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ABSTRACT

The recent release of the 2022 national seismic hazard model has highlighted significant changes in the
quantified seismic hazard for much of New Zealand that has prompted the development of draft changes to
the NZS 1170.5 seismic design provisions. One proposed change is to the shape of the design spectrum,
which was previously provided by a spectral shape factor, Cn(T), that is a function of site class only. However,
research has shown that spectral shape is strongly affected by several additional factors including earthquake
magnitude and shaking intensity. Moreover, the use of fixed spectral shapes that vary only by site class results
in significant variability between the functional form of the elastic design response spectrum, C(T), and the
direct results from the national seismic hazard model. International loading standards typically include a
dependency on intensity and site class in the spectral shape equations and these form the basis for the
approach recommended here. The functional form of the design response spectrum is also updated to better
represent spectral displacement demands on longer period structures. The proposed new spectral shape
equations are compared to the 2022 national seismic hazard model output and the equations used in the
previous New Zealand loading standard. Results show that the proposed approach provides a significantly
better approximation of the national seismic hazard model results than the current spectral shape across a
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range of periods, site classes, annual probabilities of exceedance, and locations.

https://doi.org/10.5459/bnzsee.1692
INTRODUCTION

The recent release of the 2022 National Seismic Hazard Model
(NSHM2022) has prompted re-examination of the New
Zealand seismic design provisions, NZS 1170.5 [1]. In
response, a Seismic Risk Work Group (SRWG) was established
to propose updates to Verification Method B1/VM1, which is
the primary means of demonstrating compliance with Clause
B1:Structure of the New Zealand Building Code. This is a
multi-year project that seeks to develop improvements to New
Zealand seismic design practice, most notably updates to NZS
1170.5 [1]. A proposed Technical Specification (TS) document,
TS 1170.5, expected to be released in 2024, will provide an
updated methodology to determine seismic design loads for
buildings. The TS incorporates the latest NSHM2022 and
includes an updated method for computing the horizontal
design action coefficient, C(T). This paper outlines the
proposed changes to the implementation of the horizontal
design action coefficientin TS 1170.5. In particular, the reasons
for using site class and intensity dependent variables to
represent the NSHM2022 results are presented. This paper
focuses on the spectral shape provisions and forms part of a
series of publications outlining relevant background
information supporting the publication of the proposed TS.
Refer to Lee et al. [2] and Hulsey et al. [3] for further details on
site classification and risk distribution of the new hazard model
respectively.

Functional Form of Acceleration Response Spectra

Shaking intensity has traditionally been parameterized in the
form of smoothed, 5%-damped, elastic pseudo acceleration
response spectra. Response spectra, first proposed in the 1930s

(refer to Housner [4] and Sorrentino [5]), plot a peak response
quantity (e.g. acceleration, velocity, or displacement) caused by
earthquake shaking as a function of the structure’s natural
period of vibration, T. For a specific earthquake ground motion,
response spectral quantities are generated by solving the
equation of motion using time-stepping integration methods [6]
to give the peak displacement demand, Sq, for given values of
T. Pseudo velocity, Sy, and pseudo acceleration, Sa, responses
can then be obtained from Equations 1 and 2 respectively:
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It is important to note that pseudo spectral acceleration and
spectral acceleration are close except for large damping values
at long periods. Furthermore, for the purpose of design, pseudo
acceleration is the quantity of interest as it relates the peak
displacement and base shear of a single degree of freedom
oscillator [7].

During the 1970s, Newmark observed [8, 9] that many
earthquake acceleration response spectra obtained from real
earthquake ground motion recordings could be enveloped, in
the period range important to building design, by a
mathematical relationship in which for short structural periods,
the maximum acceleration would be constant; for intermediate
periods, the maximum velocity would be constant; and for long
periods, the maximum displacement would be constant (Figure
1). The period value demarcating these constant response
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regions can be defined by the corner period, Tc that represents
the transition from a spectral acceleration plateau to the
constant spectral velocity, and the spectral displacement corner
period, Tq, that defines the transition from the spectral velocity
plateau to a constant value of spectral displacement demand.
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Figure 1: Newmark’s traditional form of (a) pseudo
acceleration response spectra, (b) pseudo velocity spectra,
and (c) displacement response spectra commonly used in
seismic loading standards.

Factors Affecting Response Spectral Shapes

Influence of Site Soil Class

The influence of site class on the response spectra shape was
first noted by Hayashi et al. [10] and Kuribayashi et al. [11] who
studied spectral shapes using ground motion sets of 61 and 44
records respectively. Seed et al. [12] conducted a more
comprehensive study with 104 ground motion records and
concluded that site conditions should be considered when
defining earthquake-resistant design criteria. The site soil
conditions modify the characteristics of incoming earthquake
waves at bedrock, with significant amplification expected for
soft soil sites but with soil non-linearity limiting the
amplification in intense earthquakes. Soil amplification occurs
throughout the period range, up to 10 seconds. Soft soil
amplification is more pronounced at longer distances (30-50
km) for both moderate and large magnitude earthquakes [12].
The effect of site soil condition is usually accounted for in
loading standards by defining site classes, with these sometimes
defined in relation to the time-averaged 30 m depth shear wave
velocity, Vsao (e.9., ASCE 7-22 [13]). The softer the site class
(lower Vs 30), the wider the constant acceleration plateau.

Influence of Earthquake Magnitude

The change of spectral shape with earthquake magnitude was
first suggested in the 1970s by McGuire [14], and Trifunac and
Anderson [15]. The earthquake magnitude tends to affect the
long-period components of a response spectrum. Faccioli et al.
[16] reported that the spectral displacement corner period (Tq in
Figure 1) appears to increase almost linearly with magnitude.
Additionally, there is a slight tendency for the spectral
displacement corner period to increase for soft soils with large
magnitude earthquakes, but this is less obvious for moderate
magnitude earthquakes.

Shaking Intensity

Earthquake shaking intensity can affect spectral shape because
higher intensity shaking can cause soil non-linearity.
Furthermore, as the earthquake shaking intensity changes, so
too can the magnitude and distance of the earthquake most
likely to cause that shaking intensity. As magnitude and
distance have been noted to affect spectral shape [17, 18, 19], it
is likely that spectral shape will change for different design
intensity levels. Figure 2 illustrates the impact of intensity and
site class on spectral shape by considering Uniform Hazard
Spectra (UHS) from the NSHM2022 for a range of TS 1170.5
site classes. Refer to Lee et al. [2] for further background on site
classes in the proposed TS. For low intensity shaking, spectral
accelerations tend to increase as Vsz3o reduces, which suggests
that softer soils tend to amplify the spectral accelerations
throughout the period range when soils behave elastically.
However, for high intensity shaking, softer soils are subjected
to nonlinear deformations that limit spectral acceleration
demands, whereas rock sites can sustain the stronger shaking in
the elastic range, resulting in higher spectral acceleration
demands for short period structures that have similar
fundamental periods to the predominant period of the ground
motion at a site.

Near-Fault and Directivity Effects

So-called “near-fault” and “directivity” effects are also known
to affect the shape of response spectra. Somerville et al. [20]
found that peak accelerations at sites less than 30 km from the
rupture source in the 6.7 Mw 1994 Northridge earthquake
exceeded the median value predicted by empirical attenuation
relations by 50%. This finding, coinciding with similar
observations from the 6.9 Mw 1995 Kobe Earthquake, prompted
revisions to attenuation relationships [21, 22], which led to
updated methods for considering near-fault and directivity
effects in loading standards [23]. More recently, Weatherill [24]
investigated near-fault and directivity effects specific to New
Zealand Probable Seismic Hazard Analysis (PSHA).

For earthquakes that occur near a building and generate waves
that propagate towards the structure, buildings that are
characterised by periods of vibration close to the pulse-period
of the earthquake will experience demands that are amplified
(potentially by a factor of 2.0) relative to other periods.
However, the hazard at a site is affected by a broad range of
possible earthquake scenarios, most of which will not be
characterised by near-fault effects and as such, loading
standards sometimes include moderate amplification factors to
allow for near-fault effects. These are also specified over a
period range intended to cover the pulse period range. For
example in NZS 1170.5 [1] the spectrum is amplified by a factor
N(T,D) that is equal to 1.0 for periods less than 1.5 s and equal
to 1.72 for periods greater than 5 s, depending on the distance,
D, to the closest active fault. Refer to Bradley and Weatherill
[25] for further discussion on near fault effects in New Zealand
seismic hazard analysis.

Other Factors

There are other factors (such as faulting mechanism or local
topography) that can affect the shape of response spectra, but
these are not examined here as they are currently considered of
secondary importance compared to the factors identified in the
previous sub-sections.
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Figure 2: Spectral acceleration graphs from NSHM2022
showing the correlation between spectral shape and shaking
intensity as a function of Vs 3so.

Spectral Component of Design Response Spectra

Design spectra are generated using PSHA results with ground
motion prediction equations (GMPESs), typically developed
using historical earthquake databases, that consider
directionality effects. However, for practicality reasons it is
desirable for design spectra to be represented by a single UHS
where orthogonal components are inherently considered.

Several methods exist for the combination of two orthogonal
components of earthquake motion for generating design
spectra. NZS 1170.5 [1] spectra were derived from the work of
McVerry et al. [26] who presented GMPEs based on the
maximum component and geometric mean of two randomly-
oriented but orthogonal horizontal ground motion components.
The geometric mean spectral intensity measure [27] was
commonly used in GMPEs but has the disadvantage of being
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strongly dependent on the ground motion sensor orientation.
This is an important consideration close to faults where
directivity effects can produce strongly correlated motions [28].
To remove sensor orientation dependency, Boore [29]
pioneered the use of orientation independent spectra based on
the geometric-mean response spectra of two horizontal
components rotated over a 90° range. Two measures were
introduced, GMRotDnn and GMRotInn where “GM” stands for
geometric mean, “D” stands for period dependent rotation
angle, “I” stands for period independent rotation angle and “nn”
is the percentile of the geometric means for all rotation angles.
These approaches resulted in intensity measures that are
independent of the sensor orientation but challenging to
compute in practice. Boore [28] then introduced a non-
geometric mean intensity measure, RotDnn, which represents
the spectra obtained from a single time-series of combined
orthogonal components for a range of rotation angles from 0° to
180°. The term RotD50 refers to the median spectral
acceleration demand generated by a pair of recorded ground
motions considering a full range of possible angles of incidence
[28] while RotD100 refers to the maximum spectral
acceleration demand for all angles of incidence.

In the United States (U.S.), the NGA-West2 project used
RotD50 to represent design spectra for hazard analysis.
However, ASCE7-22 design spectra use RotD100 and so
conversion factors proposed by Shahi and Baker [30] are used
to convert between the two component representations.

Furthermore, buildings generally have orthogonal lateral load
resisting systems and so from a probabilistic perspective it
makes sense to use RotD50 for most structures as it is unlikely
that the worst case loading (i.e., RotD100) perfectly aligns with
the in-plane direction of a lateral load resisting system [31].
This also means that designing buildings using RotD100 is
likely to lead to discrepancies when designing to a risk target as
the ground motions are likely to have a lower annual probability
of exceedance (APOE) than desired [32]. For these reasons the
SRWG has decided to adopt the use of RotD50 spectra within
the proposed TS.

REVIEW OF INTERNATIONAL SEISMIC
PROVISIONS

General Provisions

The following subsections outline the approach taken in setting
the design response spectra in the loading standards of several
countries. The approaches taken can be broadly divided into
several categories listed in order from simplest to most
complex:

1. Constant spectral shape defined for each site class, e.g.,
NZS 1170.5 [1].

2. Spectral shape defined using a two or three parameter
definition, plus scaling for site class, e.g., Eurocode 8 [33],
and ASCE 7-16 [34].

3. Multi-period spectra , e.g., ASCE 7-22 [13].

New Zealand - NZS1170.5:2004

NZS 1170.5 [1] defines seismic hazard and response spectra
shapes with tables, maps, and equations. The general equation
for the definition of elastic spectral acceleration demand, C(T),
is as follows:

C(T)=C,(T)ZRN(T, D) ®

where Cn(T) is a spectral shape factor (that varies according to
site class), Z is the hazard factor that varies according to
location across the country, R is a return period factor (with R
=1 for a 1/500 APoE) and N(T,D) is a near-fault factor that
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amplifies the design response for longer periods to account for
near-fault and directivity effects discussed previously.

The spectral shape factor, Cn(T), is defined according to site
class as shown in Figure 3 when using equivalent static analysis
and Figure 4 for modal response spectrum and nonlinear time
history analysis methods. The spectral shapes are applied for all
return periods and locations, which differs from international
loading standard approaches described in the next sub-sections.
Figure 3 and Figure 4 also indicate that demands are lower for
soil types A and B, i.e. rock sites, but Figure 2, which considers
NSHM2022 data, indicates this is not true for high intensity
shaking. The functional form of the design spectral shapes are
made available in the NZS 1170.5 Commentary [35]. Owing to
the formulation of the spectral shape equations, for periods
longer than three seconds the elastic displacement response
spectrum is constant (i.e. Ta = 3 3).
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Figure 3: Standard design spectral shape, Cn(T), from
NZS1170.5 [1]for equivalent static analysis.
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Figure 4: Spectral shape factor, Cn(T), from NZS1170.5 [1]
for modal analysis, time-history analysis, vertical loading,
and parts.

United States - ASCE7-22

The U.S. approach has changed considerably over the past
decade; design hazard levels are adjusted to achieve what is
referred to as risk-targeted design spectra [36]. Additionally,
older versions of ASCE?7 defined hazard in functional form, but
ASCE7-22 [13] now defines multi-period spectra (Figure 5),
which directly represent the elastic spectra at each period
ordinate from the U.S. NSHM according to longitude and
latitude coordinates. Two-period spectra are also available (as
legacy due to past familiarity) in functional form. The two-
period spectra are defined by the risk-targeted Maximum

Considered Earthquake (MCER) 5% percent damped, spectral
response acceleration parameter at short periods, Ss, and at a
period of one second, S1. Ss and S1 are adjusted to account for
site conditions to give the MCER site-specific parameters of Sus
and Swz. Figure 5 presents the site-specific MCERr spectra multi-
period and two-period formats for downtown San Francisco for
site class D and risk category |l structures obtained using the
ASCE7 online hazard tool [37]. The constant acceleration
region of the two-period spectrum is taken as 90% of the peak
of the multi-period spectrum.
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Figure 5: Example of a multi-period design spectrum and
two-period design spectrum, per ASCE7-22.

The functional form of the two-period ASCE7-22 design
spectra is shown in Figure 6. Sps and Sp1 represent the design
level spectral ordinates accounting for site effects calculated by
factoring the site specficic MCERr spectral ordinates, Sws and
Swm1, by 2/3. To, Ts, and Tv represent the periods defining the
beginning of the constant acceleration plateau, the end of the
constant acceleration plateau, and the beginning of the constant
displacement range, respectively. Owing to the formulation of
the spectral shape equations (Figure 6), for periods longer than
Tw the elastic displacement response spectrum is constant.
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T, T, 10 T,
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Figure 6: ASCE7-22 design response spectrum [13].
Europe - Eurocode 8

General Provisions

Eurocode 8 [33] defines a design response spectrum shape with
parameters that vary according to site class and ground motion
intensity. Parameters are generally set by individual territories
and are listed in the relevant national annex to Eurocode 8. The
general design response spectrum shape is given by:
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where T is the period of vibration of a linear SDOF system, ag
is the peak ground acceleration for type A ground (the reference
site class, taken as rock with Vszo > 800 m/s), Ts is the lower
limit of the constant acceleration branch, Tc is the upper limit
of the constant acceleration branch, Tp is a value that defines
the beginning of the constant displacement range, S is the soil
factor, and 7 is the damping correction factor. The shape of the
elastic response spectrum according to Equation 4 is shown in
Figure 7. Similar to the functional form of the NZS 1170.5 [1]
and ASCE7-22 [34] provisions, spectral displacements are
constant for long periods, i.e., for T > Tp.
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Figure 7: Shape of the Eurocode 8 elastic response spectrum
adapted from Eurocode 8 [33].

The second generation of Eurocode 8 is currently under
development and is expected to be released at the start of 2026
[38]. The proposed shape of the updated design spectrum is
similar to the first generation and includes the feature of
constant displacement for periods greater than Tp. However, the
design spectrum is to be set using the two-period approach as
seen in ASCE7 [13], where the constant acceleration plateau
and spectral acceleration at a period of one second are defined
using maps and are a function of site classification.

Italian Provisions

For over a decade, Italy has defined its own response spectra,
in lieu of Eurocode 8, according to longitude and latitude
coordinates that can be used to obtain response spectrum
parameters using on-line software. Practitioners are provided
with design spectral shapes fit to uniform hazard spectra, which
include a peak ground acceleration, ag, an acceleration plateau
defined as a multiple of the PGA, agFo, and corner period, T,
that defines the boundary between the short period acceleration
plateau and the constant velocity range of the design spectrum.
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PROPOSED TS 1170.5 ELASTIC SITE SPECTRA FOR
HORIZONTAL LOADING

Different options were considered and explored for the
definition of spectral shape. The proposed spectral shape was
selected to be similar to traditional spectral shapes to maintain
ease of use, but defined to minimise variability in risk due to
the fitting process.

Spectral Acceleration, Sa(T)

The site design coefficient in the proposed TS is given by:

A1) =Sa(T) ®)

where the spectral acceleration, Sa(T), shown in Figure 8 and
obtained from Equations (6a) to (6d), is a simplified
representation of the UHS at the defined APoE for RotD50
pseudo acceleration demands on SDOF oscillators
characterised with period, T, and 5% damping. The use of
RotD50 spectra is a departure from NZS 1170.5 [1] and aims to
better represent the risk associated with the direct PSHA results.
The proposed functional form of the spectral acceleration is
given by Equation 6 and illustrated in Figure 8:

Spectral Acceleration, S,(T)

Period, T (s)

Figure 8: Functional form of the proposed spectral shape

equations.
S,(T) =PGA forT=0s (6a)
S.(T)=S,, for0.1s<T<Tc (6b)
T
S.(T)=S,; ? for Te<T<Ty (6c)
T(T,\°
S =5 << forTa<T 6d
M=s,. [T j : (60)

Equation (6a) indicates that for rigid systems with T = 0 s, the
spectral acceleration should be considered equal to the peak
ground acceleration taken directly from the UHS. For structures
with period between 0 s and 0.1 s, the demand is set equal to
Sas if the equivalent static method is adopted, but linear
interpolation between PGA and Sas may be used for other
structural analysis methods. The intention of this clause is to
recognise that if the structural period of vibration is estimated
to be less than 0.1 s via the equivalent static method, then owing
to uncertainties in period estimates, it may be non-conservative
to design for demands lower than Sas. However, it is also
considered reasonable to assume that demands on higher modes
of vibration with very short periods may be less than Sas.

Equation (6b) indicates that for short-period structures
possessing periods between 0.1s and a period T (defined as a
function of APOE, site class and location) a constant value of
Sa(T), equal to Sas, should be assumed. The value of Sas has
been set equal to 90% of the value of the peak Sa from the
NSHM2022 UHS in line with historical representations of
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demand and similar approaches used internationally (such as in
ASCE7-22). The definition of a constant value of Sas in the
short period range is considered advantageous from a design
perspective to avoid fluctuation in the design forces with period
for simple short period structures.

Equation (6¢) indicates that for SDOF systems with period
between Tc and Tq, spectral acceleration demands reduce in
proportion to 1/T. Consistent with Newmark’s traditional
design spectrum functional form (Figure 1), this period range is
characterised by reasonably uniform spectral velocity demands.
Equation (6d) indicates that beyond a spectral velocity plateau
corner period, Tq, the acceleration demands reduce more
quickly with T than they do within the uniform spectral velocity
region. The equation also implies that UHS spectral
displacement demands will continue to increase beyond the
period Tq, but at a slower rate of increase than in the uniform
spectral velocity region.

Faccioli et al. [16] have shown that T4 should be considered a
function of earthquake magnitude, and that displacement
demands will tend to plateau beyond this point. However, due
to the contribution of a wide range of magnitudes and source-
to-site distances to the hazard at any given location, a distinct
spectral displacement plateau is not typically observed in the
NSHM2022 UHS. Moreover, when evaluating UHS shapes
derived from NSHM2022, it was found that the functional form
of the spectrum provided by Equation 6 could adequately
represent the UHS shape for most sites out to periods of
approximately six seconds, as the spectral shape equations
allow for some continued increase in spectral displacement
beyond Tq, thereby allowing for the range of earthquake
magnitudes that can influence the demands at long periods.

Initially, the SRWG recommended the use of Equation 6(d)
with a fixed value of Ta = 3 s, but this approach proved overly
conservative for some locations, particularly where a least-
squares fitted Tq value below three seconds provided a better
match to the data. As a result, the SRWG concluded that it is
more appropriate to fit T¢ individually for each site and APoE.
The implications of selecting a fixed Ta as opposed to fitting
each individual spectra with a unique Tq obtained by least
squares regression is discussed later, including the implications
for the design of long-period structures that may previously
have been non-conservatively represented owing to the spectral
shape definitions in NZS 1170.5 [1]. The resulting spectral
shape is expected to provide an increasingly conservative
representation of UHS demands for periods greater than six
seconds.

Removal of the Near Fault Factor, N(T,D)

The strength and duration of earthquake ground-motions within
a few kilometres of the earthquake rupture surface are strongly
influenced by several near-fault effects producing features that
are not generally present in motions at sites more distant from
the rupture. Such effects are accounted for in a rupture-
averaged sense in the underlying NSHM2022 [25].

A recent study undertaken by Weatherill [24] examined the
topic of directivity effects and observed that the current near-
fault factors are considered to be conservative in relation to the
mean hazard from NSHM2022, particularly at long periods, and
could be reduced. After trialling a PSHA approach in which
uncertainty in hypocentre location and the influence of multiple
sources close to a fault are accounted for, Weatherill [24] found
that for most of New Zealand the design accelerations would
increase by less than 5-10% relative to the PSHA results
without consideration of these effects (demonstrating that the
near fault factors are conservative). In addition, Weatherill [24]
points out that if the full Wellington fault triggers, there is likely
to be no near-fault effect because Wellington city is located
over the centre of the fault. During SRWG discussions, concern
was raised about the chance that a near-fault earthquake does

occur with higher amplification. However, because faults with
near-fault effects are considered in the NSHM2022, and
spectral demands for some locations such as Wellington are
already high, the SRWG decided to remove the near fault factor
in the proposed TS. Furthermore, the addition of a near-fault
factor implies that sites close to fault-lines are subjected to a
greater rupture-average hazard compared to sites further afield
which is inconsistent with an intention of the TS to provide
design spectra that are uniform in hazard throughout the
country.
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Figure 9: Procedure adopted to fit spectral shape equations
to UHS from the NSHM2022 in (a) spectral velocity
ordinates and (b) spectral acceleration ordinates.

Fitting the Proposed Functional Form to the Uniform
Hazard Spectra

The design spectral acceleration Sa(T) is defined for all site
classes and APoOE using the variables: PGA, Sas, Tc and Ta. The
design spectra was fit to the mean UHS from NSHM2022
(except for the top of the north Island, including Auckland,
where a floor was introduced, as discussed later in this paper).
PGA is obtained directly from NSHM2022 while Sas is set to
be equal to 90% of the peak spectral acceleration across all
considered periods, Samax. The spectral acceleration corner
period, T, is set by:

R:Mm?gw)

a,s

O]

where Svmax is the peak spectral velocity obtained directly from
the NSHM2022. The expression for Tc in Equation (7) was
obtained by solving for the period ordinate that represents the
intersection of the constant acceleration and constant velocity
portion of the UHS which is shown graphically in Figure 9(a)
and Figure 9(b) for spectral velocity and spectral acceleration
ordinates, respectively. Tc values are rounded to two significant



figures as opposed to two decimal places which provides the
best fit in the constant velocity range without the implied
accuracy associated with providing more precise Tc values
above one second.

Ta was obtained via least-squares regression to minimise the
difference between the NSHM2022 UHS and the design
spectral acceleration values, Sa(T), for period ordinates between
Te + 0.5 s and six seconds (inclusive). This period range was
selected to ensure design spectra accurately represent the
NSHM in the period range applicable to most structures, despite
NSHM results being reported for periods up to 10 s. The
minimum displacement corner period was set as T¢ + 0.5 s to
recognise that the constant acceleration corner period, T, may
sometimes exceed this value for high intensity, soft soil sites at
locations where the hazard is dominated by large magnitude
shaking. Periods longer than six seconds were not considered
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for regression owing to the very small number of structures
characterised by periods in this range.

An example of the fit offered by Equation (6) is shown in Figure
10 for a selection of the NSHM?2022 spectra in Figure 2. Several
site classes (refer Lee et al. [2]) have been omitted for clarity to
show the ability of Equation (6) to match the NSHM2022
results across a range of intensities. Alternatively, Figure 10 can
be considered to represent the fit offered across the range of
return periods used for design at a single site. The functional
form in the proposed TS provides a close fit to the NSHM2022
across the period range considered, particularly for medium and
high-intensity design spectra. The performance of the fitted
approach is evaluated more thoroughly in the section,
Evaluating the Suitability of the Recommended Spectral Shape
Approach.

350 . , i
E —— V30 = 750 m/s (Class I) High Intensity
= 300 Vigo = 275 m/s (Class TV)

Va0 = 175 m/s (Class VI)

2501 = ~ TS 1170.5 Spectra

200 -

150 -

100 -

50

Spectral Displacement, S;(T)

80

—— V30 = 750 m/s (Class I) Medium Intensity
Vizo = 275 m/s (Class IV)

Viso = 175 m/s (Class VI)

60 F = = TS 1170.5 Spectra

40 + -

Spectral Displacement, S;(7) (cm)

20 +
(d)
0 . . . .
0 1 2 3 4 5
Period, T (s)

2.5 : - -
E —— V30 = 750 m/s (Class I) Low Intensity
= Viso = 275 m/s (Class IV)
/ET 20 Viso = 175 m/s (Class VI)
~ = = TS 1170.5 Spectra
95}
2 15} -
|3 _ -
£ .
13 _ -
S =
e ! -
B -
A
Bosy /S ooe====
3
o)
& | 0

0 1 2 3 4 5

Period, T (s)

Figure 10: Example of the fit offered by Equation (4) (dashed lines) to the NSHM2022 results across spectra representing a
broad range of design intensities and site classifications.
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Obtaining Parameters for Lower-Bound Design Spectra

Hulsey et al. [3] discuss the introduction of a lower-bound
design spectrum for low-seismicity sites in northern New
Zealand. The lower-bound is based on the 90" percentile
spectra obtained for Auckland and ensures that building designs
anywhere in New Zealand comply with a minimum level of
earthquake-shaking intensity. Design parameters were initially
derived using both the local mean spectrum and the Auckland
90th percentile spectrum, identified with the subscripts mean
and akl90 in Figure 11. The method used to fit these parameters
to the lower-bound spectrum is also illustrated in Figure 11.

To determine Tq, the peak spectral velocity values from both the
local mean and Auckland 90th percentile spectra are compared.
If the Auckland 90th percentile spectral velocity exceeds the
local mean, Tq is taken as the maximum of the two
corresponding Tq values. Otherwise, the T4 from the local mean
spectrum is used. This approach ensures that, for periods greater
than Tq, the design spectrum calculated using the code
equations will always exceed the Auckland 90th percentile
spectrum, providing a conservative design envelope.

Determine lower-bound
parameters

v

Take maximum PGA
PGA = max(PGAawo, PGAmerm)

Take maximum Sg s
Sa,s = n1aX(Sas,akl9()7 Sas,mean)

Take maximum Sy, max
Sx/,mux = max(sv,ﬂmx,akwoa Sv,max,mean)

v

Determine T,
T, =21(0.958,, 1max) | Sas

Y

St/, max,akl90 > Sv, max, mean

er S

Crd =max(Ty mean , Td,akl%D No

Ti= Td, mean

Figure 11. Procedure used to fit lower-bound design
spectrum parameters.

EXAMINING VARIABILITY IN THE SPECTRAL
ACCELERATION PLATEAU CORNER PERIOD, Tc

Variation with Site Class and Intensity

Figure 12 illustrates the variability of the spectral acceleration
corner period, Tc, as a function of intensity (represented by the
short period spectral acceleration, Sas) and site class. Results
are shown considering the mean UHS for 12 main centres (see
Figure 14 for the list of cities) around New Zealand that were
initially considered by the SRWG as being broadly

representative of New Zealand’s seismic environment. The
relationship between Tc and intensity can be approximated by a
linear trend. For sites characterised by high Vsso values (i.e., site
classes I to I11), Tc is constant. In contrast, for soft soil sites, Tc
increases with shaking intensity. This implies that adopting a
single corner period, as done in NZS 1170.5 [1], would
introduce significant discrepancies between the functional form
of the elastic site demand compared to the direct NSHM2022
results. Consequently, accounting for the variation of T¢ with
ground motion intensity and site class was deemed necessary.

2.5
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Figure 12: lllustrating variation in the spectral acceleration
plateau period, Tc, as a function of intensity (represented by
Sas) and site class (represented by Vs 30).

Variation with Location

Figure 13 compares spectral acceleration at different locations
in New Zealand for cases where site class is identical and Sas
values are very similar but Tc values differ. The figure indicates
that different locations can have quite different spectral shapes
for identical soil class and peak spectral acceleration, Sas. The
reason for this can in part be attributed to faulting and
magnitude characteristics for each site when undertaking
PSHA. Sites where the design seismicity is more heavily
dominated by larger magnitude shaking are likely to exhibit
longer corner periods as the ground motions from this type of
hazard are known to affect higher periods compared with lower
magnitude, near-field shaking. This result provides further
justification for the definition of spectral shapes that vary from
location to location instead of varying only with intensity.
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Figure 13: Comparison of 1/500 APOE, site class V
acceleration response spectra for Havelock North and Franz
Josef to illustrate variability in Tc according to location.
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Figure 14: lllustrating the variability in fitted Tq as a function of Vs30 and intensity.

EXAMINING VARIABILITY IN THE SPECTRAL
VELOCITY PLATEAU CORNER PERIOD, T4

Variation with Site Class and Intensity

The proposed TS fits Ta using least-squares regression to
improve accuracy. However, a simplified approach using a
single value of Tq = 3 s was also considered. To examine the

implications of this, Figure 14 outlines the fitted Ty values for
12 main New Zealand centres for each considered site class and
APOE. The fitted values of T4 are generally between one and
three seconds. Unlike T¢, where there is a clear linear
relationship with intensity as a function of soil class, fitted Tq
values are significantly more varied with differences appearing
to be dependent on a number of factors such as intensity and the
magnitude of earthquakes affecting the site.
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Figure 15: Illustrating the ratio of elastic spectral demands between TS 1170.5 to the direct NSHM2022 results considering the
use of Tu fitted using least squares regression.

EVALUATING THE SUITABILITY OF THE
RECOMMENDED SPECTRAL SHAPE APPROACH
Evaluating the Suitability of a Constant T¢ =3 s

The previous section outlined the variability in fitted Tq values
obtained using least-squares regression which the SRWG

decided was preferred to using a single value of Tq for all
spectra. The implications of this decision are evaluated further
in Figure 15 and Figure 16 which plot the design spectrum ratio,
defined as the ratio of the proposed TS design spectra, Sa(T), to
the NSHM2022 spectra, SansHm, for all 214 listed site locations,
site classes, and APOE in the proposed TS. Figure 15 shows the
design spectrum ratios for Tq fitted using least squares



regression, while Figure 16 plots results for spectra with Ta =3
s. The design spectrum ratios are grouped by high and low
intensity with high intensity defined as shaking with an APoE
of 1/500 years or less. Considering high intensity spectra, fitting
Ta using least squares regression results in the best fit
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throughout the period range of interest (0 - 6 s). Setting Ta = 3.0
s also results in reasonable accuracy with more conservatism as
evidenced by the median design spectrum ratio for high
intensity UHS being greater than one.
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Figure 16: lllustrating the ratio of elastic spectral demands between TS 1170.5 to the direct NSHM2022 results considering the
use of a constant Ta= 3 s.
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Note the results in Figure 15 and Figure 16 are identical for T <
Te + 0.5 s which was the minimum period considered when
fitting Tqusing least squares regression. For very short periods,
(i.e., less than 0.2 s) the design spectrum ratio can be high,
particularly for sites characterized by soft soils, which is due to
the period ordinate of 0.1 s used to define the start of the
constant acceleration plateau. Some international loading
standards minimise this error by introducing another variable to
define the start of the spectral acceleration plateau, i.e. Tg in
Eurocode 8 [33]. However, for design in New Zealand there is
little benefit in using this additional variable as many buildings
in the short period range are designed using the equivalent static
method which extends the constant acceleration portion of the
design spectrum back to the zero second period ordinate.

Fit for Low Intensity Spectra

In both the fitted (Figure 15) and constant (Figure 16) Tq cases,
the conservatism in the long period range for high APoE (low
intensity UHS) is caused by the fact that lower intensity
displacement spectra tend to plateau at shorter periods but
spectral displacement demands from Equation (6) continue to
increase. For example, see Figure 10(f) where the approximate
spectral displacement corner period (where displacement
demands plateau) is 3 s resulting in the TS spectrum
overestimating the demand for T > 3 s. While the ratio of Sa(T)
to SansHm appears to be high for low intensity UHS at long
periods, it is important to realise that the absolute demands are
still very low. Different spectral shapes were considered in the
long period range that would be a function of the UHS intensity,
but the SRWG decided that it was preferable to use a single
shape to maintain simplicity.

Spectral Shape Fit for Long Periods

Newmark [8] initially proposed the idea of constant
displacement at longer periods (Figure 1) and this approach has
generally been applied in international loading standards,
including NZS 1170.5 [1]. However, the research of Faccioli et
al. [16] highlighted that for individual displacement spectra, the
period at which spectral displacement demands plateau
increases as magnitude increases for Mw > 6.5. Larger rupture
distances were also shown to moderately increase the long
corner period for Mw < 6.5. As UHS are developed for a range
of different earthquake magnitude and distances that may
impact a site, the UHS spectral displacement demands do not
tend to exhibit distinct spectral displacement plateaus,
particularly for low APoEs. Consequently, a key characteristic
of the spectral shapes in the proposed TS is that spectral
displacement demands continue to increase for periods longer
than Tq, which allows for a more reasonable estimation of UHS
elastic demands at longer periods, as shown in Figure 17 for
Wellington CBD and Christchurch for site class Il1. Clearly in
this example, assuming constant elastic displacement demands
for T > Ta = 3 s would underpredict the results of the NSHM.
This feature of the proposed spectral shape is important for
setting realistic design parameters for long period structures,
such as base isolated buildings and bridges. The SRWG also
investigated the use of constant Tq values including 2 and 2.5
seconds. However, the resulting functional forms of the UHS
were non-conservative for higher intensities.

Improvement in Normalised Spectral Shape

In NZS 1170.5 [1], design spectra are normalised at a single
period ordinate of 0.5 s. Scaling is then done by a hazard factor,
Z, which represents 0.5 times the magnitude weighted 5%
damped response spectrum acceleration for a 0.5 s period for
site class C with a return period of 500 years [35].
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Figure 17: lllustrating typical shape of displacement

response spectra (a) Wellington APoE 1/500 years site class
111, (b) Christchurch APoE 1/500 years site class I11.

The variability in spectral shape from normalising the
NSHM2022 UHS at a single period ordinate with a hazard
factor based on a single site class and APoE (i.e., the NZS
1170.5 [1] approach) is shown in the left-hand subplots of
Figure 19. The normalised UHS are shown for four main
centres, three APoEs (1/50, 1/500, and 1/2500), and TS site
classes I, Il and V. The horizontal axes of the left-hand
subplots in Figure 19 are normalised by Tc, which was
calculated for each site class by first obtaining the median
normalised 1/500 APoE spectrum across all listed sites, then
applying Equation (7). The resulting Tc values were found to be
0.3s,0.5 s and 0.9 s for site classes I, 111, and V, respectively.
This approach replicates how a single T. value could be
assigned for each site class, as is done in NZS 1170.5 [1]. NZS
1170.5 [1] corner period values were not used in this
comparison due to issues in mapping the old site class
definitions to those in the proposed TS.

The right-hand subplots of Figure 19 represent variability in
spectral shape using the normalisation approach considered in
the proposed TS, where normalisation occurs at the Sas ordinate
for intensity scaling and Tc for period scaling. Although scaling
is also done at the PGA ordinate, this is not considered in Figure
19 for simplicity, because the normalisation shown is applied
directly to the NSHM2022 UHS instead of the codified
equations. Unlike the NZS 1170.5 [1] approach, the proposed
TS scales each UHS using unique values of Sas and Tc. The
benefit of scaling individual spectra is clearly shown by the
right-hand subplots in Figure 19 which exhibit greatly reduced
variability in normalised spectral shape, resulting in a more
uniform distribution of hazard throughout the country. Note that
the use of multi-period spectra would result in a single line in
these figures.



Furthermore, Figure 19 (left) illustrates the variability in
spectral shape introduced using the return period factor, R. In
NZS 1170.5 [1], the return period factor represents a
generalised hazard curve for spectral acceleration with a period
of 0.5 s. A single curve shape is used to represent all locations,
periods, and site classes. The proposed TS approach instead
defines parameters for each APoE and so a return period factor
is not required, meaning the NSHM hazard curve for each
location is better represented. Figure 18 shows normalised 0.5
s spectral acceleration hazard curves for Auckland, Wellington,
Christchurch, and Dunedin obtained from NSHM2022 for each
site class. The R-factor from NZS 1170.5 [1] is also shown and
indicates that for an APoE other than 1/500 years there is a
significant spread in normalised hazard curve shape. This
demonstrates the limitations of using a single hazard curve
shape to represent seismic demands across diverse locations
and supports the preference for the proposed TS approach.
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Table 1. Excerpt from TS 1170.5 Table 3.4 showing site demand parameters.

Site Class | Site Class Il

Site Class Il

Site Class IV Site Class V Site Class VI

Settlement APOE PGA Sas T | Ta Sas Te

Sas

Te

Ta | PGA | Sas Te | Ta Sas Te | Ta Sas | Te

1/25 |65 |n/a| 0.07 015 [0.29| 1.2 0.18 [0.34

021

0.39

0.11 024 (045 13| 011 027 | 047 | 13 03 |[053]| 14

1/50 |6.7 [n/a| 0.11 025 (029 13| 013 029 (034

033

041

13| 017 038 (046 | 1.4 04 |052| 14 045 (0.56 | 1.6

1/100 | 6.8 |n/a| 0.18 039 (029 15 0.36

05

14 0.24 0.55 05 | 15 058 | 055 | 1.7 062 (062 1.8

Settlementname 1/250 | 7.0 |nfa| 03 066 [031] 15 0.75 | 0.37

081

085 [055]| 1.8 087 |062| 2 089 (073 | 2.2

1/500 | 7.1|>20| 0.43 095 (032 1.6 1.06 |0.39

111

17 | 048 113 | 06 | 21 113 (069 | 23 113 | 087 | 24

1/1000 | 7.2 [>20| 0.59 133 | 033 16 145 | 041

149

1.9 0.62 148 | 065 | 24 1.44 08 | 25 142 1 2.7

1/2500 [ 7.3 [>20| 0.87 198 | 03418 213 [044

212

22| 083 203 [074| 2.7 194 094 |27 189 | 1.2 | 29

Considering the Ease of Implementation

One design table for each APoE is provided in the proposed TS,
for which an excerpt is shown in Table 1 for the 1/500 APoE.
Each table outlines all parameters required to fully define the
elastic spectral acceleration in Equation (6) for site classes I-VI.
Additionally, the earthquake magnitude, M, for each site and
APOE is provided. While this approach requires the tabulation
of further data than was necessary in NZS 1170.5 [1], the
SRWG considers that the improvements in fit offered by the
new spectral shape approach justifies the need for additional
data

CONCLUSIONS

This paper presents a review of international seismic design
provisions as they relate to spectral shape and outlines the
reasoning for the proposed spectral shape provisions in TS
1170.5. The equations that specify the spectral shape in the
proposed TS differ in two main ways compared to NZS 1170.5
[1]. Firstly, the proposed TS advocates for the use of spectral
parameters that are defined for each location, site class and
APOE to ensure the best representation of the NSHM2022 UHS
when elastic demands are computed in functional form. This
has been done to reflect observations that, in addition to site
class, the spectral shape is affected by the intensity of ground
shaking and earthquake magnitude, which vary from location
to location. Secondly, for long periods (T > Ta), the historical
assumption of constant spectral displacement demand has been
updated with an expression that gives slowly increasing spectral
displacement demands. This has been done recognising that the
earthquake magnitude affects the period at which spectral
displacement demands plateau and the hazard at each site will
be influenced by a range of possible earthquake magnitudes.
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