108

Bulletin of the New Zealand Society for Earthquake Engineering, Vol. 58, No. 2, June 2025

CONSIDERATION OF NEAR-FAULT EFFECTS IN NEW
ZEALAND SEISMIC HAZARD ANALYSIS AND DESIGN
SPECTRA

Brendon A. Bradley' and Graeme Weatherill®

(Submitted March 2025; Reviewed April 2025; Accepted April 2025)

ABSTRACT

This paper examines the manner in which near-fault ground-motion phenomena are considered in the prob-
abilistic seismic hazard analysis underpinning the 2022 New Zealand National Seismic Hazard Model (NZ
NSHM), and its subsequent codification in the draft Technical Specification TS1170.5:2004. Directivity is
already implicitly considered in the 2022 NSHM, and thus the ‘baseline’ draft TS1170.5 spectra, before any
additional near-fault factor is applied. Specific studies in NZ and California suggest that explicit modelling
of directivity could result in increases of up to 15-20% for 2475-year return period SA(T = 3.0s) values for
‘directivity-prone locations’, but are more likely to be on the order of 10% when a weighted average of multiple
directivity models is considered. In contrast, the NZS1170.5:2004 near-fault factor, N(7, D), results in a 36%
increase for small source-to-site distances. Hence, either: (1) the NZS1170.5:2004 near-fault factor should be
removed so that directivity is implicitly considered in the hazard, which is consistent with other international
codes, and also consistent with the implicit treatment of deep sedimentary basin effects in the 2022 NSHM, or
(2) a parametric revision of the near-fault factor is needed that results in approximately a four-fold reduction in
its size. Obtaining a more precise quantification of directivity effects is complicated by multi-segment ruptures
in contemporary seismic source models, and the large uncertainty in predicted directivity modification factors

from the alternative existing models.

https://doi.org/10.5459/bnzsee.1743

INTRODUCTION

Ground motions in the immediate vicinity of major earthquake
ruptures have been consistently observed to vary appreciably
from ground motions that are distant from causative ruptures [e.g.
1]. Such features occur principally as a result of the evolution
of slip propagation over the rupture surface and its interaction
with seismic wave propagation toward the site (i.e., the Doppler
effect). Of particular interest, from an engineering perspective,
are the conditions of so-called ‘forward directivity’ where the
rupture propagation direction and direction of the slip vector are
aligned with the direction toward the site under consideration [2].
In addition to large acceleration amplitudes, such near-fault
forward-directivity ground motions can exhibit a large proportion
of the seismic energy arriving in a compressed duration, resulting
in significant velocity amplitudes, and a high degree of polarity
in their characteristics as a function azimuth [34], which have
been observed to be demanding to engineered systems [e.g. 50].

Recognition of the importance of forward-directivity phenom-
ena prompted its inclusion, as a post-hoc modification factor,
in the 2004 seismic loadings standard [7]. This modification
was based on the first model for (forward) directivity effects of
Somerville et al. [2], as documented in McVerry [8], and pro-
vides a factor that varies with vibration period, and source-to-site
distance, relative to 11 major faults in New Zealand (NZ).

More recently, a major revision of the NZ National Seismic Haz-
ard Model (NSHM) was completed in 2022 [9], and a draft Tech-
nical Specification for NZS1170.5 (TS1170.5:2024; [10]) pro-
poses how the 2022 NSHM results are codified for use in seismic
design in NZ. The draft TS1170.5 proposes the treatment of near-
fault effects through the same near-fault factor that was adopted

in NZS1170.5:2004, principally because the time constraints in
developing TS1170.5:2024 following the completion of the 2022
NSHM meant that consideration to change the near-fault factor
was not within scope (Ken Elwood, pers. comm.). Because
the near-fault factor was developed for NZS1170.5:2004 in a
post-hoc manner, it is important to scrutinise: (1) how near-fault
directivity is explicitly considered within modern probabilistic
seismic hazard analysis (PSHA) [11], and what such studies
imply regarding the need for near-fault adjustments (if any); (2)
differences between how ground-motion models in the 2022
NSHM consider (if at all) near-fault directivity as compared
to how it was considered in the 2002 NSHM that underpinned
NZS1170.5:2004 [12]; and (3) how design spectra are paramet-
rically adjusted for near-fault effects in other international codes
as precedent.

This paper aims to explicitly answer the questions: (1) Is the
NZS1170.5:2004 near-fault factor appropriate for use in combi-
nation with the 2022 NSHM results embodied in the ‘baseline’
spectra in the draft TS1170.5:2024? (2) If not, how may it be
considered in a modified form, or should it be considered at
all? In order to address these questions the paper begins by
reviewing how directivity effects are considered in PSHA, both
in the specific context of the 2022 NSHM, but also more broadly
in proof-of-concept studies that have attempted to model this
phenomena in greater detail than is conventional. Discussion
is then given to how directivity is considered in seismic design
spectra, both internationally, and specifically the details of its
treatment in NZ. Through a critique of how the NZS1170.5:2004
near-fault factor was developed compared with these pioneering
proof-of-concept studies, recommendations are made for how
near-fault factors could be considered, if at all, in seismic design
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- both via response spectral analysis and also ground-motion time
series selection for nonlinear response history analysis.

MODELLING DIRECTIVITY IN SEISMIC HAZARD
ANALYSIS

Explicit Treatment in PSHA

A robust treatment of near-fault directivity phenomena in the
determination of seismic loads should occur explicitly within
PSHA in order to properly account for: (1) all ruptures that
contribute to the hazard at the site with differing degrees of
directivity effects; (2) the appropriate adjustment to the mean and
standard deviation of the ground-motion models as a function of
the predictor variables that are considered in directivity models;
and (3) appropriate randomisation over hypocentre locations,
which has a primary effect on directivity for a given rupture and
site geometry.

As outlined in Weatherill and Lilienkamp [13], despite the phys-
ical mechanisms and observations of directivity being clear, the
explicit consideration of directivity in PSHA has been limited.
This is principally because of the difficulty in the determination
of the key modelling components of the problem, specifically: (1)
probability of a ground-motion containing a directivity ‘pulse’;
(2) adjustments to the ground-motion prediction if there is a
pulse; and (3) the computational challenges of considering addi-
tional predictor variables in PSHA codes and calculations and the
additional summation over random hypocentre locations [13,14].

In addition to the above technical complexities in directivity
modelling, there are also recent challenges posed by marrying
such models with seismic source models for PSHA. Specifically,
seismic source models are becoming increasingly complex, in
particular, the consideration of multi-segment ruptures [15,16].
The complex geometry of multi-segment ruptures, and variations
of strike, dip, and average rake angle, already pose a challenge
for ground-motion prediction even without the consideration of
directivity. For example, conventional active shallow crustal
ground-motion models have been developed with databases
where multi-segment ruptures were summarised through a single-
segment ‘best-fit’ rupture plane [17]), and the same is true for
the majority of existing directivity modification models [14].
Similarly, hypercentre probability distribution models have been
developed in a single segment context [18,19], and it is not
presently clear how they should be applied to multi-segment
ruptures (e.g., should ‘splay’ faults have the same probability
density of hosting the hypocentre) [20].

Despite the aforementioned challenges, recently efforts have
been made to explicitly consider directivity in PSHA through
two proof-of-concept studies in California [20] and NZ [13]. In
considering directivity effects in California, Al Atik ef al. [20]
developed new approaches to apply splines to multi-segment
ruptures in order to develop notionally similar rupture geometries
that were amenable to the use of existing directivity modification
models. They then considered three different directivity models,
with associated logic tree weights, to develop PSHA results with
and without explicit treatment of directivity, and hence determine
a multiplicative ratio resulting from its explicit inclusion. When
performing PSHA with explicit directivity modelling in NZ,
Weatherill and Lilienkamp [13] considered only the Bayless et
al. [21] directivity modification model (also one of the models
considered by Al Atik ez al. [20]), but developed a machine-
learning-based strategy to handle the geometric complexities
from multi-segment ruptures and also address computational
challenges that hinder directivity computation.

Figure 1 provides an illustrative example of the results of Al
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Atik et al. [20] for a site in San Bernadino, which is a high
hazard site dominated by the proximal rupture of the Southern
San Andreas fault. The disaggregation of three-second pseudo-
acceleration response spectra, SA(T = 3.0s), for the 2475-year
return period illustrates that the hazard is dominated by M > 7.5
events at Ry, < 10 km. The directivity amplification factors
are indicated by the y-axis value ("PSA ratio’) in the bottom
plot as a function of vibration period, for three different models
that were considered. The Bayless and Somerville [22] model
(BS13) represents an update of the original Somerville ez al. [2]
model. The Chiou and Spudich [23] model (CS13) is based on
the directivity point parameter, and is included in the Chiou and
Youngs [24] NGA-West2 model. The Bayless et al. [21] model
(BSS20) represents a next-generation refinement of the BS13
model, with a focus on the inclusion of ground-motion simula-
tion data to ‘fill’ the dataset gaps that exist using only historical
ground-motion records, and also to accomodate complex and
multi-segment ruptures. From Figure 1 it is evident that there is a
significant difference in the directivity adjustment from the three
alternative models considered for 7 > 1 s. The most notable
features are: (1) a nearly constant 25% increase using the BS13
model; (2) a steep increase in the BSS20 prediction with increas-
ing T, with a value of ~20% for T =3 s, and ~40% for T =5
s; and (3) only a 1-3% increase using the CS13 model. Based
on a weighting of 0.25, 0.25, and 0.5 for the BS13, BSS20, and
CS13 models (discussed subsequently), the weighted average
suggests an approximately 13% increase for T = 3 s, but the
three model predictions range from 2-24%, clearly illustrating
significant epistemic uncertainty.

Weatherill and Lilienkamp [13] examined the effect of explicitly
modelling directivity phenomena in seismic hazard for NZ using
both the 2010 NSHM [25] and 2022 NSHM. In fact, the interim
work documented in Weatherill [26] (a precursor to Weatherill
and Lilienkamp [13]) was a strong factor in the decision to not
explicitly consider directivity in the 2022 NSHM [27]. Their
study was also a proof-of-concept in that they only considered
a single ground-motion model (i.e., Stafford [28]) and only the
BSS20 directivity modification model. Figure 2 illustrates the
percentage change in hazard resulting from the explicit mod-
elling of directivity for SA(T = 3.0s) for the 2475-year return
period. As elaborated on in their paper, and also summarised
in Bradley et al. [27], the explicit consideration of directivity
results in hazard changes of less than 10% for SA(T = 3.0s)
values in most locations in NZ. For other vibration periods, the
differences were generally smaller. Conversely, these differences
were appreciably less than the differences of up to 25% obtained
using the 2010 NZ NSHM source model because of its treatment
of faults as ‘characteristic’ [13].

When considering the results from Weatherill and
Lilienkamp [13] depicted in Figure 2 it is important to re-
flect on the use of the BSS20 model, and that Al Atik et
al. illustrated this model as predicting appreciably larger results
than the CS13 model. In the case of Figure 1, the weighted
average adjustment was approximately half of that from the
BSS20 model. As discussed in the Supplementary Material
of Weatherill and Lilienkamp [13], the Bayless model is not
constrained to be ‘centred’ for forward prediction applications,
and they found that this resulted in a 0 — 0.2 natural log
bias in the mean adjustment which is scenario specific. This
over-prediction bias should also be bore in mind in the above
quantitative results. Thus, one could consider that had Weatherill
and Lilienkamp also considered multiple models in the same
manner as Al Atik et al.then their results would be something
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Figure 1: Example directivity modification result from Al
Atik et al. [20] for a Vs 30 = 760 m/s rock site in San
Bernadino that is dominated by a large near-source strike-slip
rupture on the San Andreas Fault: (Top) Disaggregation of
SA(T = 3.0s) for the 2475-year return period illustrating
M > 1.5 at Ry, < 10 km events dominating the hazard;
(Bottom) Directivity modification factor with vibration period
for the 2475-year return period for three different models as
well as the weighted average.

on the order of 50% smaller for the high-directivity regions’.

Directivity Consideration in the 2022 NSHM

The 2022 NSHM did not explicitly model near-fault directiv-
ity phenomena® However, that does not mean that directivity is
entirely neglected in the 2022 NSHM. As noted by Weatherill
and Lilienkamp [13, see Supplemental Notes], directivity was
implicitly considered in that the mean and standard deviation
of all adopted ground-motion models were developed from re-
gression analysis with observational data that included near-fault
ground motions with directivity phenomena contained in them.

!Noting that the divergence among the alternative models is less
pronounced for sites that have lower directivity modification
factors [20].

2The Chiou and Youngs [24] model was included in the 2022 NSHM,
and explicitly considers directivity through the directivity point
parameter, but the directivity functionality of this model was not used
in the 2022 NSHM implementation.
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Figure 2: Directivity amplification determined by Weatherill
and Lilienkamp [13] for the 2022 NSHM using the Stafford
(2022) ground-motion model and the Bayless et al.(2020)
model (BSS20) for SA(T = 3.0s).

Thus, observed near-fault ground motions that are considered
in ground-motion model development will exhibit variability in
their long period SA values partly as a result of varying degrees
of directivity, and thus will largely be reflected in the standard
deviation of the ground-motion model at small source-to-site
distances.

Implicit consideration of directivity does, however, have some
obvious disadvantages. Weatherill and Lilienkamp [13] refer
to sentiments originally expressed by Abrahamson [29] that
the standard deviation model of a ground-motion model is con-
strained by a large number of observations at different source-
to-site distances and azimuths, and therefore may not be repre-
sentative of that which should be used for directivity settings.
While such sentiment is still true, it should be kept in context
with the era in which it was made. At that time, conventional
models [e.g. 30] considered standard deviation solely as a func-
tion of magnitude (hence the comment of Abrahamson [29]
about averaging over a range of distances). Nowadays several
models [e.g., 31] consider standard deviation as a function of
magnitude, source-to-site distance, 30-m time-averaged S-wave
velocity (Vs 30) and nonlinear site response, although many mod-
els still adopt simple dependence solely on magnitude [32]. Thus
the large amount of ground-motion data for larger source-to-site
distances, and smaller magnitudes need not affect the resulting
model standard deviation prediction for larger magnitudes and
small source-to-site distances for which directivity is an issue.
Thus, the present day downsides of the implicit consideration
of directivity should be weighed up against the current status of
explicitly modelling, and its downside, which is the large rela-
tive model-to-model variation we see in the implied directivity



adjustment (i.e., Figure 1).

The implicit treatment of directivity in the 2022 NSHM is con-
sistent with the ‘baseline’ cases that Al Atik er al. [20] and
Weatherill and Lilienkamp [13] considered. Thus, the quanti-
tative values of directivity modification that they computed, as
discussed previously, are directly relevant in the subsequent con-
sideration of how directivity is considered in codified design
spectra, which is discussed in the next section.

TREATMENT OF DIRECTIVITY IN DESIGN SPECTRA
International Codes and Standards Perspective

Before examining the treatment of directivity in NZ seismic
design spectra, it is useful to briefly survey how near-fault direc-
tivity is treated in international codes and standards, which is
summarised for a non-exhaustive list below:

1. ASCE 7-22 (USA, [33]): Near-fault sites are designated as
locations that are within 15km of a potential M > 7 rupture,
or within 10km of a 6 <M > 7 rupture. Eq. 12.8-7 of
ASCE 7-22 provides a minimum base shear requirement for
high seismic hazard sites, which is anchored to the spectral
acceleration on rock-like site conditions for SA(T = 1.0s)
(in contrast to a source-to-site distance to specific named
faults). This requirement has existed in its current form
as early as ASCE 7-05 [34] and the 2003 NEHRP provi-
sions [35] (albeit with a different coefficient value). The
motivation for this minimum base shear requirement (John
Hooper, pers. comm.) was to recognise that the simple
"1/T" scaling of response spectra does not reflect the shape
of ground motions that exhibit significant near-fault or pulse-
like effects. Because the base shear minimum is anchored to
rock-like conditions, then the vibration period at which this
minimum governs varies appreciably with site conditions
(on the order of 7' = 2s for stiff soil/rock, and up to T > 5s
for soft soil conditions). Notably, this minimum also exists
in ASCE 7-22, which now contains a multi-period response
spectrum, so the original motivation of the limitation of the
"1/T" scaling of the response spectral shape is no longer
relevant. Related to more advanced analysis - ASCE 7-22
also requires site-specific seismic hazard studies should ac-
count for near-fault directivity. Near-fault directivity should
be explicitly considered when ground-motion time series
are selected for nonlinear response history analyses. Specif-
ically, the proportion of near-fault records should be consis-
tent with the seismic hazard disaggregation, ground motions
should be oriented into fault normal (FN) and fault paral-
lel (FP) directions when applied to the structural model,
and spectral matching modifications are not permitted for
near-fault motions.

2. UBC97 (USA, [36]): Although no longer a contempo-
rary standard, UBC97 introduced near-fault considerations
through the parameters N, and N, which scale different por-
tions of the design response spectra. The factors varied with
source-to-site distance, soil type, and seismic source charac-
teristics. UBC97 is notable in that it led to other codes that
were updated soon after 1997 either directly following this
approach (e.g., in Taiwan), or adopting a similar approach
(e.g., in NZ).

3. Eurocode 8 (EU countries, [37]): There are no specific
definitions of near-fault sites, and no near-fault factor modi-
fications to the design spectra. Implicitly, near-fault sites are
considered as sites within 15 km of a M >= 6.5 fault, and
high-importance (class IV) structures require a site-specific
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spectra that includes near source effects (Clause 10.6(3)).

4.  NCh433 Of.96 Mod.2009 (Chile, [38]): This design stan-
dard for regular buildings and industrial facilities does not
have any explicit factors for near-fault directivity. An alter-
native standard, NCh2745 Of.2013 [39], specifically for the
design of base-isolated buildings, requires that structures
located within 10 km of an active fault have a site-specific
hazard study.

5. IS 1893 (Part 1) 2016 (India, [40]): There are no specific
near-fault factors for design spectra. For structures in high
seismic zones (Zone V), and near active faults, site-specific
studies are recommended (though not required).

6. CPA 2011 (Taiwan, [41]): Near-fault factors are included
through coefficients N, and N,, as per the UBC97 approach.

A synthesis of the above codes and standards is that near-fault
directivity phenomena are generally not explicitly considered in
the codification of the design spectra. The only exceptions are the
current Taiwan design code, which mirrors the UBC97 approach
(which did not determine design spectra from the uniform hazard
spectra from PSHA; and is not followed in contemporary US
practice through the ASCE 7-series of standards). Although it is
not stated anywhere, this 1997 UBC precedent may have been
the catalyst for the original 1170.5:2004 near-fault factor dis-
cussed in the next section. Secondly, the approaches in different
codes are somewhat consistent in pointing to the use (required or
recommended) of site-specific hazard studies for near-fault sites,
but they are generally not prescriptive in how such site-specific
studies should treat near-fault effects (and hence the problems
alluded to in the state-of-the-art studies discussed in the previous
section).

In contrast to the lack of explicit consideration for near-fault di-
rectivity in design spectra, those codes and standards that directly
discuss ground-motion time series selection do typically have
explicit guidance on the consideration of near-fault phenomena
in the selection of ground motions for use in response history
analysis. This includes the proportion of ground motions that
reflect near-fault conditions, polarity of ground-motion inten-
sity in the horizontal plane (directionality), and how the ground
motions are oriented along the orthogonal axes of the building
relative to the strike direction of nearby faults.

NZS1170.5:2004 Near-Fault Factor, N(7,D)

The near-fault factor, N(T,D), in NZS1170.5:2004 is a paramet-
ric adjustment to the ‘baseline’ spectra, which is based on the
‘Larger’ component definition [42]. The near-fault factor has the
following key features: (1) varies with vibration period, with
non-unity adjustments for 7 > 1.5 s; (2) varies linearly with
source-to-site distance, D, to a ‘major’ fault, with the maximum
adjustment for D < 2 km, and no adjustment for D > 20 km;
and (3) 11 major faults are identified within NZ for which this
nearest source-to-site distance, D, is determined. Figure 3 pro-
vides an illustration of the 11 faults for which are considered, the
tapering of the effect with distance from these faults, and also
the variation as a function of vibration period.

McVerry [8] discusses the basic approach that was used to deter-
mine the near-fault factor, N(7, D), which includes:

1. Consideration of forward-directivity on the average hori-
zontal ground motion, as well as azimuthal polarisation of
long-period motions
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2. Because N(T,D) is applied as a posterior modification to
the baseline spectra, it is unknown the degree to which
directivity-inducing faults dominate the hazard. Given this,
‘major’ faults, with expected magnitude M > 7 and slip rate
> 5 mm/yr, are assumed to be the dominant contributor to
the hazard.

3. Events on these major faults were considered to have M =~
7.5; that maximum forward directivity occurs in one-third
of cases (with neutral directivity in the other two-thirds); the
fraction of the fault that ruptures toward the site is X = 0.75,
and the angle between the fault strike and the site is close
to 6 =0 - hence, Xcos0 = 0.75.

4. The Somerville et al. model [2] was used with these assump-
tions to guide the development of the N(T,D) parametrisa-
tion.

— NZS1170.5 N(T.D)
Applicable faults
NZS1170.5: N(T=3.0's, D)
Amplification
1.3 (+30 %)
0.7 (-30 %)

Figure 3: The NZS1170.5:2004 N(T,D) factor for SA(T = 3s),
illustrating the 11 ‘major’ faults that it applies to, and the
source-to-site distance dependence from these faults

(after [13]).

The documentation in McVerry [8] is relatively brief, but it is
clearly indicated that the Somerville et al. relationships are used
to consider both: (1) the increase in average horizontal spectra
resulting from directivity (i.e., Table 4 and Figure 9a from [2]);
and (2) the effect of polarisation between the fault-normal and
average (i.e., FN/Average) horizontal components (i.e., Tables
6-7 and Figures 13-15 from [2]). The respective predictions of
these models are shown in Figure 4. The maximum directivity
adjustment using X cos@ = 0.75 from Somerville et al., and the
adjustment assuming one-in-three forward directivity (and two-
in-three neutral directivity) are shown in red lines - both of which
are independent of any other parameters, such as source-to-site
distance. The horizontal directionality/polarisation, quantified
in the FN-to-average horizontal ratio, from Somerville er al. is
then depicted in dashed blue for source-to-site distances of 2,
5, 10, and 20 km. The product of the directivity and polariza-
tion factors is depicted in the solid black lines for the same four
source-to-site distances. This product is intended to re-create
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Figure 4: Comparison of the period- and distance-dependence
of the N(T,D) factor relative to predictive models from
Somerville et al. [2].

that shown in Figure 3 of McVerry [8] based on the description
in that text, and although it does not produce the exact same
result, it is similar. Comparing the product of the directivity and
polarization factors from Somerville ez al. illustrates that they
do exhibit a broadly consistent trend with the NZS1170.5:2004
N(T,D) factors, which are shown in dashed grey lines for the
equivalent distances (denoted as D in NZS1170.5:2004). That
is, the increase with increasing vibration period, and also with
reducing source-to-site distance. However, beyond these gen-
eralities, there are clearly appreciable differences in the actual
quantitative values that they suggest.

Issues with N(T,D)

The prior discussions highlight an appreciable difference in
the size of directivity adjustments to ’baseline’ response spec-
tra between state-of-the-art explicit directivity modelling stud-
ies [13,20] and the parametrisation of NZS1170.5:2004, and
hence further scrutiny of the latter (given it was proposed over
20 years ago).

There are several important issues that arise from the logic
adopted in the development of the N(T,D) factor, namely: (1)
that the directivity-inducing faults contribute the ‘majority’ (i.e.,
assumed to be 100%) of the seismic hazard at the site; (2) how a
model of polarisation was used in addition to the increase in the
average horizontal ground motion; and (3) the assumption of one-
in-three forward-directivity and two-in-three neutral directivity
ground-motions.

Contributions from Non-directivity Ruptures to the Hazard

The most important (i.e., limiting) assumption is that the devel-
opment of N(T, D) assumed that 100% of the hazard was caused
by the ‘major’ near-source fault. Results from modern PSHA
illustrates many instances where this is not the case. In NZ,
this is a particularly common situation because of the signifi-
cant hazard posed by subduction zone ruptures. For example,
in Wellington, for SA(T = 3.0s) at the 2475-year return period,
active shallow crustal sources, such as the Wellington fault and
Wairarapa fault, comprise only 50% of the total hazard, with
the majority of the remainder coming from major earthquakes
on the subduction interface. This occurs because of the large
fraction of total compressional deformation at these latitudes
occurring on the subduction interface and thus much higher slip



rates than the upper plate crustal faults. In contrast, in the central
South Island, sites located in the immediate proximity to the
Alpine Fault and the southern extent of the Marlborough fault
zone (which is still relatively distant to the Hikurangi subduction
interface), the hazard is almost 100% caused by near-source
crustal faults. Weatherill and Lilienkamp discuss this point is
great detail, and it is a principal reason for the over-estimation of
N(T,D) relative to the direct results from explicitly considering
directivity in PSHA, as shown in Figures 1 and 2.

Polarization

NZS1170.5:2004 defines ground-motion SA amplitudes based
on the ‘Larger’ component [42]. This is a historical definition,
representing the larger of the two SA values from the as-recorded
components of the ground motion. It is limited by the fact that it
is sensitive to the orientation of the two axes of the instrument
in the horizontal plane, which is undesirable, given that this ori-
entation is typically arbitary. As a result, this Larger component
definition is statistically larger (the difference is approximately
15-20% at the long periods, T > 1s, of concern in discussions of
forward directivity [4344]) than the median horizontal shaking
over all possible azimuths (the so-called RotD50 value [45]), but
smaller (by about 8%) than the maximum value in any orien-
tation (the so-called RotD100 value). For reference, the ratio
between the RotD100 and RotD50 values ranges, on average,
from 20-30% as a function of vibration period.

To develop N(T,D), McVerry [8] utilized the FN/Average po-
larity factor of Somerville. However, the use of this factor is
inconsistent with the NZS1170.5:2004 spectra already being the
Larger component, as opposed to the average horizonal compo-
nent. This results in the polarity factor component adopted being
approximately 25% too large for the long vibration periods of
interest.

Fraction of Forward-, Neutral-, and Backward-Directivity Rup-
tures

It is not clear what the technical basis was for the assumption
noted in McVerry [8] that one-in-three events caused forward
directivity, and the other two-in-three were neutral. Irrespective,
consideration of the fraction of forward-, neutral- and backward-
directivity ground-motions has advanced significantly over the
past 20 years. A key consideration that has emerged is that
as earthquake magnitude increases, a higher proportion of the
observed ground motions will contain waveform features that
are reflective of forward-directivity phenomena. This is because
evidence has shown that the length of rupture toward the site
needed to cause such effects can be a relative small fraction
of the total fault length (since it is the absolute rupture length
toward the site that matters, not the ratio of rupture length toward
the site vs. the total rupture length [46]). As a result, the median
prediction of a ground-motion model (that does not explicitly
consider directivity) for a near-fault site will not correspond
to a neutral-directivity condition, but something partway on
the continuum toward forward directivity. This median model
tendency is referred to as ‘centring’ [14] in the development
of directivity adjustment models, and ensuring that models are
centred is a critical feature to ensure an unbiased adjustment.

Current Considerations of Directivity in the Draft
TS1170.5:2024

The draft TS1170.5 is based on the results from the 2022 NSHM
that, as previously discussed, implicitly considered directivity in
the utilised ground-motion models. The draft TS1170.5 proposes
the treatment of near-fault effects through the same near-fault
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factor that was adopted in NZS1170.5:2004.

In addition to the issues identified in the prior subsections,
it is important to note that the draft TS1170.5:2024 and
NZS1170.5:2004 differ in that the former is based on the RotD50
definition of horizontal shaking, while the latter is based on the
Larger component definition. Given that the RotD50 definition
is approximately equal to the average horizontal (i.e., geometric
mean) component definition [45], then only the average horizon-
tal directivity modification should be considered (i.e., the red
lines in Figure 4), and not the additional effect of the polarity
adjustment (i.e., the black lines in Figure 4). Further sentiments
on why the polarity adjustment should not be considered are
given in a subsequent section on practical recommendations.

Consider now when the polarity component of a directivity ad-
justment is not considered, and with the simplistic notion of
one-in-three forward-directivity ground motions that was used
to obtain the solid red line in Figure 4. Despite the Somerville et
al. model being 27 years old, this simple model is actually in the
numerical range suggested by the proof-of-concept studies per-
formed by Al Atik et al. [20] and Weatherill and Lilienkamp [13]
for sites whose seismic hazard is entirely dominated by a near-
fault crustal source.

PRACTICAL RECOMMENDATIONS FOR
CONSIDERING NEAR-FAULT EFFECTS IN SEISMIC
DESIGN FOR NZ

Given the previous discussion, the following recommendations
are made for the consideration of directivity in seismic design
spectra and ground-motion time series selection:

RotD50 Response Spectra

The TS1170.5 committee should decide whether the relative
small mean effect of directivity, and the appreciable uncertainty
in the estimation of this mean effect (e.g., Figure 1b), warrant it
being explicitly considered; or whether it is sufficient to simply
take the view that the 2022 NSHM already implicitly consid-
ers directivity (with the recognition that explicit modelling via
parametrisation is better than implicit modelling in the residual
standard deviation). The treatment of directivity implicitly is
also consistent with contemporary international codes that do
not adopt an equivalent near-fault factor.

The consideration of directivity in the 2022 NZ NSHM is loosely
similar to the consideration of deep sedimentary basin response
- empirical ground-motion models do provide Z; o and Z; 5 pa-
rameters (depths to 1.0 and 2.5 km/s S-wave velocities) to model
these effects beyond those which are implicitly considered via
Vs 30 alone, but the development of the 2022 NSHM ultimately
decided that nationwide models for estimating Z; o and Z; 5
parameters were insufficiently robust for direct use by inexpe-
rienced users, and therefore adopted for this deep sedimentary
basin effect to be implicitly considered based on Vg 30 only.

If, despite the above, directivity is desired for explicit in-
clusion, then adjustments need to be made to the current
NZS1170.5:2004-based N(T,D) factor to be compatible with
the ‘baseline’ spectra in the draft TS1170.5:2024. Weatherill
and Lilienkamp note that the general spatial distribution across
NZ of the PSHA-based near-fault directivity adjustment is sim-
ilar to that from NZS1170.5:2004 (i.e., compare Figure 2 and
Figure 3), only that the size of the 1170.5:2004-based factor is
too large - hence, the use of the existing 11 major faults could be
retained. Specifically, they note that their PSHA-based result for
SA(T = 3.0s) suggests a maximum increase of 15-20% as com-
pared to the 36% increase from the 1170.5:2004-based factor.
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Taking further account of the prior sentiments discussed with
respect to the study of Al Atik et al. (i.e., Figure 1 and associ-
ated text) that the Bayless et al. model is uncentred (0-0.2 log
unit bias) and that it gives higher results than the CS13 model,
such that the weighted average adjustment is often on the order
of 50% of the Bayless et al. values, then the 15-20% statement
in Weatherill and Lilienkamp would become 7.5-10%. This is
approximately a factor of 4 reduction in the 1170.5:2004-based
factor - and this would be the recommendation for a first-order
‘correction’ if the notion of an explicit near-fault factor adjust-
ment was desired to be retained.

Potential Polarisation Adjustment

Near-fault ground-motions are more polarised than ‘far-field’
ground motions [47]. Shahi and Baker [47] found that this ‘di-
rectionality’ was only statistically apparent for source-to-site
distances less than 5 km, and vibration periods longer than ap-
proximately 7 = 0.5s, consistent with the basic parametrisation
of Somerville er al. [2]. Thus, even if the RotD50 spectra in
TS1170.5 is not adjusted, it is possible on a site- and fault-
specific basis to consider non-RotD50 response spectra for the
different orientations of the structure. Shahi and Baker [47] pro-
vide more general expressions for polarisation as a function of
the azimuth between the fault strike direction and the orientation
of interest. For simplicity, in a conventional design context, the
following step-by-step procedure could be used:

1. Using the existing 11 ‘major’ faults in NZS1170.5:2004,
determine if the site is within 5 km of the nearest source.

2. Use a directionality adjustment to obtain the RotD100 val-
ues, and determine the spectra in the fault normal (FN)
direction, SAry, based on the RotD100/RotD50 ratio, and
the fraction of the hazard that is caused by active shallow
crustal ruptures, Pscr (Equation 1).

SA
SApy ~ [1 + Pacr (w - 1)] SArapso (1)
SARotD50

3. Continue to use the RotD50 spectra in the fault parallel
direction. This will be slightly conservative, but avoids a
design spectra in one direction that is lower than the RotD50
value

4. Ifitis desired to decompose the spectra into other azimuth
angles that are consistent with the principal directions of a
structural system then linear interpolation between the fault
normal and parallel spectra can be used with the azimuthal
angle.

The basis for Pscg in Equation 1 is that the fault-normal adjust-
ment should only be increased due to the contribution of the
faults that actually lead to clear polarity at the site (forward-
directivity ruptures, in this case). Thus, strictly speaking, this
should be the disaggregation probability of these such rup-
tures. However, the determination of this associated proba-
bility is not straightforward due to the non-characteristic and
multi-segment nature of the seismic source model in the 2022
NSHM. Given that distributed seismicity contributes little to
the total hazard for regions of high seismic hazard (which is
the case for all sites in close proximity to the 11 ‘major’ faults
identified in NZS1170.5:2004, e.g., Figure 2), then Pycg will
be suitable as a proxy for the probability that the hazard is
dominated by the actual modelled faults that pose the forward-
directivity potential for the site. Furthermore, this disaggregation
probability is directly available from the 2022 NSHM website

(https://nshm.gns.cri.nz/). For example, for SA(T = 3.0s) for
the 2475-year return period, Pscg ~ 0.5 for Wellington (almost
entirely due to ruptures including the Wellington fault), and
Pscr ~ 1.0 for Franz Josef (ruptures of the Alpine fault).

Ground-Motion Time-Series Selection

One of the principal features of near-fault ground motions with
forward directivity is that the inelastic seismic demands that
they impose on structures can be appreciably greater than what
one might infer based on their 5%-viscously damped response
spectra. Nonlinear response history analysis is the principal
means by which to account for such features. While contempo-
rary international codes and standards generally do not modify
the design spectra to account for near-fault directivity, they are
consistent in explicit consideration of near-fault directivity for
ground-motion selection. There are well-established processes
for the consideration of ground-motion time series in the near-
fault region [11,48-50], including NZ-specific guidance from
SESOCI[51] that is compatible with the sentiments expressed in
this paper, and recommended for adoption.

Care in Mixing Probabilism and Determinism

A final comment in practical considerations is a cautionary sen-
timent about mixing probabilism and determinism. The author
has frequently participated in discussions where PSHA-based re-
sponse spectra are obtained, and then adjustments to such spectra
are proposed to account for features that are not explicitly con-
sidered in the PSHA calculation. The consideration of directivity
adjustments is one such example, and the notion of adjustments
is clearly worthy of consideration as the earlier sentiments in
this paper have expressed. However, it is paramount that ad-
justments are done so in a probabilistically consistent manner,
and not based on a deterministic / scenario / worst-case manner.
The two examples of this which have been addressed in earlier
discussions are: (1) the frequency at which ‘maximum’ forward
directivity conditions occur, and (2) the azimuthal variation in
ground-motion amplitudes due to polarity resulting from direc-
tivity effects. In such instances it is common to hear proposals
that such directivity adjustments should reflect the maximum
forward directivity condition and also be in the fault-normal
direction. Neither of these worst-case assumptions are proba-
bilistically consistent with the use of a ‘baseline’ ground motion
spectra for a specific return period (say, 2475 years). In fact, in
essence, they result in a ground motion that actually has a larger
equivalent return period, as discussed in detail by Stewart et
al. [52].

FUTURE OPPORTUNITIES FOR DIRECTIVITY
MODELLING IN NZ DESIGN SPECTRA

The practical recommendations of the prior section provide im-
mediate options for design practice in NZ. The section attempts
to summarise the author’s view of the approaches for consid-
ering directivity in the medium-to-long term in seismic design
standards and codes of practice.

The occurrence of ‘directivity effects’ in the near-field is not a
binary phenomena, and is best thought of as having a continuous
range of severity - where the notions of "backward’ and ’forward’
directivity reflect the two ends of this continuum. Because the
hypocentral location of future earthquake ruptures is unknown,
then a probabilistic consideration of potential directivity phe-
nomena, as taken in state-of-the-art approaches [13,20], is the
only suitable way to consider this phenomena for seismic design
spectra that are based on the results of PSHA. Thus, this implies
that directivity phenomena should be considered in the PSHA


https://nshm.gns.cri.nz/

calculation itself, and should not be a post-hoc modification fac-
tor in future seismic design guidelines (because it is generally not
possible to be probabilistically consistent in a post-hoc applica-
tion). A desire to consider ‘more severe ground-motions’ should
simply be obtained by considering a different ground-motion
annual exceedance probability/rate, since this accounts for the
possibility that the more severe motion is caused by greater direc-
tivity, and/or any other number of ground-motion phenomena. In
the end, the structure cares not the underlying causal phenomena
that produced the ground motion that it is subjected to, it simply
cares about the absolute severity of the motion itself.

By treating directivity phenomena within the hazard calculation
itself it also ensures that any explicit directivity modelling is
internally consistent with the ground-motion models that it is ap-
plied to. The examples in this paper illustrate this situation in two
ways: (1) that the NZS1170.5:2004 near-fault factor was initially
conceptualised in the context of a ground-motion hazard defined
in terms of the ‘Larger’ horizontal component, whereas the draft
TS1170.5:2024 is based on the ‘RotD50’ horizontal component;
and (2) while there remains appreciable uncertainty among con-
temporary directivity models, directivity models will continue
to be improved in lock-step with efforts to improve baseline
ground-motion models used in PSHA, principally through the
use of physics-based simulations to explore complex directivity
scenarios that are poorly represented in observational datasets.

Thus, a core focus of future NZ NSHM efforts should be an
attempt to include explicit directivity calculations in the nation-
wide PSHA calculations. In doing so, there will naturally be
tailwinds associated with similar efforts internationally, and also
in the development of improved models and/or their practical im-
plementation. The recent work of Withers et al. [53] represents
a pilot example of this for the United States NSHM (albeit using
only the Watson-Lamprey et al. [19] model), and very recently
some of the aforementioned issues in the BSS20 model have
been purported to have been overcome [54].

CONCLUSIONS

This paper addressed the question of whether the
NZS1170.5:2004 near-fault factor is appropriate for use
in combination with the 2022 NSHM results embodied in the
‘baseline’ spectra in the draft TS1170.5:2024. It was shown that
state-of-the-art approaches for explicitly modelling near-fault
directivity produce directivity multiplication factors that are
approximately four times smaller than the direct application of
the NZS1170.5:2004 near-fault factor, N(T, D), with the draft
TS1170.5:2024 ‘baseline’ spectra. Comparison with interna-
tional codes and standards illustrates that, with one exception
(Taiwan) near-fault factors are not considered in other countries.
The scientific limitations of the development of the N(T,D)
factor were examined, as well as the compatibility problem
with the draft TS1170.5:2024 spectra changing to a RotD50
horizontal definition, from the previous NZS1170.5:2004 Larger
component definition.

On the basis of the provided evidence it was recommended that
either the N (7, D) factor should be completely removed from any
revision to the draft TS1170.5:2024, or significantly revised to
achieve an approximately factor-of-four reduction. Several other
recommendations for immediate practical consideration were
noted, including possible polarisation adjustments to address the
larger directionality in near-fault motions, as well as NZ-specific
guidance for ground-motion time series selection. Lastly, it was
recommended that future seismic design spectra in NZ should
continue to avoid a post-hoc near-fault directivity factor, and
focus on its explicit inclusion within the next revision of the NZ
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NSHM.
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