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This paper describes rapid improvements in the modelling of seismic hazards in Australia and New
Zealand and in the appropriate representation of probabilistic hazard results in seismic response analyses
following new industry guidelines. We have reviewed site-specific seismic hazard calculations for dam
sites in all of the states and territories of Australia and in both the North and South Islands of New
Zealand, using updated regulations and seismic source models, and compared them with results using
earlier regulations and models at the same site. Changes in the Australian National Committee on Large
Dams guidelines (ANCOLD, 2019) including the use of MASW seismic velocity profiling of dam
foundations, and the use of time histories spectrally matched to Conditional Mean Spectra in place of
probabilistic Uniform Hazard Spectra, have improved the reliability of seismic hazard analyses. The 2014
NGA West 2 ground motion models indicate that the ANCOLD (2019) requirement to provide ground
motions for bedrock conditions, for which nonlinear soil response is negligible, can be met at sites with
Vsso as low as 600 m/s. Changes in earthquake source models in the Geoscience Australia 2018 National
Seismic Hazard Assessment have in almost all cases reduced seismic hazard levels below previously
estimated levels at the same dam sites in Australia. The peak acceleration of the Safety Evaluation
Earthquake (SEE) at many dam sites in Australia now falls below the notional threshold of 0.1 — 0.15g for
the triggering of liquefaction. The strong ground motions recorded from the 21 September 2021 Mw 5.9
Woods Point earthquake provided an unprecedented opportunity to compare recorded ground motions
with ground motion models being used in Australia, and are in fairly good agreement with those models. A
database of strong ground motion recordings in Australia is being used to select and rank ground motion
models, and to validate ground motion simulations for the development of improved models. In New
Zealand, impending changes in the GNS Science New Zealand seismic hazard model may also result in
significant changes in seismic hazard levels. The first New Zealand Community Fault Model (CFM) was
released this year, and a revised New Zealand National Seismic Hazard Model, based on the CFM and
replacing the current model developed in 2010, is due to be released later this year. New Zealand has an
extensive program of validation of ground motion simulation methods against ground motions recorded
from a wide range of earthquake magnitudes for both shallow crustal and subduction earthquakes.
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Introduction

Rapid improvements are occurring in the modelling of seismic hazards in Australia and New Zealand and in the
appropriate representation of probabilistic hazard results in seismic response analyses. In Australia these are generally
leading to significant reductions in seismic hazard estimates. In the three years since the release of the 2019 ANCOLD
seismic guidelines and the Geoscience Australia National Seismic Hazard Assessment in October 2018 (NSHA18), we
have performed seismic hazard analyses for dam sites in every state and territory of Australia, as well as major systems
of dams in both the North and South Islands of New Zealand. For all categories of dams, and especially for Extreme
Consequence dams, the 2019 ANCOLD guidelines and NSHA18 have brought major changes in the seismic hazard
levels used for the design and analysis of dams in Australia. Impending changes in the New Zealand seismic hazard
model may also result in significant changes in seismic hazard levels.

Recent changes in seismic hazard estimates and seismic guidelines in Australia and New Zealand were reviewed by
Somerville (2019). That paper described NSHA1S, reviewed the definitions of MCE and CME, compared near fault
ground motion levels in Australia and New Zealand using probabilistic and deterministic methods, and reviewed the
impact of ANCOLD (2019) on deterministic assessments of Extreme Consequence dams. The objective of this paper is
to update this review using current information.

Distributed Earthquake Source Models

Since its release in 2018, NSHA18 (Allen et al., 2018a) has been documented and assessed by its authors. Allen et al.
(2020) summarised the development of the NSHA18, explored uncertainties associated with the hazard model, and
identified the dominant factors driving the resulting changes in hazard compared with previous assessments. Allen et al.
(2021) showed that the total area (or rate) of ground-motion exceedances of the NSHA18 PGA map for an annual
exceedance probability (AEP) of 1:475 as estimated from the last 50 years of seismicity is lower than the stated objective
of the NSHA18 (about 10%), so the NSHA 18 model is likely to be approximately correct, if not slightly conservative, in
estimating historical ground motion exceedances.

ANCOLD/NZSOLD 2022 Conference 1



There is ongoing debate about earthquake magnitudes and their use in developing earthquake recurrence models of
distributed sources in NSHA18, mostly focused on the slope (b value) of the Gutenberg-Richter earthquake recurrence
model. As described by Griffin et al. (2020), the 2018 National Seismic Hazard Assessment of Australia incorporated 19
alternative seismic-source models developed by members of the Australian seismological community. A complex logic
tree was developed to incorporate the alternative component models into a single hazard model. Expert opinion was
drawn upon to weight the alternative logic-tree branches through a structured expert elicitation process. Despite the
extensive logic tree implemented in NSHA18, some model choices were made independently of the expert elicitation
group, and not included in the epistemic uncertainty addressed through expert elicitation for the development of a single
model. Although the results had been reviewed by an external Scientific Advisory Panel that provided guidance on the
entire NSHA 18 process, the updated catalogue had not yet been published through traditional peer-review mechanisms at
the time of the expert elicitation workshops.

Implications of NSHA18 for building codes were described by Allen et al. (2020), and Geoscience Australia is currently
making adjustments to NSHA18 (Allen, 2022a, b) for use in revision later this year of Australian Standard AS1170.4-
2007 for buildings (Standards Australia, 2007). Allen (2022a) convened a workshop on April 7 and 8, 2022 to plan the
update to NSHA1S8, and convened a workshop on August 26 and 27, 2022 to discuss how to revise the earthquake
catalogue used in NSHA18 for the 2022 update of NSHA (Allen, 2022b). During that Workshop, there was discussion of
the relationships used to convert ML to Mw magnitudes. The break in the linearity of the ML to Mw relationship for the
Australian empirical data suggests that M is proportional to 2/3 ML for small earthquakes (Allen et al., 2011; 2018a).

Experts whose model choices lay outside the single model designed to represent the full range of epistemic uncertainty
have been concerned that the b values (slopes) in the earthquake recurrence relations in the NSHA18 earthquake source
models are unrealistically high (about 1.2), causing underestimation of the seismic hazard. However, these high b values
are for Mw, not ML magnitudes. The equivalent b values for ML magnitudes are about 0.85, the value expected by the
concerned experts. This was demonstrated in modelling performed by Trevor Allen (2022c) shown in Figure 1, based on
measuring both ML and Mw for a set of simulated earthquake ground motions. While some of the NSHA18 earthquake
recurrence models have high b values (above 1.0), these are for Mw, and the equivalent b values of ML are lower, about
0.85, in the range expected for ML. This is in excellent agreement with other theoretical and empirical studies in
Australia and elsewhere (e.g., Edwards et al., 2010; Deichmann, 2017). The scaling between ML and My can be
explained by the interaction of attenuation, stress-drop and the Wood—Anderson instrument response, leading to higher b-
values for the My scale, reducing the rates of large Mw earthquakes.
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Figure 1. Earthquake recurrence rates using various methods of measuring magnitude: two methods of
measuring ML (green and orange) with b values (slopes) of 0.82 and 0.87, and Mw (blue), with a b value (slope) of
1.24. Source: Allen (2022c).

The effects of NSHA18 on seismic hazard estimates in Australia are illustrated in Figure 2. The changes in earthquake
magnitudes have the effect of generally reducing earthquake frequency across Australia. This in turn reduces the
contribution to the seismic hazard from distributed earthquake sources because they are fundamentally based on
earthquake frequencies. The changes in the Australian earthquake catalogue do not impact the hazard from potentially
active fault sources, because they only depend on changes in their estimated slip rates. Hence the changes to the hazard
due to changes in distributed earthquake frequencies and fault models are independent of each other.
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The left side of Figure 2 shows hazard curves for peak ground acceleration in the capital cities of Australia (Allen, 2018).
The hazard increases with AEP most rapidly at locations near active faults, including Canberra and Adelaide. At
locations where active faults are more distant or less numerous or less active, including Melbourne, Perth, Sydney and
Darwin, the hazard increases less rapidly. Brisbane and Hobart have an even slower increase because, in addition to low
fault activity, the historical seismicity is also low. The right side of Figure 2 compares the hazard results obtained using
the 2018 (Allen et al., 2018) and 2012 (Burbidge et al., 2012) versions of the NSHA at a location in southeastern
Australia near active faults. The decrease in hazard level at high values of AEP is relatively large, because that is mainly
controlled by the changes in earthquake magnitudes on which the distributed source models are based. However, the
decrease in hazard level at low values of AEP is relatively small, because that is mainly controlled by the fault sources,
which are independent of changes in earthquake magnitudes.
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Figure 2. Left: Hazard curves showing the annual probability of exceeding a given PGA level (in g) for Australian
capital cities. Source: Allen (2018). Right: Probabilistic mean uniform hazard response spectra at a site in
southeastern Australia for a suite of AEP’s calculated using the 2012 and 2018 NSHA source models.

In New Zealand, the impending revision of the NZ National Seismic Hazard Model (NSHM) will use a new method
(Field et al., 2014, described next) for constructing fault ruptures from identified faults. It is unclear how this will affect
the existing distributed source models, which are used to represent earthquakes that do not occur on identified active
faults. The new distributed source models will be revised to include the earthquakes that have occurred since the
development of the current model (Stirling et al., 2012). They may also contain revisions that are required to
accommodate the new Field et al. (2014) method that is being used to represent earthquake ruptures on faults, to avoid
double counting of the hazard.

Fault Models

The Australia National Fault Source Model (NFSM), developed as part of NSHA18 (Allen et al., 2018a), provides
estimates of fault slip rates as well as fault geometry, and so can be used to make an earthquake forecast, which
supplements the earthquake forecast that comes from the distributed earthquake source models described above.

King et al. (2019) studied ten surface rupturing earthquakes that occurred between 1968 and 2018 in the Cratonic crust of
Australia, ranging in moment magnitude Mw from 4.7 to 6.6. All of the earthquakes involved co-seismic reverse faulting
with varying amounts of strike-slip faulting on single or multiple discrete faults of length longer than 1 km. Nine of the
ten earthquakes have surface-rupturing fault orientations that align with prevailing linear anomalies in geophysical data
and bedrock structure, indicating strong control of inherited crustal structure on contemporary faulting. However, none of
the studied earthquakes have unambiguous geological evidence for preceding surface-rupturing earthquakes on the same
faults, and five earthquakes have evidence of the absence of preceding ruptures since the late Pleistocene, indicating the
challenge of using mapped active faults to predict future seismic hazards in Australia.

Clark and Allen (2018) concluded that based on their current understanding of earthquake recurrence on neotectonic
faults in the Precambrian crust, there appears to be limited advantage to including these features in seismotectonic source
models for national-scale seismic hazard analyses. Low implied slip rates, and thus low rates of earthquake recurrence,
have little effect on overall seismic hazard calculations at return periods of engineering interest. Consequently, instead of
modelling fault sources, they propose that the seismic hazard could be modelled equally well using simple area-based
distributed seismic source models. They conclude that potentially greater benefits might be gained from investigations of
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neotectonic features in Phanerozoic crust, which typically demonstrate higher slip rates and contribute more significantly
to estimates of probabilistic seismic hazards at return periods of engineering interest.

The New Zealand Community Fault Model version 1.0 (NZ CFM; Seebeck et al., 2022) is a representation of fault zones
associated with the New Zealand plate boundary for which Quaternary activity has been established or deemed probable,
and which are considered capable of producing moderate to large-magnitude earthquakes. The NZ CFM builds upon the
Litchfield et al. (2014) model, which we have implemented in previous hazard analyses.

The NZ CFM includes information about earthquake recurrence as well as fault geometry, but does not prescribe
earthquake ruptures; that will be done in the forthcoming 2022 NZ NSHM described next. The fault sections in the CFM
were defined on both geometric grounds (sections of fault that share similar strikes and dips), and kinematic grounds
(sections of fault that also share similar slip rates and movement styles).

The 2022 NZ NSHM will for the first time use the method employed in the Uniform California Earthquake Rupture
Forecast, Version 3 (UCERF3; Field et al., 2014) for constructing the earthquake rupture forecast model. This method
will accommodate multi-fault ruptures like that of the 2016 Kaikoura earthquake. An important feature of the UCERF3
process is the “grand inversion” to solve for the rates of occurrence of those ruptures so that they are consistent with fault
slip rate, historical seismicity, and geodetic data. The Wellington Fault and many other faults will no longer be
represented in the hazard model as a single, segmented earthquake source with a range of possible recurrence intervals
and magnitudes, but rather as a suite of compatible sources (encompassing both single-fault and multi-fault ruptures) that
span a range of magnitudes and rates, all of which when combined together have of satisfy (to a greater or lesser extent)
the various input constraints including fault slip rate, recurrence interval, and historical earthquake magnitude —
frequency distributions.

Earthquake activity on faults in the Stirling et al (2012) model was based on estimated recurrence intervals of a
characteristic earthquake, an event that ruptures the entire fault. The CFM provides fault slip rates on fault sections, not
recurrence intervals of earthquakes. For the Wellington fault, the recurrence interval in Stirling et al. (2012) was about
3,500 years. The central value of the slip rate in the CFM is about 0.8 mm/yr, corresponding to a recurrence interval of
about 1,750 years for large earthquakes, about twice the previous frequency. This is reflected in the hazard curves for a
site in Wellington shown in Figure 3. While the contributions of background seismicity (distributed sources) and
subduction sources have not changed, the contribution from the fault sources has increased. This is due to the
approximate doubling of the occurrence rate of events on the Wellington fault, and the incorporation of additional fault
sources in the CFM. In the right panel, we have retained the Stirling et al. (2012). approach of using characteristic
ruptures on faults.
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Figure 3. Seismic hazard curves for a site in Wellington using the Stirling et al. (2012) source model (left) and the
2022 CFM combined with Stirling et al. (2012) rupture models on the Wellington — Hutt Valley and Wairarapa faults

(right).

The effect of using the UCERF3 method is expected to produce larger maximum magnitudes in some locations, because
it allows earthquakes to rupture multiple fault segments in the same event. Assuming no changes in slip rates, this will
result in higher Controlling Maximum Earthquake (CME) ground motions in some locations, but is expected to reduce
the probabilistic hazard because it distributes the available total slip rate into some larger events, reducing the number of
smaller earthquakes that can occur. NZSOLD (2015) does not require the use of the CME for High Potential Impact
Classification (PIC) dams, so although higher maximum magnitudes and hence CME’s are expected from the 2022 NZ
NSHM, this may not have a significant impact on design and evaluation of dams in New Zealand.

The potential for earthquakes to rupture multiple identified fault segments has not been addressed in detail in Australia. If
a UCERF3 method were adopted, this could potentially increase the Maximum Considered Earthquake (MCE) in some
locations, and then unlike the situation in New Zealand, it would be necessary to base the SEE for Extreme Consequence
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dams on this MCE if it were to exceed the probabilistic SEE for 1:10,000 AEP when using a deterministic scenario-based
approach. The risk-based approach, which is preferred by ANCOLD (2019), does not use the MCE and so would not be
affected.

Shear Wave Velocity Profile of the Foundation

If the dam is founded on sediments or deep residual soils (completely weathered rock overlying the bedrock), which are
expected to have significant non-linear response, ANCOLD (2019) requires that the ground motions should be specified
at the surface of the bedrock beneath the sediments or weathered rock at a depth in the profile having a suitable shear-
wave velocity.

All current ground motion models use the parameter Vs to represent the near-surface modification (usually
amplification) of ground motions. Vsso is defined as the time-averaged shear wave velocity in the top 30 metres of the
foundation. Hence it is important to use seismic profiling methods such as MASW or ReMI to obtain measurements of
the shear wave velocity of the foundation. These surveys can be done quickly and inexpensively, and reliable contractors
are readily available.

Figure 4 shows that, in the 2014 NGA West 2 ground motion models (Gregor et al., 2014), response spectral acceleration
(Sa) at 0.2 seconds period decreases linearly with increasing Vsso for Vsso above 600 m/s for high strain (right side, M7
strike-slip earthquake at 10 km), as well as at low strain (left side, M7 strike-slip earthquake at 100km), indicating that
nonlinear soil effects are negligible for Vsso greater than 600 m/s. This indicates that using Vsso of 600 m/s is consistent
with the ANCOLD (2019) requirement to provide ground motions for bedrock conditions, in this case better described as
“engineering bedrock,” for which nonlinear soil response is negligible. These ground motions can then be propagated
through the overlying soil and embankment or structure in a separate nonlinear soil response analysis.

NZSOLD (2015) does not prescribe the measurement of the shear wave velocity of the foundation. However, all current
ground motion models use Vsso to model the modification of bedrock ground motions by the overlying soil, and it is
being used universally in practice.
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Figure 4. Dependence of low strain (left) and high strain (right) response spectral acceleration at 0.2 seconds
period on Vs3g in the NGA West 2 ground motion models, represented by the alternative line types. Source:
Gregor et al. (2014).

Ground Motion Models

Significant improvements have recently been made in ground motion models that are applicable in Australia and New
Zealand. In particular, a set of ground motion models for subduction earthquakes, suitable for use in New Zealand, have
been developed by the NGA Sub Project in 2020 (Abrahamson and Gulerce, 2020; Kuehn et al., 2020; and Parker et al.,
2020), supplementing the Bradley (2012) model. The NGA Sub models include regionalisation, and provide models
specifically for use in New Zealand. Allen (2022) developed a far-field ground-motion model for the North Australian
Craton from plate-margin earthquakes occurring within the subducted slabs of the Sunda — Banda Arc. The NGA-East
Project (Goulet et al., 2018) developed ground motion models for tectonically stable regions, and the NGA-West 2
Project (summarised by Gregor et al, 2014) developed models for tectonically active regions. These models supplement
the models developed for Australia by Allen (2012) and Somerville et al. (2009).

Geoscience Australia is preparing a strong motion database of Australian earthquakes (Ghasemi, 2022), and are using it
to review the selection and ranging of ground motion models for their update of NSHA18 (Allen, 2022). We have been
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using it to revise the Somerville et al. (2009) model based on broadband strong motion simulations of earthquakes in
Australia. Professor Brendon Bradley and his research group at the University of Canterbury, which includes
collaboration with the authors, have been conducting an extensive program of validation of ground motion simulation
methods against ground motions from a wide range of earthquake magnitudes for both shallow crustal and subduction
earthquakes in New Zealand. For example, they simulated broadband ground motions for scenario large earthquakes
(Orchiston et al., 2016) on the Alpine fault (Bradley et al., 2017).

The strong ground motions recorded from the 21 September 2021 Mw 5.9 Woods Point earthquake provided an
unprecedented opportunity to compare recorded ground motions with ground motion models being used in Australia.
Hoult et al. (2021) found that these ground motion models appear to provide reasonably accurate estimates of the
recorded ground motion levels and their decrease with distance (Figure 5). The NGA-East model appears to match most
of the data, particularly for short periods. The three models developed specifically southeast Australia (Allen, 2012;
Somerville et al, 2009, and Tang et al., 2019; A12, Sea09 and Teal9, respectively), also appear to reasonably predict the
ground motions, particularly for longer periods. The data appear to be consistent with models that incorporate a flat
region of low attenuation in the distance range of 60 to 150 km due to strong postcritical reflections from the Moho
discontinuity (Burger et al., 1987; Somerville et al., 1988). The relatively high levels of short period ground motion
compared with those at 1 second period at close distances are consistent with the NGA-East model; this is less
pronounced at greater distances.
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Figure 5. Left two columns: Comparison of recorded and model response spectral acceleration from the Woods
Point earthquake for periods ranging from 0.01 to 2 seconds. Right column: Comparison of recorded and model
response spectra at three nearby stations: CLIF at 58 km to the south; TOO at 74 km to the west; and BRIG at 87
km to the east. Source: Hoult et al. (2021).
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Use of Conditional Mean Spectra (CMS) in place of Uniform Hazard Spectra (UHS)

Until recently, it has been almost universal practice to use the probabilistic Uniform Hazard Spectrum (UHS) as the
design spectrum. However, the structure will only be subjected to one earthquake at a time, and no single earthquake
ground motion has a response spectrum identical to the UHS because the UHS is constructed from the total hazard curves
at each spectral period, each of which aggregate exceedance probabilities from all possible earthquakes. For example, the
ground motions from a small nearby earthquake may match the UHS at short periods but be much lower than the UHS at
long periods. Conversely, the ground motions from a large distant earthquake may match the UHS at long periods but be
much lower than the UHS at short periods. The UHS is thus too “broadband” (strong across too broad a period range) to
realistically represent the ground motions of individual earthquakes. For this reason, using the UHS is generally an
inaccurate and overconservative representation of the hazard. This over-conservatism can be ameliorated using the
Conditional Mean Spectrum (Baker and Cornell, 2006; Baker, 2011) in place of the UHS, as described by Somerville et
al. (2015).

It is always beneficial to use CMS spectra to develop ground motion time histories, because this provides a more accurate
representation of the hazard, and also significantly reduces the seismic demand (Somerville et al., 2015), as shown in the
example in Figure 6. The probabilistic UHS (blue) spectrum is the design spectrum, the same in all four panels. The
median scenario spectra (green) from the magnitude-distance combinations from deaggregation of the hazard, from
which the CMS spectrum was matched to the UHS spectrum at the central period of the CMS, are also shown. ANCOLD
(2019) explicitly allows the use of CMS, and it is being used in practice in Australia, especially in cases where the
response of the structure is critical, such liquefaction hazard analysis and in the analysis of brittle dams. NZSOLD (2015)
does not explicitly endorse the use of CMS, but it is being used in practice to develop ground motion time histories for
use in the design and analysis of dams.
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Figure 6. Conditional mean spectra (CMS, red) for response spectral periods of 0.0 sec (PGA, top left), 0.5 sec
(top right), 1.0 sec (bottom left), and 2 sec (bottom right) used to represent the probabilistic UHS spectrum; the
dashed vertical lines indicate the CMS central periods. Source: Somerville et al. (2015).
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Conclusions

Rapid improvements have been made in the modelling of seismic hazards in Australia and New Zealand and in the
appropriate representation of probabilistic hazard results in seismic response analyses following new industry guidelines.
Changes in ANCOLD (2019) including the use of MASW seismic velocity profiling of dam foundations, and the use of
time histories spectrally matched to Conditional Mean Spectra in place of probabilistic Uniform Hazard Spectra, have
improved the reliability of seismic hazard analysis. The 2014 NGA West 2 ground motion models indicate that the
ANCOLD (2019) requirement to provide ground motions for bedrock conditions, for which nonlinear soil response is
negligible, can be met at sites with Vs3 as low as 600 m/s. Changes in earthquake source models in NSHA18 have in
almost all cases reduced seismic hazard levels below previously estimated levels at the same dam sites we have evaluated
in Australia. The peak acceleration of the SEE at many dam sites in Australia now falls below the notional threshold of
0.1 — 0.15g for the triggering of liquefaction. Impending changes in the New Zealand seismic hazard model may also
result in significant changes in seismic hazard levels. The first New Zealand Community Fault Model was released this
year, and a revised New Zealand National Seismic Hazard Model, based on the CFM and replacing the current model
developed in 2010, is due to be released later this year. The strong ground motions recorded from the 21 September 2021
Mw 5.9 Woods Point earthquake provided an unprecedented opportunity to compare recorded ground motions with
ground motion models being used in Australia, and are in fairly good agreement with those models.
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