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ABSTRACT

This paper discusses the development of an adjustment factor for PGA from the 2022 update of the
New Zealand (NZ) National Seismic Hazard Model (NSHM?2022) and its implementation in the NZ
technical specifications TS1170.5:2024 (TS1170). The study focuses on soft soil sites with Vg3g < 300
m/s (i.e., Site Classes IV, V, and VI in TS1170). The adjustment factor is based on nonlinear site-response
simulations of NZ characteristic soft soil sites and an examination of observations from extensive national
and global ground-motion databases. These simulations treat soil nonlinearity more rigorously than the
approximations used in the empirical ground-motion models employed in NSHM2022. The scientific
background and details of the analyses used to develop the PGA adjustment factors are documented in
de la Torre et al. [1], while the focus of this paper is the parametrisation of the proposed adjustment factor
for implementation into TS1170. The adjusted PGAs are compared to the PGAs obtained directly from
NSHM?2022, and the PGAs from the 2004 NZ seismic loading standard NZS1170.5:2004 for many cities.
Application of the adjustment factor results in a reduction to PGA for all three site classes. The amount
of reduction increases with increasing intensity of the NSHM2022 predicted ground motion (i.e., PGA),
resulting in approximately 15-25 % reduction to the 2500-year return period PGA in the highest hazard
regions of NZ. However, even with the proposed reduction factors, compared with NZS1170.5:2004, the ad-
justed PGAs in these high-hazard regions are still 40-50 % higher for the 500-year return-period ground motion.
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INTRODUCTION

In 2022, the New Zealand (NZ) National Seismic Hazard Model
was updated (Gerstenberger et al. [2]) for the first time since
2010 (Stirling et al. [3]). The wide-ranging update included
the latest scientific advancements in earthquake source charac-
terisation and ground-motion modelling (Gerstenberger et al.
[4], Bradley et al. [S]). The 2022 update (i.e., NSHM2022)
incorporated a completely new set of ground-motion models
(GMMs) and a significantly improved source model. One signif-
icant outcome of the update is that NSHM?2022 results in peak
ground accelerations (PGAs) that are approximately 1.5 —2
times higher than the PGAs from the 2004 NZ seismic load-
ing standard NZS1170.5:2004, for many cities in the highest
seismic hazard regions of NZ (e.g., Wellington), depending on
the site class considered (Kaiser et al. [6], Bora et al. [7]). The
significant increase in the PGA resulted in exceptionally high
PGA > 1.0 g even on soft soil sites, which triggered the need to
scrutinise this particular output of NSHM2022.

The objective of this study was to carefully scrutinise the
very high PGAs output by NSHM2022 for soft soil sites with
Vs30 < 300 m/s. The scrutiny involved comparison with histori-
cal observations from existing ground-motion databases, evalu-
ation of the treatment of soil nonlinearity in GMMs, and quan-
tification of the effects of this modelling aspect on the resulting
PGA hazard. In the subsequent step, the nonlinear functions

used in the GMMs were compared with equivalent relationships
derived from more rigorous nonlinear site-response analyses, as
well as with observations of soil nonlinearity from the records of
2010-2011 Canterbury Earthquake Sequence. This investigation
revealed that the PGA for soft soil sites directly resulting from
NSHM2022 is likely overpredicted due to the approximate treat-
ment of the nonlinear site response in GMMs for high-intensity
ground motions (i.e., PGA > 0.5 g).

As described in de la Torre et al. [1], the GMMs used in
NSHM2022 were either partially or fully constrained using
results from equivalent-linear site-response simulations (e.g.,
Walling er al. [8], Kamai et al. [9], Seyhan and Stewart [10]).
However, it is well known that equivalent-linear analyses are
deficient in modelling severe soil nonlinearity resulting from
high ground-motion intensities (e.g., PGA > 0.3 —-0.5 g). In
addition to this study, several previous studies have shown that
equivalent-linear analyses can overpredict PGA for soil sites
and high ground-motion intensities, relative to fully nonlinear
analyses (Kaklamanos et al. [11], Kim e? al. [12]).

This paper presents the parametrisation of nonlinear site effects
and the implementation of an adjustment factor to PGA that
accounts for PGA overprediction from NSHM2022. The scien-
tific background and supporting analyses used in this study are
described in detail in de la Torre et al. [1]. First, we provide a
comparison of PGAs obtained from NSHM2022 with historical
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earthquake observations, and then use nonlinear site-response
simulations for NZ sites to investigate the adequacy of the GMM
approximations for nonlinear effects for sites with Vg39 < 300
m/s. Next, using the findings from this scrutiny, we develop a
framework to revise the nonlinear site-amplification models of
GMMs from NSHM?2022. Then, we describe the parameterised
adjustment factor and how it is applied to the TS1170 PGA
for geotechnical analysis. Finally, we quantify the influence
of the adjustment factor by comparing the adjusted PGAs to
those obtained directly from NSHM2022 and respective PGAs
in NZS1170.5:2004.

COMPARISON OF NSHM2022 PGA WITH HISTORICAL
OBSERVATIONS

The PGA output from NSHM?2022 was compared to PGAs from
historical observations from national and global ground-motion
databases such as: Japanese KiK-Net [13], European Engineer-
ing Strong Motion (ESM) [14], NGA-Sub [15], 2023 Turkey
Sequence [16], NZ GMDB [17], NGA-West3 (Brendon Bradley,
pers. comm. Oct. 2024). Figure 1 shows PGA versus Vg3g
for all records available in these databases, as well as the draft
TS1170 PGAs obtained from NSHM2022 for the 500-year and
2,500-year return periods for Wellington. The figure is zoomed
into PGA > 0.4 g and V39 < 350 m/s, as these conditions are
the focus of this study.

Figure 1 shows that the NSHM2022 500-year return period
PGAs for Wellington nearly envelope the historical observa-
tions for Vg3p < 250 m/s. Only three historic records, which
are labelled in the figure, meet or exceed the 2500-year PGA in
Wellington. These three records are: 1) 2024 M7.6 Noto Penin-
sula, Japan earthquake recorded at ISK00S with Vg3 = 139 m/s,
2) the 1994 M6.7 Northridge, California earthquake recorded
at Tarzana Cedar Hill A with Vg3g = 257 m/s, and 3) the 2011
M9.1 Tohoku, Japan earthquake recorded at IBR003 V39 = 299
m/s. As elaborated below, these are exceptional ground motions
that generally do not represent typical ground conditions or/and
contain particular site-response features that amplify PGA. The
hazard in high-seismicity areas of NZ (e.g., Wellington) is con-
trolled by earthquakes of similar magnitude and source-to-site
distance as those of Group 1 in Figure 1, with PGA > 0.8 g and
V30 < 300 m/s. Therefore, the data indicate that such PGAs are
possible, but exceptionally rare in the context of the available
records to date. Metadata for the records in Groups 1 and 2 are
provided in de la Torre et al. [1].

The ISKO00S5 site is an extremely soft peat site, at which liquefi-
able sandy soils are also present (Garini and Gazetas [18]). The
acceleration and velocity time series display extremely strong
resonance due to the very soft peat over rock, and cyclic mobil-
ity spikes in the PGA. The Tarzana record has been thoroughly
investigated by many researchers and has been shown to include
strong topographic amplification effects, as the site sits on top
of a hill (Spudich ez al. [19], Bouchon and Barker [20]). Finally,
the IBR0O0O3 Tohoku record, is a near fault ground motion with
one of the highest short-period spectral accelerations and PGA
across all sites that recorded the earthquake (Goto and Morikawa
[21]). This high short-period accelerations decays quickly, with
increasing period, resulting in significantly more modest long-
period accelerations. More details on these records are included
in de la Torre et al. [1].

MODELS FOR NONLINEAR SITE RESPONSE IN
NSHM2022 GMMS

The empirical ground motion models used in NSHM?2022 are
described in detail in Bradley et al. [5] and de la Torre et al.

99

2 : f t t
O NGA-Sub Tarzana IBR003
X KikNet
B> NGA-West3 T
O ESM '
NZ GMDB q
2023 Turkey Sequence . ol o °
2024 Noto >
W TS1170 - Wel - 1500 ] 1
W TsuT0-wel- 1250 [f gy ° o> °
& 1 <7 ©o 1
2 18K00s | L q o
o) Group 1 > rpo | 3 3 )
£ 08 ! > > % [
1} o DD% 8 > X%p%
Group 2 T P 4> o o %
0.6 1 | oo L2088
051 > 08 88 &g ;,
: @gow g o c? éb 8>‘>0 P
50 100 150 200 250 300 350
Vsso (m/s)

Figure 1: Comparison of globally-observed PGA on soft soil
sites, from existing earthquake databases, to the 500-year and
2,500-year draft TS1170 PGA values (based directly on
NSHM?2022) in Wellington. The symbols and error bars for
the TS1170 values reflect the mean, and 10th and 90th
percentiles of the hazard.

[22]. For shallow crustal sources, the NGA-West2 GMMs (Bo-
zorgnia et al. [23]), and two NZ-specific GMMs (Atkinson [24]
and Stafford [25]), developed as part of the NSHM?2022, were
used. For subduction slab and interface sources, the NGA-Sub
(Bozorgnia et al. [15]), and Atkinson [24] GMMs were used.
The nonlinear site-response models incorporated in these GMMs
were compared and scrutinised in detail to quantify the particular
effect of this modelling detail on the total seismic hazard and
understand the approach used to constrain these GMMs at high
PGAs where historic records are either scarce or not available.
The nonlinear site-response relationships within the GMMs are
a function of ground-motion intensity, and reduce the PGA on
soft soil, for rock PGA” > 0.1 g. Importantly, as shown in de la
Torre et al. [1], the nonlinear relationships in all GMMs are con-
sistently modelling these effects and predict similar reductions
in PGA, for the Vg3 range considered here.

Given the scarcity of records with PGA > 0.3 g on soft soil
sites, the nonlinear site-response models used in GMMs were
predominantly based on simulations using equivalent-linear site-
response analyses (Walling et al. [8], Kamai et al. [9], Seyhan
and Stewart [10]), even at high ground-motion intensities (e.g.,
PGA > 0.5 g). It is well-known that, due to the assumptions
in equivalent-linear analysis (Idriss and Seed [26]), it poorly
represents highly-nonlinear soil behaviour, and that equivalent-
linear analysis provides reasonable results when the maximum
shear strain in any given soil layer at the site is < 0.5% (e.g.,
Kramer and Paulsen [27], Kaklamanos et al. [11], Kim et al.
[12]). However, GMMs have developed site-response functions
for modelling nonlinear effects based on equivalent-linear analy-
ses, and such models are conventionally applied to probabilitic
seismic hazard analyses (PSHA), which are unconstrained in re-
lation to shaking intensity. Thus, in high seismicity regions, such
models are applied within PSHA to estimate PGA on soft soil
sites even when PGA on reference rock (PGA") is > 1 g. Many
studies have demonstrated that fully nonlinear analysis is more
appropriate for soft sites under high shaking intensity, where
large shear strains can occur. Studies that have compared the
results of equivalent-linear and nonlinear site-response analyses
have shown that equivalent-linear analyses can predict higher
surface PGAs than nonlinear analyses (Zalachoris and Rathje
[28], Kim et al. [12]). For this reason, we consider fully nonlin-
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ear analyses, for sites in NZ, to constrain the nonlinear models
used in the hazard calculation.

While significant challenges, limitations, and uncertainties ex-
ist with 1D nonlinear analyses (e.g., the 1D simplification, the
treatment of hysteretic damping, and the modelling of stress-
strain behaviour at very large shear strains), it is inappropriate
to model the highly nonlinear response of soils at very large
intensities with the equivalent linear simplification. Thus, we
consider the approach outlined in this paper an improvement to
how site effects are currently modelled in GMMs.

FINDINGS FROM RIGOROUS NONLINEAR
SITE-RESPONSE SIMULATIONS

Given that time-domain nonlinear site-response analyses are con-
sidered more appropriate than equivalent-linear site-response
analyses for strong shaking, we tested the sensitivity of the
PGA hazard to alternative modelling of nonlinear effects in the
GMMs. For this purpose, more rigorous nonlinear site-response
analyses were performed for selected sites in NZ. The nonlin-
ear simulations considered are those by de la Torre et al. [22]
for 9 sites in Wellington, and by Cubrinovski and Ntritsos [29]
for 13 sites in Christchurch. The de la Torre et al. [22] nonlin-
ear total-stress analyses were performed in OpenSees with the
pressure-dependent multi-yield surface (PDMY) and pressure-
independent multi-yield surface (PIMY) constitutive models, and
in DEEPSOIL with the General Quadratic/Hyperbolic Model
(GQ/H) coupled with a non-Masing unload-reload formulation.
The Cubrinovski and Ntritsos [29] total-stress and effective-
stress analyses were performed in DIANA-J with the stress-
density constitutive model [3031].

The results from all sites were binned by Vs3(, and group aver-
ages were computed to constrain the adjusted nonlinear func-
tions of GMMs. The Vg3 bins that were used were 150 — 200,
200 — 250 and 250 — 300 m/s, with representative Vg3 values
of 175, 225, and 275 m/s corresponding to TS1170 Site Classes
VI, V, and IV, respectively. There were insufficient existing
simulations for sites with Vg3 > 300 m/s to constrain adjusted
nonlinear functions for stiffer site classes. Future work should
evaluate stiffer sites to avoid a step change in the response be-
tween Site Class IV and Site Class III (i.e., the next stiffer site
class). However, we anticipate the effects of soil nonlinearity to
be less severe for sites with Vg3p > 300 m/s.

Figure 2 shows the results from nonlinear site-response analyses
for the three Vg3p bins by plotting the nonlinear site-response
factor as a function of PGA for a reference condition of 760 m/s
(PGA"). The nonlinear factors are calculated by normalising the
site amplification by the site amplification calculated for weak
input motions (i.e., the linear site response). The figure includes
results from total-stress nonlinear (NL) and equivalent-linear
(EL) analyses by de la Torre et al. [22] (T24) and nonlinear total-
stress (TSA) and effective-stress (ESA) analyses by Cubrinovski
and Ntritsos [29] (CN23). Note that unlike the linear shear
stress-shear strain relationship adopted in EL, highly nonlinear
stress-stress curves are used in both TSA and ESA, with ESA
also incorporating effects of excess pore-water pressures on the
stress-strain behaviour. The nonlinear site-response function by
Seyhan and Stewart [10] (SS14), which is adopted in several of
the NSHM GMMs (e.g., Boore et al. [32] and Atkinson [24]),
is shown with a dashed black line for reference. These results
highlight that the rigorous nonlinear simulations result in steeper
slopes and greater deamplification of PGA relative to PGA"
than those suggested by equivalent-linear analyses and by the
GMMs using the SS14 model, particularly for the Vg3g = 225
m/s bin. The equivalent linear analyses results are close to the

SS14 model, which is consistent with the fact that the SS14
model was partially constrained using equivalent-linear analyses
at high PGAs.

Given the deviation of the nonlinear analyses results from the
GMM relationships, these results were used to develop three
additional relationships for the nonlinear effects on soft soil sites.
Figure 2 shows these three nonlinear functions with dashed
green, yellow and red solid lines. The terms ‘Mild’, ‘Moderate’,
and ‘Aggressive’ for the models are used, in a relative sense, to
reflect the level of deviation of the model from the SS14 model,
capture the variability observed in nonlinear simulations, and
assess the sensitivity of these modelling aspects on the resulting
PGA on soft soil sites. All three models result in more significant
reduction in PGA than the currently used SS14 model (and other
similar models), particularly for high PGA".

The PGA at the ground surface, estimated by the nonlinear sim-
ulations and the resulting three models are plotted in Figure 3
as a function of the rock input PGA (PGA") for the three Vg3g
bins. To calculate the surface PGA, the linear site response
model from SS14 was combined with the different nonlinear fac-
tors for consistency. As expected, the maximum surface PGAs
are significantly lower for the nonlinear simulation results and
the proposed models, especially in the case of the ‘Aggressive’
model.

INFLUENCE OF THE ADJUSTED NONLINEAR
MODELS ON THE PGA HAZARD

The adjusted ‘Mild’, ‘Moderate’, and ‘Aggressive’ nonlinear
functions for Vg3g = 175, 225, and 275 m/s were implemented
in the Atkinson [24] and Abrahamson and Giilerce [33] GMMs.
A PSHA was then performed with these modified GMMs for
the full NSHM?2022 earthquake source model, to estimate the
influence of these modifications on the PGA hazard. The result-
ing PGA hazard curves for Atkinson [24] with the default and
three alternative nonlinear functions are plotted in Figure 4 for
the V39 = 175 and 225 m/s bins (i.e., Site Classes VI and V).
The results show that the proposed nonlinear functions reduce
the PGA hazard. The reduction is particularly pronounced at
low annual probabilities of exceedance (i.e., high ground-motion
intensities).

The percent reduction in the PGA hazard, relative to the PGA
from respective GMMs with their default nonlinear site-response
functions, was then calculated for all cases. Figure 5 plots the
percent reduction as a function of PGA from the default non-
linear model case for the Atkinson [24] GMM with Vg3 = 175
and 225 m/s. The hazard was calculated for six cities (Gisborne,
Napier, Wellington, Blenheim, Christchurch, and Otira), and
each of the thin lines in Figure 5 represent the result for one
location. The clustering of relationships shows that the result is
relatively independent of location and earthquake sources that
control the hazard, and primarily dependent on ground-motion
intensity. A weighted-average reduction in the PGA hazard was
calculated by assigning degree-of-belief weights of 0.1, 0.4, 0.4
and 0.1 to the default (i.e., 0 % reduction), mild, moderate, and
aggressive models, respectively. The weights are based on the
authors’ judgement and the results of the nonlinear simulations,
with greater weight assigned to total-stress nonlinear analyses,
and less weight to effective-stress analyses and the default mod-
els based on equivalent-linear analyses. The weighted average
percentage reduction in the PGA hazard is also shown in Figure
5 (bold black lines). The weighted averages were then used to de-
velop the adjustment factors for the TS1170 PGA, as elaborated
in the next section.
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Figure 2: Adjusted nonlinear site-response models for PGA,
as a function of PGA" for a reference condition of Vs3y = 760
m/s, based on site-response simulations results from [22]
[T24] and [29] [CN23]. Results and modelling approximations
are shown for three Vs groups (i.e., site classes) in the
different panels. The nonlinear simulation results and the
adjusted models are compared to one of the default nonlinear
site-response models by [10] (SS14). For the simulation
results, the thinner lines represent the output for an individual
site, and the thicker lines are the average of all sites within
each Vg3 bin.

Figure 3: Estimated ground surface PGA, as a function of
PGA' for a reference condition of V3o = 760 m/s, for the
adjusted models, the nonlinear simulation results, and SS14 as
plotted in Figure 2. Each panel shows the results for a
different Vs bin (site class). The SS14 linear site
amplification model was combined with the respective
nonlinear models to estimate the surface PGA for all cases.
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PROPOSED ADJUSTMENT FACTORS FOR THE TS1170
PGA FOR GEOTECHNICAL ANALYSES

The adjustment factors for the PGA hazard were developed using
the methodology presented above with the following additional
considerations:

1. The weighted average results (i.e., the percent reduction)
from the two GMMs (A22: Atkinson [24], and AG20: Abra-
hamson and Giilerce [33]) were combined by giving equal
weight to each GMM.

2.  Weighted-average relationships for the percent reduction in
the PGA hazard (equivalent to that illustrated in Figure 5)
were developed separately for Site Classes IV, V, and VL.

3. The resulting weighted means were approximated with sim-
plified linear functions for determination of PGA in TS1170,
as shown subsequently.

The resulting means, based on two GMMs, were applied to
the overall PGA hazard. This approach is justified given the
following:
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Figure 4: PGA hazard curves for Wellington and the full
NSHM?2022 seismic source model using the Atkinson (2022)
[A22] GMM with the default and three adjusted nonlinear site
response models (shown in Figure 2) for Vg3o = 225 m/s (top)
and 275 m/s (bottom).

1) the same nonlinear functions are applied to all GMMs, 2) the
default PGA nonlinear functions in all GMMs are similar for the
V30 range considered herein and 3) a significant contribution to
the hazard comes from GMMs that use exactly the default non-
linear models considered in A22 and AG20 (i.e., [32], [34], [33],
[35], and [24], which make up 76% of the total weight for sub-
duction GMMs and 41% of the total weight for crustal GMMs).
The weighted mean percent reduction models were simplified
and approximated with a linear function, in In (PGAysgm2022)
space, for easier application to the PGA hazard across NZ and
more transparent documentation of the approach adopted for the
PGA adjustment. The final weighted percent reduction relation-
ships and the adopted modelling approximations are shown in
Figure 6 for all three site classes.

The simplified linear models were applied to calculate the ad-
justed PGA (PGA 4 jysteq) as follows:

PGAudjusiea = PGANsuM2002 X (1 — Rpga) )

where PGAnsgm2022 i1s the PGA, in g, directly output by
NSHM2022, and Rpg4 is the PGA reduction factor calculated
using Equation 2:
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Figure 5: Percent reduction in the PGA value for Site Class V
(Vs30 = 225 m/s; top) and Site Class 1V (V3o = 275 m/s;
bottom) as a function of the unmodified PGA hazard for

several cities across NZ using the three adjusted nonlinear
models (shown in Figure 2) in the A22 GMM.
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where Ag and A are coefficients for the linear models as defined
in Table 1; and

PGA e 18 the threshold PGA, in g, below which PGA values
do not require adjustment.

All coefficients for Equations 1 and 2 are summarised in Table
1. Further details on the adopted background methodology are
given in de la Torre et al. [1].

Table 1: Coefficients for proposed linear models to calculate
the PGA reduction factor using Equation 2.

Site Ap A PGA tpresn (8)
Class
v 0.076 0.123 0.198
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Figure 6: Recommended weighted mean percent reduction in
the PGA hazard as a function of the NSHM2022 PGA values
Jor Vg3 = 175, 225, and 275 m/s, including the proposed
simplified linear models given in Equation 2 and Table 1.

APPLICATION OF THE PGA ADJUSTMENT FACTORS
TO THE TS1170

The adjustment factors (i.e., the percent reduction in PGA) in
Figure 6 were applied to all locations listed in TS1170 for Site
Classes IV, V, and VI using Equations 1 and 2. The ratios
of the adjusted PGA (PGA g justeq) to the NSHM2022 output
(PGANsHM2022) for the 500- and 2,500-year return periods are
plotted in Figure 7 for all locations. As the percent reduction
increases with increasing PGA value, the highest hazard cities
in NZ have the lowest ratios in Figure 7, with reductions in PGA
of approximately 17% for Site Class 1V, 28% for Site Class V,
and 20% for Site Class VI. The greatest reductions occur for Site
Class 1V, as previously observed in Figure 6. This is because,
for Site Class IV, the adjusted nonlinear site-response models
deviate furthest from the default nonlinear models (e.g., Seyhan
and Stewart [10]), as illustrated in Figure 2. In other words,
the trends of percent reduction for the different site classes do
not solely reflect the amount of nonlinearity expected for each
representative Vg3, but they represent the difference between
the adjusted model and the default model for a given Vg3.

Ao X In(PGANsHM2022) +A1,
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for PGAnsum2022 > PGAhresh-

otherwise.

@3

The actual values of PGAq jusieq Tor all locations are plotted in
Figure 8 and Figure 9. As before, the PGAs for Site Class IV (i.e.,
the stiffest of the three considered) are the highest. The Site Class
V PGAs are still higher than the Site Class VI PGAs, although
they are much more similar after applying the adjustment factor.
This is because the nonlinear simulation results for the Vg3 =
175 and 225 m/s bins were not significantly different, resulting in
similar nonlinear site-response models for both site classes. The
abrupt changes in PGA ratios and PGA between nearby points in
Figures 7 and 8 are caused by cities with similar latitude being
distributed between the east coast and the west coast.

COMPARISON OF THE ADJUSTED PGA TO PGAS
FROM NZS1170.5

In a similar manner as above, the adjusted PGAs were compared
to PGAs of NZS1170.5. Figure 10 plots the ratios of the pro-
posed PGA for Site Class V to the NZS1170.5 PGA for Site
Class D, and the actual PGA values themselves, as function
of the location number according to Table 3.3 of NZS1170.5.
The NZS1170.5 PGA values are provided as equivalent PGA
values for a magnitude 7.5 earthquake, therefore, the adjusted
PGA values were also scaled accordingly, for a better compari-
son, using the magnitude scaling factor proposed in Cubrinovski
et al. [36]. Figure 10 shows that for most of the lower haz-
ard areas of NZ, with PGA less than approximately 0.3 g (i.e.,
North of about Rotorua, and south of Christchurch and north
of Dunedin), the adjusted PGAs are not significantly different
than the current NZS1170.5 values. However, for higher hazard
regions (e.g., between Rotorua and Blenheim, particularly for the
Wellington area and the east coasts), the values have increased
by approximately 30-60%. For Dunedin and further south, in-
cluding Southland, the values have increased by 20-80%. The
increase is generally larger for areas influenced by subduction
zone earthquakes (i.e., from Hikurangi and Puysegur subduction
zones), illustrating the influence of the NGA-Sub GMMs and
the revised subduction source models on the NSHM2022 hazard.
Note that there is no direct overlap of site conditions between
the TS1170.5 and NZS1170.5 site classes, and therefore, there
is an added factor contributing to the differences depicted in
Figure 10 between the PGAs of TS1170.5 and NZS1170.5 at a
given location. However, these differences due to the lack of full
compatibility between site classes of the two standards are not a
significant factor for the observed outcomes and trends observed
in Figure 10.

CONCLUSIONS

This paper described the implementation of an adjustment factor
to the PGA from NSHM2022 for adoption into TS1170.5. The
adjustment factor is intended to more rigorously capture effects
of soil nonlinear behaviour at soft soil sites, which is modelled
simplistically in the GMMs adopted for NSHM?2022 in cases of
high ground-motion intensities. These GMMs either partially
or fully constrain the nonlinear site-response model embedded
in the GMMs using equivalent-linear site-response analyses.
It has been shown here, and by others, that equivalent-linear
site-response analyses can overpredict the surface PGA relative
to fully nonlinear analyses, which are considered more robust
for modelling soil nonlinear behaviour. To account for this
possible overprediction, this study constrained the nonlinear
site-amplification models of the GMMs using results from fully
nonlinear site-response simulations of New Zealand sites.
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The results of these simulations suggest that the deamplification
caused by soil nonlinearity is greater than what is predicted
by the default nonlinear site-response models in the GMMs,
especially at high input ground-motion intensities.

The parametrised results from the nonlinear simulations were
implemented into GMMs, and a PSHA was re-run using these
GMMs with modified nonlinear functions and the full earth-
quake source model from NSHM2022 to quantify the influence
on the hazard. The percent reduction in the hazard was cal-
culated and parametrised using simple linear approximations
in In (PGANsHm2022) space. On this basis, a percent reduction
model was developed for Site Classes IV, V, and VI, with rep-
resentative Vg3g values of 275, 225, and 175 m/s, respectively.
The percent reduction increases with increasing PGA and can be
applied as an adjustment factor to the NSHM2022 PGA output.

The adopted adjustment factor results in reductions of approx-
imately 15-25 % for the 2500-year PGA hazard at the highest
hazard cities in NZ. Compared to the 2004 NZ loading stan-
dard of NZS1170.5, the adjusted PGAs for these high-hazard
regions remain approximately 40-50 % higher at the 500-year
return period. Several factors contribute to these differences, in-
cluding the adoption of entirely different ground-motion models
[7], the overly simplistic treatment of subduction zone sources
in the previous source model [37], and other factors related to
the assumptions, interpretations and modelling details of the
NSHM2022.
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