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ABSTRACT: Rock motions for crustal earthquakes predicted by a recently-published response 
spectrum attenuation model for New Zealand earthquakes (McVerry et. al., 2006) are generally 
considerably less than those for the Abrahamson & Silva model on which it is based. The Abrahamson 
& Silva rock motions are closer to New Zealand values for shallow soil rather than rock. Much of the 
difference can be explained by different site classification schemes for the two models. The New 
Zealand model uses three site classes: rock, shallow soil and deep soil. The Abrahamson & Silva 
model uses only two classes, “rock” and deep soil. Its rock class is really a combined rock and shallow 
soil class, including sites with up to 20m of soil. The differences between the predicted motions 
largely disappeared when the New Zealand model was re-derived using the Abrahamson & Silva site 
classification. However, the additional class of the New Zealand model is important. Differences in 
motions for its three site classes are statistically significant. These results were the basis for the 
redefinition of the rock class to exclude the very stiff soil sites (up to 25m depth in some cases) that 
were combined with them in the 1992 Loadings Standard. 

1 INTRODUCTION 

1.1 Introduction 

A recently-published acceleration response spectrum model for New Zealand earthquakes (McVerry et 
al. 2006) is incorporated in GNS Science’s National Seismic Hazard Model (NSHM) (Stirling, 2000; 
Stirling et al., 2002). As part of the NSHM, the McVerry et al. attenuation model (referred to in the 
remainder of this paper as “the New Zealand model”), has been used in many seismic hazard studies 
since 2000, when it was developed and published in summary form (McVerry et al., 2000). Most 
importantly, it was used in the studies that formed the basis for the Seismic Hazard Spectra section of 
the New Zealand Standard NZS1170.5:2004 Structural Design Actions Part 5: Earthquake Actions – 
New Zealand (Standards New Zealand 2004). With its wide-spread use in New Zealand, it is important 
to understand how estimates from the New Zealand model compare with those from commonly-used 
overseas models, and in particular, of any systematic differences between the models. 

The New Zealand attenuation model for crustal earthquakes was derived by modifying the 
Abrahamson & Silva (1997) model to better match recorded spectra of New Zealand earthquake 
motions. The Abrahamson & Silva (A&S) model was derived from data from mainly western US 
earthquakes, with some data from shallow crustal earthquakes in active tectonic regions elsewhere in 
the world (Italy, USSR, Iran and Taiwan). At distances of less than 10 km from the rupture surface, a 
distance range that is lacking in the New Zealand data, the New Zealand model used some peak 
ground acceleration data from shallow crustal earthquakes elsewhere in the world.  

The New Zealand model uses a site classification scheme involving three site classes, Class B Rock, 
Class C Shallow Soil and Class D Deep or Soft Soil sites, while the A&S model has only two site 
classes, Rock and Deep Soil. These differences in site classification schemes raise the possibilities of 
differences in the estimates for “rock” or “deep soil” motions between the New Zealand model and the 
A&S model on which it is based, in addition to any real differences that may exist in the motions 
experienced on a particular soil profile in earthquakes of the same magnitude, distance and source 
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mechanism in New Zealand and the western United States. 

Several applications in New Zealand involving strong near-source motions at distances less than about 
10 km and magnitudes exceeding about 7 have shown that the New Zealand model gives substantially 
lower peak ground accelerations and spectra on rock than the A&S model. This aspect is considered in 
this paper, in particular to what extent it may be explained by the different site classification schemes.  

1.2 Comparisons of estimates from the New Zealand and Abrahamson & Silva models 

Possible effects of the different site classification schemes can be considered by comparing attenuation 
curves for peak ground acceleration (pga) or the response spectrum acceleration SA(T) at some period 
T, or by comparing spectra for a given magnitude, distance and source mechanism. Examples of 
attenuation curves for rock and shallow soil sites are shown in Figure 1 for peak ground acceleration, 
while spectra are compared in Figure 2. The New Zealand model is defined for either the larger or 
geometric mean of two orthogonal horizontal components of motion. The comparisons in Figures 1 
and 2 are shown for the geometric mean of two components, for which the A&S model is defined, so 
that the comparisons are of similar quantities, although most New Zealand hazard studies, including 
those performed for the development of NZS1170.5:2004, use the larger-component model. 

Figure 1 compares median pga attenuation curves given by the New Zealand and A&S models for 
rock and shallow soil sites. The plots are for reverse-mechanism crustal earthquakes of magnitudes 5.5 
(top), 6.5 (middle) and 7.5 (bottom). It is apparent that at larger pga values, greater than about 0.2g, 
the pga attenuation curve for rock for the New Zealand model (dashed curve) falls below the A&S 
rock and shallow soil curve (solid line). This is particularly pronounced at short distances and large 
magnitudes. For example, the magnitude 7.5 pgas at 1 km distance are 1.08g according to the A&S 
model, but only about half this value, 0.56g, according to the New Zealand model. It is differences of 
this order that have led to a closer investigation of one possible cause, as reported in this paper. 

Where it gives pga values greater than 0.2g, the A&S rock and shallow soil curve (solid line) generally 
lies closer to the New Zealand shallow soil curve (dotted) than to the New Zealand rock curve 
(dashed). However, the comparisons are not clear cut, complicated by different attenuation rates with 
distance in the two models, and different scaling with magnitude. At distances up to about 30 km, the 
A&S curves attenuate more rapidly with distance than the New Zealand curves. At large distances, 
starting at about 50 km but more obvious beyond about 100 km, the New Zealand curves fall away 
more rapidly than the A&S curves. At magnitudes of 6.4 and greater, the A&S and New Zealand 
models for share an identical dependence on magnitude, with the coefficients of the New Zealand 
model for all terms that involve magnitude being adopted from the A&S model. This results in the 
ratios between the three curves being the same at magnitude 6.5 and 7.5, as can be seen from the 
common distances at which the attenuation curves cross each other at the two magnitudes. At smaller 
magnitudes, the A&S model has a different set of coefficients for its magnitude terms, and also a 
magnitude-dependent reverse-mechanism term, resulting in more rapid changes with magnitude for 
the A&S model below magnitude 6.4. These terms were not carried into the New Zealand model, 
causing the A&S curves to reduce more than the New Zealand curves between magnitude 6.5 and 5.5. 

Similarly, the comparisons of New Zealand and A&S spectra in Figure 2 do not show simple 
relationships. Figure 2 presents median spectra for rock and shallow soil sites estimated for magnitude 
7.5 reverse-mechanism crustal earthquakes at distances of 3 km, 10 km and 30 km. The A&S 
rock/shallow soil spectra are more similar to the New Zealand shallow soil spectra than the New 
Zealand rock spectra for the two shorter distances of 3 km and 10 km. The A&S model attenuates 
more rapidly with distance than the New Zealand model, as discussed for Figure 1, causing the A&S 
spectra to become relatively weaker compared with the New Zealand model as distance increases. As 
a result, at 30 km the A&S spectrum is similar to the New Zealand rock spectrum for short periods, 
lies between the New Zealand rock and shallow soil spectra for periods between about 0.25s and 1s, 
and slightly exceeds both New Zealand spectra at longer periods. As well as the differences in 
attenuation rates, the comparisons are complicated by a characteristic feature of the New Zealand 
model, that the rock and shallow soil spectra are similar for spectral periods of 1.5s and greater.  
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Figure 1 Comparison of peak ground acceleration (pga) attenuation curves for the New Zealand and Abrahamson 
& Silva models for the rock and shallow soil classes. 
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Figure 2 Abrahamson & Silva rock spectra and New Zealand rock spectra and shallow soil spectra for a 
magnitude 7.5 reverse crustal earthquake at distances of 3, 10 and 30 km. 
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2 SITE CLASSIFICATION SCHEMES 

The New Zealand and A&S attenuation models use different site classification schemes. The A&S 
class generally referred to as rock is in fact a combined rock and shallow soil class. In Abrahamson & 
Silva (1997), it is defined as a combination of two subclasses, A “Rock (Vs>600m/s) or very thin soil 
(<5m) over rock” and B “Shallow soil, soil 5-20m thick over rock”. The New Zealand Rock class is 
that adopted in NZS1170 as Class B Rock. This class is similar to the A&S rock subclass. The 
important difference is that sites in the Shallow Soil subclass that forms part of the A&S Rock class 
generally qualify as New Zealand Class C Shallow Soil sites. 

A possible reason why the A&S rock attenuation curves and spectra often appear similar to those for 
Class C Shallow Soil is that there is considerable overlap between these site classes. However, the 
comparisons of spectra and pga attenuation curves presented in Section 1.2 were complicated by the 
other differences in attenuation rates and scaling with magnitude between the New Zealand and A&S 
models. As a result, Figures 1 and 2 are not particularly convincing in demonstrating that the spectra 
for the A&S rock class are more representative of Shallow Soil rather than Rock site conditions. The 
next section offers a more direct assessment of the effects of the differences in site classification alone. 

3 MODIFIED NEW ZEALAND MODEL USING A&S SITE CLASSIFICATIONS 

In order to investigate the effects of the different site classification schemes used for the New Zealand 
and A&S models, an alternative New Zealand model of the same functional form as that of McVerry 
et al. (2000, 2006) has been derived using the A&S site classifications. Any differences from the 
McVerry et al. (2006) model are then due entirely to differences in site classification schemes. 

3.1 Pga Comparisons 

Figure 3 compares pga attenuation curves for the McVerry et al. (2006) model, and for the rederived 
model using the A&S site classifications, all derived from the New Zealand dataset. The comparisons 
are shown for the larger horizontal component for magnitude 6.5 strike-slip earthquakes. 
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Figure 3 Median pga attenuation curves for the Rock and Shallow Soil site classes of the McVerry et al. (2006) 
model, and for the rederived New Zealand model using the A&S combined Rock & Shallow Soil class, for the 
larger horizontal component for magnitude 6.5 strike-slip earthquakes. 

Curves for the Class B Rock and Class C Shallow Soil classes are compared with that obtained for the 
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A&S combined Rock and Shallow Soil class. The A&S combined class does not contain exactly the 
same data as the combination of New Zealand Classes B and C, because some of the New Zealand 
Class C Shallow Soil sites lie in the A&S Deep Soil class, with depths of soil exceeding the 20m 
maximum of the A&S combined Rock and Shallow Soil class (see Table 3.2 of NZS1170.5 or Table 4 
of McVerry et al. 2006). The curve for the combined A&S Rock and Shallow Soil Class shows the 
same attenuation characteristics with distance as the New Zealand Class B Rock and Class C Shallow 
Soil curves, although the coefficients governing the distance-dependence terms were allowed to be 
different in the two models. More remarkably, the curve for the combined class is very similar to that 
for the New Zealand Shallow Soil Class. Comparisons for other magnitudes are the same in character, 
because their functional form constrains the magnitude-dependence of the two models to be identical. 

For peak ground accelerations, these figures offer convincing evidence that the A&S combined Rock 
and Shallow Soil class is representative of New Zealand Class C Shallow Soil rather than Class B 
Rock. Also, although not shown in this paper, use of the A&S Deep Soil and New Zealand Class D 
Deep Soil classifications lead to pga curves that are similar to each other. The evidence is much more 
convincing than that obtained by comparing the A&S and New Zealand attenuation models directly. 

3.2 Comparison of Spectra 

Figure 4 compares median spectra for the original and re-derived New Zealand model, for the larger 
horizontal component for magnitude 6.5 reverse-mechanism earthquakes at 10 km distance. Class B 
Rock and Class C Shallow Soil spectra are compared with those for the combined A&S Rock and 
Shallow Soil class.  

A&S Rock/shallow soil vs NZ Weak Rock and Shallow Soil Classes
M6.5 crustal reverse at 10 km

0.01

0.1

1

10

0.01 0.1 1 10

Period T(s)

SA
 (g

) A&S Rock/shallow soil
Class B Rock
Class C Shallow Soil

 
Figure 4 Comparison of median spectra for the New Zealand Rock and Shallow Soil site classes of the McVerry 
et al. (2006) model, and for the rederived New Zealand model using the A&S combined Rock and Shallow Soil 
class, for the larger horizontal component for magnitude 6.5 reverse-mechanism earthquakes at 10 km distance. 

For periods up to about 0.4s, the spectrum for the combined Rock and Shallow Soil class is 
remarkably similar to that for Class C Shallow Soil. Over the period range of 0.3s to 0.8s, the 
spectrum for the combined A&S class falls from the Shallow Soil spectrum to the Rock spectrum, and 
then falls below the Rock spectrum at longer periods. The ratio of the spectrum for the combined class 
to that for Class C Shallow Soil is fairly constant for periods exceeding 1s. It is in this period range 
that the spectra for the two New Zealand site classes unexpectedly come together, as noted previously 
in the discussion of Figure 2. It is surprising that the combined model falls below the spectra for both 
New Zealand site classes in this period range. 
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The spectral comparisons are less convincing than for the pga attenuation curves. Nevertheless, the 
differences between the spectra for the New Zealand classes were all justified statistically, as 
discussed in McVerry et al. (2006), so the generally weaker values for the New Zealand rock class 
should be retained, rather than being artificially increased by combining Rock and Shallow Soil sites. 

4 DISCUSSION 

4.1 NZS4203:1992 and NZS1170.5:2004 Rock Classes 

During the development of the New Zealand attenuation model, the site classes were initially adopted 
as those in the previous New Zealand Loadings Standard, NZS4203:1992 (Standards New Zealand 
1992). Site subsoil category (a) of that standard, Rock or very stiff soil sites, is much more similar 
than NZS1170 Class B Rock to the A&S combined Rock and Shallow Soil class, in that it corresponds 
to sites with estimated natural periods less than 0.25s, with up to 20m of very stiff cohesive materials 
or very dense sand, or up to 25m of dense sandy gravel. 

However, during the development of the McVerry et al. (2006) model, it was demonstrated that some 
changes were desirable. Statistical analysis showed that it was appropriate to define a new shallow soil 
site class by combining the intermediate soil site class of NZS4203 with those sites with more than 3m 
of stiff to very stiff soil that are combined with rock sites in NZS4203. The differences between 
spectra from shallow soil sites and rock sites were found to be statistically significant, with the 
addition of site-terms to account for these effects being justified by the Akaike Information Criterion. 
Further details of the development of the site classes that were subsequently adopted for NZS1170 are 
given in McVerry et al, (2006). Thus the site classes used for the McVerry et al. (2006) New Zealand 
attenuation model represent a step forward from those of Abrahamson & Silva (1997), and were fully 
justified by statistical analysis of New Zealand response spectra data. 

4.2 U.S. Studies on Spectra for Rock and Shallow Soil sites 

The comparisons of the spectra for the New Zealand site classes with those of the A&S “rock” and 
“soil” classes are consistent with Rodríguez-Marek et al. (2001). They note that the spectra for A&S 
rock sites in the Northridge earthquake were generally similar to those for “shallow and intermediate 
depth soils and weathered/soft rock”, with the spectra for competent rock sites approximately 30% 
lower on average. They further stated that “this result reflects the fact that for the joint database of 
rock and shallow soil sites, 83% of the sites are shallow soil or weathered rock sites, and only 17% of 
these sites actually belong to…competent rock sites.” They also found that the spectra for A&S soil 
classes were representative of those for deep soil sites (soil depths greater than 60m). 

The differences in spectra between rock and shallow soil sites are not accounted for in several other 
US attenuation models developed in the 1990s, such as the Sadigh et al. (1997) model. The New 
Zealand model gives weaker spectra for rock sites compared to these models as well as for the A&S 
model. It seems that the differences, at least within a few kilometres of the source in large magnitude 
earthquakes, may result largely from the rock spectra from the US models actually being rock and 
shallow soil spectra, with the datasets dominated by shallow soil rather than rock records.  

Preliminary results of the Next Generation Attenuation (NGA) project in the USA indicate that near-
source accelerations have been considerably reduced, including from the new A&S model (M. 
Stirling, pers. comm.). These differences result partly from a finer subdivision of site classes, as well 
as new findings related to the relative strength of motions from earthquakes producing surface ruptures 
compared with those where the rupture all occurs below the ground surface. 

5 CONCLUSIONS 

A feature of the McVerry et al. (2006) New Zealand response spectrum attenuation model is 
considerably smaller peak ground accelerations and spectra on rock sites from crustal earthquakes 
with short distances and large magnitudes, closer than about 10 km at magnitudes of 7 or greater, than 
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those predicted by well-known western US models. For example, pgas given by the New Zealand 
model may be as low as about half those of the A&S model on which it is based. 

The New Zealand model uses three site classes while the A&S model uses two. The A&S combines 
Rock and Shallow Soil sites into a single class, commonly referred to as its Rock Class, while the New 
Zealand model has separate classes for these sites, an important difference when comparing “rock” 
motions predicted by the two models. 

To investigate the effects of the different site classification schemes, the New Zealand model was re-
derived using the A&S site classifications in place of the New Zealand site classes. The pga 
attenuation curves found for the A&S-type combined Rock and Shallow Soil class were very similar 
to those for the New Zealand Shallow Soil class. Although there are differences in the definitions of 
the Deep Soil class in the two models, it was found that the two site classification schemes gave very 
similar pga attenuation curves for deep soil sites. Unfortunately, comparisons of spectra were less 
clear-cut.  

It is recommended that the three New Zealand site classes be retained rather than the two of the A&S 
model, because the differences between the predicted spectra for the three site classes are all 
statistically significant. It was these statistical differences that led to the redefinition of the class for 
rock sites, as later adopted for NZS1170, to exclude the very stiff soil sites (up to 25m depth in some 
cases) that were combined with them in the 1992 Loadings Standard.  

It is also necessary to appreciate the differences in the site class definitions when comparing spectra 
between the New Zealand models and overseas models, especially for the Rock class. A pleasing 
development is that preliminary results from the Next Generation Attenuation project in the USA 
indicate that near-source accelerations have been considerably reduced in the new models. 
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