SaGM, is also a function of the as-recorded
orientation of the instrument on average, it is quite similar to the median (50th percentile) value
over all rotation angles, SaGMRotD50 [12].

2.1. The New Zealand Loadings Standard, NZS1170.5:2004

The response spectral ordinates in the New Zealand (NZ) Loadings Standard [9] are based on
probabilistic seismic hazard analysis (PSHA) results obtained using the ‘Larger component’
definition of the McVerry et al. [19] (herein McV06) GMPE [9]. Since this time, the Bradley [20,
21] GMPE (herein B10) has also been incorporated into NZ PSHA for the Christchurch region
following the 2010–2011 Canterbury earthquake sequence [22, 23]. The B10 GMPE was developed
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Figure 1. Directionality of the Rolleston ground motion from the 24 September 2010 Mw7.1 Darfield
earthquake: (a) Displacement response trace for a SDOF system with T = 2.0 s; (b) Sa values obtained based

on the various definitions in Table I.
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from the Chiou and Youngs [24] and Chiou et al. [25] models (for SaGMRotI50 [6]) based on geometric
mean (i.e. SaGM) data from NZ. As the difference between SaGMRotI50 and SaGM is negligible, with an
average ratio of 1.0 and a lognormal standard deviation of 0.03–0.04 [12], the B10 model can arguably
be considered as representing either of these Sa definitions. However, previous empirical results
[e.g. 12] clearly illustrate that there is a non-negligible difference between SaLarger and SaGM, and
therefore Sa values obtained directly from the B10 relationship were modified, based on the
directionality ratios developed herein, for revising the seismic hazard for Christchurch.

3. OBSERVED RATIOS OF VARIOUS DIRECTIONALITY DEFINITIONS

3.1. 2010–2011 Canterbury earthquake dataset

The same set of 10 earthquake events that were recorded at 20 different strong motion stations from
Bradley [26] were adopted herein to consider ground motion directionality (a total of 184
bidirectional horizontal ground motions). The location of the 10 finite faults and 20 strong motion
stations is depicted in Figure 2. Seven of the ten events have a strike-slip focal mechanism, whereas
the remaining three (22 Feb 2011, 23 Dec 2011 12:58 PM and 2:18 PM) have reverse mechanisms.
The key attributes of this dataset are the following [26]: (i) ground motions of engineering
significance, with an average PGA of 0.183 g; and (ii) multiple ground motions recorded at the same
location, which allows for the consideration of site-specific ground motion directionality.

For each ground motion considered, elastic Sa amplitudes were computed based on 5% viscous
damping for 20 vibration periods between T= 0.01� 10 s. The effect of ground motion orientation
was considered by rotating all ground motions through θ = 0� 180° (because the remaining
orientations are redundant) with an increment of 2°

Figure 2. Location of the finite fault planes of the 10 considered earthquake events, and the location of the 20
strong motions at which directionality is examined. Color coding of the finite fault models is for clarity only.
Epicentral locations of the 22 February 2011, 13 June 2011 (2:20 PM), and 23 December 2011 (1:18 PM) events
are shown for the finite fault models of Beavan et al. [29] to qualitatively illustrate rupture directionality (the
epicentral location of the 4 September 2011 event is beyond the figure boundaries). The six remaining events have
simplified fault planes estimated based on their magnitude, fault strike and dip from moment tensor solutions, and

the epicenters are therefore non-informative in this regard and not shown for clarity.

B. A. BRADLEY AND J. W. BAKER

Copyright © 2014 John Wiley & Sons, Ltd. Earthquake Engng Struct. Dyn. (2014)
DOI: 10.1002/eqe



3.2. Ratio of SaLarger to SaGM

Figure 3 illustrates the computed ratio of SaLarger/SaGM for the considered ground motions as a function
of vibration period. In this and subsequent figures, data points are used to illustrate the exponential of
the lognormal sample mean (i.e. exp ^μlnXð Þ—equal to the median for a lognormal distribution, which is
assumed herein) of the computed ratio for all the considered ground motions, and the vertical lines are
used to represent the [16th, 84th] percentile range. For comparison with the empirically-obtained ratios,
the median, 16th and 84th percentiles of the model of Beyer and Bommer [12] is also provided. It can
be seen that there is a small under-prediction of the empirically-obtained median by the Beyer and
Bommer model; but more notably the standard deviation of the Beyer and Bommer model is
significantly less than that observed for the Christchurch-specific data. As a result of these two
discrepancies, a simple Christchurch-specific model was developed, which is piecewise linear in
logT space, as illustrated in Figure 3. The mathematical equation for the median and standard
deviation is given by Equation 1 with the coefficients given in Table II (which also provides
empirical models for other directionality ratios subsequently discussed).

Y ¼
Y1 T < T1

Y1 þ Y2 � Y1ð Þ ln T=T1½ �
ln T2=T1½ �

� �
T1⩽T < T2

Y2 T2⩽T

8>><
>>:

(1)

3.3. Ratio of SaRotD100 to SaRotD50

Figure 4 illustrates the ratio of the maximum and median values of the rotation-independent Sa,
SaRotD100/SaRotD50, from the Christchurch-specific dataset. For comparison, the empirical prediction
model of Shahi and Baker [16] is also presented, for which it can be seen that there is a very good
agreement between both the median and standard deviation. The Shahi and Baker [16] model is
based on the NGA West-2 dataset, comprising worldwide ground motion data from active shallow
crustal earthquakes, therefore providing confidence that the Christchurch-specific results can be
considered as applicable in a more general context. No practically significant dependencies on the
observed directionality ratio with causal parameters (Mw, Rrup, etc.) was found. Note that Shahi and
Baker [16] considered a Rrup-directionality dependence, although this resulted in only a 1% variation
over a range of Rrup = 0� 60 km. Because of the similarity between the observed and predicted

Figure 3. Ratio of SaLarger to SaGM observed as a function of vibration period. Data points represent the
exponential of the lognormal sample mean, whereas the vertical bars represent the [16th, 84th] percentile
range of the data. Dashed lines (red and blue) indicate model predictions of the 16th and 84th percentile

range (for the Christchurch-specific model and Beyer and Bommer, respectively).

GROUND MOTION DIRECTIONALITY IN THE 2010–2011 CANTERBURY EARTHQUAKES

Copyright © 2014 John Wiley & Sons, Ltd. Earthquake Engng Struct. Dyn. (2014)
DOI: 10.1002/eqe



ratios, no Christchurch-specific empirical model is provided and the model of Shahi and Baker is
directly recommended.

3.4. Ratio of SaRotD50 to SaGM and SaRotD100 to SaLarger

As previously mentioned, the current NZ loadings standard is based on the SaLarger definition;
however, this definition has the limitation that it is dependent on instrument orientation. As a result,
although it is the ‘larger’ of the two components in their as-recorded orientations, it is not the
‘largest’ (i.e. SaLarger⩽ SaRotD100). For these reasons, among others, various proponents [e.g. 6] have
suggested the adoption of rotation-independent measures of ground motion intensity (e.g. SaRotD50
or SaRotD100). The aim here is not to argue which of these two orientation-independent SaRotD50
metrics is more appropriate [10], but simply to develop modification factors, which would allow
either SaLarger or SaGM (as computed by the McV06 and B10 GMPEs in NZ) to be converted to
SaRotD50 or SaRotD100 values.

Figure 5 illustrates the ratio of SaRotD50/SaGM obtained from the considered Christchurch dataset.
The authors are not aware of previous results which have been presented for such a directionality
ratio, but given the similarity of SaGM and SaGMRotI50 [e.g. Figure 1, 12], the approximate trend of
the ratio SaRotD50/SaGMRotI50 taken from Figure 3a of Boore [7] is also provided. It can be seen that
the approximate trend of Boore [7] is consistent with the obtained empirical results. Table II
provides the coefficients of the Christchurch-specific prediction model presented in Figure 5.

The use of an SaRotD50/SaGM relationship allows the B10 GMPE to be used for NZ PSHA in terms of
SaRotD50. Similarly, the SaLarger/SaGM and SaRotD50/SaGM relationships presented in Figures 3 and 5,
respectively, can be utilized together to develop an expression SaRotD50/SaLarger, which can be used
with the McV06 GMPE to provide predictions for NZ PSHA in terms of SaRotD50.

Figure 6 illustrates the ratio of SaRotD100/SaLarger obtained from the considered Christchurch dataset.
The authors are not aware of previous results that have been presented for such a directionality ratio for
the purposes of comparison. It can be seen that the ratio is essentially independent of vibration period,

Table II. Coefficients of Christchurch-specific empirical prediction models for various
directionality ratios for use in Equation 1. Median = exp(μlnY) and Std. dev = σlnY.

Ratio [T1, T2]

[Y1, Y2]

Median Std. dev

SaLarger
SaGM

[0.1, 2.0] [1.14, 1.25] [0.10, 0.16]
SaRotD50
SaGM

[0.1, 2.0] [1.01, 1.06] [0.06, 0.10]
SaRotD100
SaLarger

[0.01,10] [1.08, 1.08] [0.07, 0.07]
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T, with a median value of approximately 1.08, implying that, on average, Salarger is 8% less than the
maximum Sa value in any orientation (i.e. SaRotD100). Table II provides the coefficients of the
Christchurch-specific prediction model presented in Figure 6, which represents a period-independent
model with median 1.08 and lognormal standard deviation of 0.07. A constant standard deviation
was pragmatically adopted, although it can be seen that there is a slight increase as T increases.

4. SITE-SPECIFIC VARIATION IN DIRECTIONALITY RATIOS

Ground motions result from the complex interaction of seismic source, path, and site effects. As noted
by Shahi and Baker [16], ground motion directionality is intuitively related to the nature of the
causative earthquake source rupture because of rupture directivity. However, an empirical link with
source orientation is not strongly evident in observed near-fault-region directionality data [16, 27],
which may point to directionality being significantly influenced by wave propagation path and site-
specific effects. Because the adopted dataset contains ground motions recorded at the same set of 20
strong motion stations over 10 different earthquake events, it therefore allows, for the first time,
consideration as to whether directionality can be related to site-specific conditions [26]. Herein, such
site-specific directionality effects are examined for the SaRotD100/SaRotD50 ratio, which is directly
related to ground motion polarization (i.e. having a value of 1 for unpolarized motion, and

ffiffiffi
2

p
for

perfectly polarized motion).
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Figure 7 illustrates the site-specific variations in the SaRotD100/SaRotD50 ratio for four different strong
motion stations in comparison with the results obtained based on all ground motion data. Riccarton High
School (RHSC) and Christchurch Hospital (CHHC) are gravelly and sandy soil sites located in the
Canterbury basin, respectively; Heathcote Valley (HVSC) is a colluvium site located on the basin edge,
which exhibited significant site effects in the Canterbury earthquakes [e.g. 18], whereas Lyttelton
(LPCC) is nominally a rock site in Lyttelton Harbour [28]. For all of the sites depicted in Figure 7, it
can be seen that the site-specific SaRotD100/SaRotD50 ratios generally show little departure from the ratios
obtained based on averaging over all sites. Where deviations do exist, they are generally confined to a
narrow band of vibration periods, with no consistent trend over a wide range of vibration periods.
Furthermore, there is no clear evidence that the standard deviation of the ratios are notably smaller on a
site-specific basis than those based on all of the strong motion stations. Similar results were observed
from the remaining 16 strong motion stations not shown in Figure 7. These empirical results therefore
provide evidence that polarity of ground motions shows no apparent correlation with site-specific effects.

5. DIRECTIONALITY ORIENTATION

In addition to understanding the magnitude of the directionality ratio between the average and
maximum Sa directions, SaRotD100/SaRotD50, it is also of interest to understand the predominant
orientations at which SaRotD100 occurs and whether this maximum direction shows any systematic
tendencies at a specific site (e.g. due to polarization during wave propagation through the surficial
soils and basin structure). For this purpose, the orientation of SaRotD100 is defined by the minimum
angle with respect to the fault strike, denoted as α [16]. Using the NGA West-2 database, Shahi and
Baker [27] found that α had essentially a uniform distribution (implying that the maximum direction
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stations: (a) Riccarton; (b) Christchurch hospital; (c) Heathcote Valley; and (d) Lyttelton. Site-specific
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is entirely random), with the exception of spectral ordinates for T⩾ 1 s and source-to-site distances
Rrup< 5 km. For T⩾ 1 s and Rrup< 5 km, Shahi and Baker observed a greater likelihood that α was
close to the fault-normal direction (α= 90°) than the fault-parallel direction (α= 90°), inferred to be a
result of near-source rupture directivity effects (consistent with similar observations of
Watson-Lamprey and Boore [13]).

Figure 8 illustrates the distribution of α for all 20 sites, 10 events, and 20 vibration periods
considered in this study. It can be seen that α has essentially a uniform distribution when averaged
over numerous events, source-to-site distances, and vibration periods, consistent with the findings of
Shahi and Baker [27].

5.1. Event-specific variation in maximum direction orientation

Figures 9a and 9b illustrate the distribution of α for all 20 sites from the 4 September 2010 Darfield
earthquake for T< 1 s and T⩾ 1 s, respectively. Although Figure 9a is relatively uniform, with a
slight skewness toward higher α values, it can be seen that the distribution of α in Figure 9b is
highly skewed with 90% of observations having α> 45° and 50% of observations having α> 75°.
As can be seen by comparing Figures 9a and 9b, for the consideration of only moderate-to-long
period spectral ordinates (i.e. T⩾ 1 ) the distribution of α departs from the uniform distribution, and
is more highly skewed toward α= 90°, consistent with the results of Shahi and Baker [27].
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Figure 10 illustrates the distribution of α values of the results in Figure 9b (i.e. T⩾ 1 s for all 20 sites
and the 4 September 2010 earthquake) as a function of source-to-site distance. In addition to showing
the results for all spectral periods for T⩾ 1 s, the average α value for a given ground motion across all
the considered spectral periods (i.e. T= 1� 10 s) is also shown by the bold square markers. It can be
seen that the distribution of values is essentially independent of source-to-site distances over the range
of Rrup = 0� 30 km, and in fact the distribution of α in this case is most skewed toward α= 90° for
Rrup≈ 15 km. These observations are consistent with the detailed record-by-record discussion of the
4 September 2010 earthquake by Bradley [18], in which it was noted that pronounced forward
directivity and basin-generated surface waves in the fault-normal direction were prevalent in the
observed ground motions located to the east of the Greendale fault for distances of up to 30 km
(i.e. as far north east of the causative fault as Kaiapoi). These results are, however, in contrast to
those presented by Shahi and Baker [27], in which the tendency for α values to be closer to the
fault-normal direction (α= 90°) for T⩾ 1 s was only noted for source-to-site distances less,
Rrup< 5 km. The postulated reasons for this discrepancy are elaborated upon subsequently.

Similar to Figure 9b, Figures 11a–11c illustrate the distribution of α values for spectral periods
T⩾ 1 s from the 22 February 2011, 13 June 2011, and 23 December 2011 earthquakes, respectively.
These three events and the 4 September 2010 event represent the four Mw> 6 earthquakes in the
Canterbury earthquake sequence for which finite fault models were developed by Beavan et al. [29]
(as shown in Figure 2) and adopted here. It can be seen from Figure 11 that the distribution of α for
these three earthquakes is not as skewed toward α = 90° as that for the 4 September 2010 earthquake
(Figure 9b). For the 23 December 2011 earthquake, there is a slight skewness toward α values
closer to the fault-normal direction; however, for the 22 February 2011 earthquake, there is notable
skewness, and the 13 June 2011 event arguably is skewed toward the fault-parallel direction. Based
on a record-by-record comparison, it is speculated that these observations are, at least partially, the
result of the effects of rupture complexity on the observed ground motions at the 20 considered
sites. In this sense, rupture complexity is considered to represent the inability of the causative faults,
which were a significant contributor to the observed ground motions to be adequately represented by
a planar fault structure with a uniquely defined strike angle. Such fault complexity leads to the
occurrence of rupture directivity effects, which are not well aligned with the strike angle based on
the single idealized planar fault. For example, Beavan et al. [29] illustrated that the 22 February
2011 earthquake was likely the result of the rupture of three principal causative faults with markedly
different strike angles (as shown in Figure 2). Similarly, two, almost perpendicular, fault planes
were inferred for the 13 June 2011 earthquake. The strike angle of the larger (southern) fault plane
in the 13 June earthquake was considered here for the purpose of computing directionality
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orientations; however, the results in Figure 11b suggest that potentially, the northern-most fault plane
contributed more significantly toward the maximum direction orientations. Although only a single fault
plane was used to describe the source of the 23 December 2011 earthquake in Beavan et al. [29], it is
noted by those authors that the constraint on that source inversion is relatively weak because of its
location offshore. Finally, while the 4 September 2010 Darfield earthquake had arguably the most
rupture complexity, with numerous non-planar fault segments [29], it is critical to note that all of the
20 sites considered here are located in the urban Christchurch region (as shown in Figure 2), and
thus are located to the east of the causative faults in the region where the large slip on the Greendale
fault dominates the observed ground motions (and thus the representation of this event via a single
strike angle for the Greendale fault is actually relatively accurate).

The interpretation in the aforementioned paragraph is also consistent with the observation of Shahi and
Baker [27] that non-uniform maximum directions were only observed at small distances. As Figure 10
illustrates, there are likely individual events in the NGA West-2 database that have strong directivity,
producing non-uniform maximum directions to greater distances, but those events were presumably not
well recorded, and mixed with data from many other events of varying rupture mechanism and
complexity, and therefore the overall dataset shows no preferred orientation at distances greater than 5 km.

5.2. Site-specific variation in maximum direction orientation

As previously noted, the adopted dataset that contains ground motions recorded at the same set of 20
strong motion stations over 10 different earthquake events allows for the consideration as to whether
directionality can be related to site-specific conditions [26, 30]. Figures 12a and 12b illustrates the
variation in maximum direction orientations, ϕ, (independent of fault strike) over a 180° range of
non-redundant angles at two stations for the 10 considered events; and for comparative purposes,
Figure 12c illustrates the variation in maximum direction orientation from strike, α, for the 4
September 2010 earthquake at all 20 stations. Thus, these figures are intended to enable a
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comparison of the significance of maximum direction orientation on a site-specific or event-specific
basis. The two considered sites shown in Figure 12 are HVSC, and RHSC. The HVSC site was
observed to have pronounced basin-edge effects in several of the Canterbury earthquakes [18, 28],
and thus could display notable site-specific directionality, whereas the RHSC site represents a
relatively typical surficial gravel site in the Canterbury basin. Figure 12a illustrates that at the HVSC
station the 16th–84th percentile range on the direction of maximum spectral amplitude for T< 0.4 s
is approximately 55–80° (with the exception of the 102 and 125° ranges for T= 0.05, 0.1 s). Despite
this variability in the maximum direction orientation for T< 0.4 s, the median orientation of
approximately 80–130 degrees is broadly consistent with that which would be expected because of
the constructive interference of direct-S and basin-diffracted Rayleigh waves from the basin edge
immediately to the east of the HVSC station. In contrast with the aforementioned observations at
short periods, it can be seen that for T> 0.4 s there is significant variability in the maximum
direction orientations (16th–84th percentile ranges on the order of 120°, which would be expected
for a random orientation distribution). At the RHSC station, as shown in Figure 12b, there is
generally significant variability in the maximum direction orientation, with the reason for the one
execption for T= 0.05 s unclear.

A comparison of Figures 12a and 12b with Figure 12c clearly illustrates that at long periods the
variation in the directionality ratios is larger for the site-specific cases compared with an
event-specific case. This implies that, at long periods, maximum direction orientations are on
average more closely aligned with the characteristics of the fault as opposed to site-specific
properties. In contrast, the observations in Figure 12 illustrate the potential for site-specific effects on
maximum direction orientations resulting from topographic features in the shallow surfical
stratigraphy to manifest at shorter vibration periods.

Figure 12. Comparison of the variation in the maximum direction orientation, ϕ, for all events at one site
and the variation in the maximum orientation relative to fault strike, α, for all sites in one event in order
to examine the significance of site-specific directionality orientation: (a) maximum direction orientation at
Heathcote Valley; (b) maximum direction orientation at Riccarton High School; and (c) maximum direction
orientation relative to fault strike for all sites in the 4 September 2010 event. Markers represent the median

and the error bar the 16th–84th percentile range.
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6. CONCLUSIONS

This paper has examined the directionality of ground motions observed at 20 strong motion stations in
the Christchurch urban area during the 10 most notable events in the 2010–2011 Canterbury
earthquake sequence. Directionality ratios between various directionality definitions were computed
and compared with existing models. Such comparisons are insightful in the sense that the majority
of previous such studies have utilized largely overlapping datasets from the NGA database (which
also has few stations with multiple observed strong motions), and thus the comparisons in this study
provide insight into the possibility that such ratios may be region (or even site) dependent.

It was found that the directionality ratio between the maximum (100th percentile) and 50th
percentile orientation-independent spectral acceleration, SaRotD100/SaRotD50 was similar to that
obtained from the recent work of Shahi and Baker [16] using ground motions from the NGA West-2
database. Ground motions from the 4 September 2010 Darfield earthquake were shown to exhibit
strong polarity for source-to-site distances up to Rrup = 30 km, notably further than results of Shahi
and Baker [16], which suggests that such effects are generally limited to Rrup< 5km. Based on
examination of the maximum direction orientations for other events in the Canterbury earthquake
sequence it was argued that the variability in the maximum direction orientation was largely a
function of the adequacy of the use of a single finite fault to define the unique fault strike direction,
and thus complex fault ruptures exhibit greater variability in the maximum direction orientation.

The adopted dataset also offered the potential to consider site-specific effects on directionality ratios
and maximum direction orientations. For several sites, the directionality ratios were observed to vary
slightly from those obtained based on all sites; however, such variations were observed to occur
over a narrow band of periods. Finally, site-specific deviation in maximum direction orientations
were observed to be insignificant for the empirical results examined in comparison to the
dependence on a single event (i.e. source-specific effects).
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