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ABSTRACT: A site-specific probabilistic seismic hazard analysis (PSHA) was 

commissioned by Nelson City Council to clarify the seismic hazard for the retrofit of the 

Trafalgar Centre, a multipurpose events centre in Nelson. A sensitivity study was 

conducted using the New Zealand National Seismic Hazard Model (NSHM) to ascertain 

the impact of updates between the published 2002 and 2012 versions of the model for the 

Nelson region. Differences identified highlight the sensitivity of the Nelson region to the 

changes made to the background seismicity model, in particular the rates of seismicity 

implied by the zonation schemes, and predominant mode of fault mechanism. This 

indicates future updates to the NSHM should make use of a logic-tree to better quantify 

the epistemic uncertainty associated with PSHA model inputs.  Such an approach can 

reduce differences in hazard estimates between successive updates of the NSHM. While 

this approach requires more effort, it should nevertheless be considered for evaluating the 

hazard for major urban centres, and for conducting site specific seismic hazard studies for 

high consequence projects. Implications for the Trafalgar Centre project, including the 

assessment of liquefaction hazard and the design of retrofit solutions are briefly presented 

and discussed. 

1 INTRODUCTION 

1.1 Project Background 

In December 2013, the Trafalgar Centre (TC), a multipurpose events centre in Nelson, owned and 

operated by Nelson City Council (NCC), was closed due to earthquake risk in accordance with 

Sections 124(1)(c) of the Building Act, 2004.  The complex consists of three main components: A 

Main Hall used predominantly as a basketball stadium, with a large span (~50m) glulam arch 

supported roof covering the hall and adjacent tiered seating galleries (estimated fundamental period ~ 

0.4s), and a Northern low-rise building which served as an entrance foyer, both of which were 

designed in the late 1960‟s and completed in the early 1970‟s. The third component was the more 

recent Southern Extension, designed to the previous loadings code NZS4203:1992, with construction 

completed in 2008.  Due to its design function to service crowds of people, it is deemed to be an 

Importance Level 3 (IL3) building attracting 1/1000 AEP seismic design loading for the ULS case. 

Prior to its closure, a civil defence office (CDO) was also attached to the building, with post-disaster 

emergency function, attracting IL4 requirements. The CDO has since been moved to another location. 

During the planning stages to upgrade the Northern building, liquefaction hazard was identified in the 

recent Holocene alluvium encountered during the ground investigation. This finding led to a structural 

assessment of the facility for earthquake risk in relation to the current New Zealand Loadings Code 

(NZS1170.5: 2004) for an IL3 building. A low structural capacity was determined for all components 

of the building, with assessed capacity by two independent structural engineers of less than 33% of 

New Build Standard (NBS) - independent of the liquefaction hazard. In accordance with the Building 

Act the structure was deemed unsafe for continued operation, and closed by NCC pending decisions 
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related to the required retrofit and upgrade of the facility, or demolition/rebuild.  The proposed retrofit 

solutions to enhance both structural and geotechnical performance of the facility were dependant on 

the assessed seismic hazard at the site.  

 

Arup were commissioned by NCC to undertake an independent review of the geotechnical hazards 

impacting the facility in early 2015. During a desk study (Arup, 2015), it was identified that some 

changes had occurred during a recently published 2010 update (Stirling et al. 2012) to the New Zea-

land National Seismic Hazard Model (NSHM) that significantly affected the assessed seismicity of 

Nelson.  The NSHM model considers two main types of sources of earthquakes in the Nelson region: 

 

 Known major fault sources. These include the nearest sections of the Alpine Fault, the adja-

cent Waimea-Flaxmore Fault system (WFFS), and the North Island subduction zone, among 

others. The slip rates along these fault systems from geologic and geodetic data and the esti-

mated times of previous fault ruptures (from fault trench studies conducted by geologists) in-

form the likely recurrence rates and anticipated magnitudes of the generated earthquakes, 

which are used to characterise the hazard posed by these major faults. 

 

 Background Seismicity.  This model allows for the occurrence of earthquakes on unknown, 

faults within the region, or earthquakes of insufficient size to rupture to the ground surface. It 

is based on the Gutenberg- Richter relationship between number of earthquakes, N and earth-

quake magnitude, M, and calibrated to the region using historic seismicity data. 

 

The key changes noted between 2002 and 2010 versions of the NSHM included: 

 

 Updated seismicity to 2006; 

 Vastly increased active fault database around 300 more faults);  

 Revised seismotectonic zonation for modelling background seismicity; and 

 
Stirling et al. (2012) note that the results of the revised model are broadly in agreement with the earlier 

model (Stirling et at. 2002) which informed the NZS1170.5 (2004) loadings code, however some re-

gions had noted increases or decreases. The desk study review identified Nelson was one such region 

with a significant decrease in the hazard estimate. Arup recommended NCC commission a site specific 

seismic hazard study to clarify the seismic hazard at the site.  

This paper presents the reasons for the study, the resulting ground motions derived from the study, 

further review of the model and its limitations for the site specific study and implications for the 

geotechnical and structural design of the facility. The findings have general implications for similar 

projects elsewhere in New Zealand where site specific studies are proposed to improve or otherwise 

clarify hazard estimates. 

1.2 Recognised reasons for conducting site specific studies in New Zealand 

Site specific studies may improve upon estimates of design loadings presented in the code, or go 

beyond their stated limitations. Bommer and Stafford (2009) note the cases where Eurocode 8 code 

specifications will not be sufficient, while Bradley (2015) discusses these in a New Zealand context in 

reference to NZS1170.5, and other NZ-specific guidance such as the NZTA Bridge Manual (NZTA 

2013) and NZGS (2010) guidelines on liquefaction hazard assessment. Examples given by those 

authors include: 

 Projects located in proximity to active faults for which near-source directivity effects associated 

with the fault rupture need to be considered in the design (NZS 1170.5 contains some 

provisions, but are limited to 11 stated faults, while > 500 are listed in the GNS active fault 

database); 

 Projects in areas where active faults are known or suspected to be present, and for which surface 

displacements would be a critical consideration to the performance of the structure; 
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 Projects on sites with deep and/or very soft soil deposits, for which the effects of the near-

surface geology on the ground motions are unlikely to be captured by the simplified site 

classes and corresponding spectral shapes in the code. NB: In ASCE 7-10 site response studies 

are mandatory for structures with a period > 0.5s on sites with weak or liquefiable soils; 

 Projects for which return periods significantly longer than the normal 475 years are considered 

appropriate (i.e. IL3+ buildings and infrastructure); 

 Any project for which fully dynamic analysis is required and insufficient information is 

available for the selection of the appropriate ground motions required for input. This includes 

advanced structural analysis methods in NZS1170.5 and advanced methods required to model 

liquefaction hazard in the NZGS guidelines (2010) (i.e. “Method 2” and “Method 3” in that 

document). 

In addition to the above reasons, Bradley (2015) highlighted the advances made in developing the 

revised NSHM, and the development of significantly updated ground motion prediction equation 

(GMPE) models (e.g. Bradley 2013, and the NGA2 equations by PEER), which currently can only be 

considered by conducting a site-specific study.  

1.3 Code requirements for site specific studies 

NZS1170.5:2004 includes provisions for a „special study‟ to be conducted to deviate from the 

specified loadings in the standard, broadly citing the conditions in AS/NZS1170.0 Appendix A, but 

without providing much detail. The commentary to NZS1170.5 (C1.4) provides the minimum 

requirements in the case of a study to determine a site specific design spectra as: 

 Include consideration of the subsoil conditions at the site, specific distances from the site to 

known faults etc. 

 Engage a uniform hazard approach (i.e. PSHA), and prescribed departures from that approach so 

that both background seismicity and maximum considered earthquake (MCE) ground motions 

corresponding to at least a M 6.5 (at 20km) earthquake need to be considered (i.e. 

Deterministic SHA). 

 Minimum base shear requirements are adopted unless they too are the subject of a special study.  

The minimum base shear provisions are set out in NZS1170.5 Sect 3.1.4, where the minimum hazard 

factor Z that may be adopted is 0.13, which corresponds to a PGA on rock of 0.13g
1
.  It is understood 

that this is to ensure the robustness of buildings in low seismicity areas of New Zealand, such as 

Auckland and Dunedin, are maintained at a base or threshold level. 

No further requirements are stated in the standard, but more guidance on appropriate requirements of 

these studies in a New Zealand context is provided in the NZTA Bridge Manual (section 5.2.3 and 

section 6.2.2), while in an international context, ASCE 7-10 (Ch. 21) provides general requirements 

for site specific studies, and detailed guidance may be referred to in international codes and 

requirements for essential and hazardous facilities such as the US Nuclear Regulatory Commission 

(Budnitz et al. 1997). 

2 THE TRAFALGAR CENTRE SITE 

2.1 Site location, geology 

The TC building is located north of the historic (1850) shoreline of Nelson (red dotted line on Figure 

1), on an essentially flat site comprising reclamation fill (~ 3m soil mixed with refuse), overlying 

Holocene estuarine deposits and river alluvium (sandy gravel), with a Pliocene indurated 

                                                      

1
 The stated minimum Z of 0.13 may have been developed from 84%ile motions predicted for the stated MCE 

(M 6.5, 20km) divided by an appropriate R factor (usually 3/2) to approximate 1/500 AEP equivalent ground 

motions (a similar approach is considered in ASCE7-10, and NZTA Bridge Manual v.3.1). The details of how 

this was generated in NZS1170.5 are not specified. 
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conglomerate (Port Hills Gravel), lying about 30m deep. The man-made Saltwater Creek bounds the 

site to the west and north, and the Maitai River to the east lies in relatively close proximity to the site. 

The Port Hills lie to the south-west of the site, rising steeply from the former shoreline along Haven 

Road. The surface projection of the Flaxmore Fault, a branch of the WFFS, lies 1.2km distance from 

the site to the east. 

Local site conditions from geotechnical investigations indicate a Site Class C site according to 

NZS1170.5, where the site period from shear wave velocity (Vs) measurements over the upper 30m 

(Tonkin and Taylor, 2013) were assessed to be of the order of 0.2 - 0.3s.  In a hazard study of the 

Nelson region, Johnson et al. (1993) noted the site was likely to be subjected to significant local site 

amplification effects and possibly liquefaction owing to the reclaimed soils and soft estuarine deposits 

present. 

 

Figure 1 - Mapped geology near the Trafalgar Centre, Nelson. Base map from Johnston (1979), with 

lithology code xd = reclaimed land, hard and domestic fill. Red line indicates the natural shoreline in 1850. 

The blue dashed line indicates the Flaxmore Fault, considered to be active. 

 

2.2 Historical Seismicity 

The Nelson region is subject to a moderate seismic hazard relative to other New Zealand regions.  It is 

periodically subjected to strong shaking. Rattenbury et al (1998) documented the following historic 

events that caused significant ground shaking in Nelson, of MMI VII intensity or higher: 

1848 Marlborough Earthquake (M 7.1); 1855 Wairarapa Earthquake (M 8-8.2); 1868 Cape Farewell 

Earthquake (M 7-7.2); 1893 Nelson Earthquake (M 7); 1929 Murchison Earthquake (M 7.8); 1968 

Inangahua Earthquake (M 7.4). 

Damage to chimneys during the 1893 Nelson earthquake was the only noted damage near the site 

during these historic events. The recent 2013 Seddon Earthquakes (M 6.5) resulted in only MMI V 

shaking, as inferred from reporting in the Nelson Mail. 

2.3 Nelson’s Seismic Hazard in NZS1170.5 and published hazard studies. 

Table 1 compares the NZS1170.5 ULS design values for PGA, compared to the 2002 NSHM and the 

2010 NSHM update. It is important to note when comparing NSHM and NZS1170.5 spectral values 

that: 1) Magnitude scaling is applied to the code values to normalise the intensity of all earthquakes to 

an equivalent M 7.5 earthquake, typically resulting in lower amplitude of high frequency (HF) ground 

motions; and 2) Spectral smoothing is applied to truncate the characteristic peak in the response 

Saltwater Creek 

Port Hills 

Flaxmore Fault 

Shoreline 1850 
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spectra over the HF range.  Both have been adopted in the code assuming the actual uniform hazard 

peak spectral response is of little consequence to the performance of new-build structures built to 

capacity design principles (the implications of this to the TC project are discussed later). 

Table 1. Comparison of PGA ground motion derived from published PSHA studies, the New Zealand 

loadings code NZS1170.5, at ULS design ground motion for Structures of IL2, IL3 and IL4 importance 

level in Nelson 

Annual 

Exceedance 

Probability 

Uniform Hazard Spectral Amplitude (g) on shallow soil (Site Class C) 

2002 NSHM* NZS 1170.5** 2010 NSHM* 

1/475 (IL2) 0.45 0.36 0.25 

1/1000 (IL3) 0.6 0.47 (0.33) 

1/2500 (IL4) (0.81) 0.65 0.4 

* Inferred from figures presented in the papers. Unweighted spectra. **Magnitude weighted values. 

Values in parenthesis are inferred from published 1/475 values multiplied by the appropriate NZS1170.5 R factor, and are 

considered to be indicative only. 

The large reduction in the hazard of the order of 44% between 2002 and 2010 versions of the NSHM, 

or 30% reduction from NZS1170.5 (less any magnitude scaling on the 2012 model values) were 

potentially significant to the project.   

3 SITE SPECIFIC RESPONSE SPECTRA 

3.1 2010 NSHM and updated fault model 

GNS Science provided site specific response spectra for 1/500, 1/1000 and 1/2500 AEP on Class B 

(rock), with the deaggregated hazard indicating the dominant contributing faults and distances for 

ground motion selection.  Due to the liquefaction hazard issues present at the site, and the sensitivity 

of the structure to ground motion, Arup undertook a site response analysis to determine the ground 

motion amplification from rock level to ground surface, and directly evaluate the ground response for 

liquefaction triggering, i.e. “Method 3” in the NZGS (2010) guidelines. 

GNS evaluated the hazard at the site using the 2010 NSHM, with an updated modelling of the 

Waimea-Flaxmore fault, incorporating the findings of recent paleo-seismicity studies by Fraser et al. 

(2006) and Johnston & Nicol (2013), which were not available for implementation in the 2010 update, 

but considered for this site specific study (Stirling, 2015a). Specifically, GNS Science developed a 3 

source model of the WFFS (refer Figure 2) and incorporated it into the model for this study.  Figure 3 

presents the site specific response spectra on rock for the site. This confirmed the lower hazard levels 

as published by Stirling et al. (2012). 

3.2 Sensitivity studies conducted 

To scrutinise the reasons for the significant reduction in estimates produced by the 2002 and 2010 

versions of the NSHM, as well as consider possible variations in fault location that the NSHM did not 

consider but could be of potential significance to the hazard estimate, some sensitivity studies were 

considered (Stirling, 2015b), as follows: 

1. Consideration of the closer proximity (1.2km) Flaxmore Fault providing the source for the 

characteristic earthquake on the Waimea-Flaxmore fault system (WFFS), rather than the more 

distant northern branch of the Waimea Fault (4km), considered by the default NSHM. 

 

2. Consideration of the 2002 NSHM background seismicity with the 2015 NSHM active fault-

model. 

 

3. Consideration of revised 2010 NSHM background seismicity to consider reverse faulting as the 

dominant faulting mode, rather than normal faulting. 
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Figure 2 - Major active fault sources in the vicinity of the Trafalgar Centre (marked by a star). Fault 

sources = black solid lines, fault traces = red lines. Fault sources in the vacinity of the site are: Waimea 

Central (Mw 7.1, R = 5900 years, 4km from site); Waimea North (Mw 7.0, 5600 years, 12km); Waimea 

South (Mw 7.0, 5700 years, 31km); Wairau (Mw 7.8, 2500 years, 39km); Alpine to Kaniere to Tophouse 

(Mw 7.7, 520 years, 67km); Source: Stirling, 2015a. Inset 2A: Local faults comprising Wiamea-Flaxmore 

Fault System (Johnson & Nicol, 2013). 

 

The key findings were as follows: 

1. Placement of the site within 1km of the WFFS resulted in a 2% increase in amplitude at the 

natural period of the structure and site. Assuming a 50% chance of either the Flaxmore or 

northern branch of the Waimea fault transferring the slip would result in a 1% increase in the 

hazard estimate. This was considered to be negligible.  

 

2. The 2002 NSHM background seismicity with the latest fault model (2015) resulted in between 

19 and 43% increase in the bedrock spectral amplitude between periods, T =0.3 and 0.5s 

considered of relevance to the site. This is a significant increase, and confirmed the source of 

the major differences between the 2002 and 2010 models. 

 

3. The updated 2015 NSHM fault model, combined with the revised background seismicity rates 

from 2010, but with the local regional background seismicity modelled as reverse faulting. 

This resulted in between 10 and 17% increase in the bedrock spectral amplitude between peri-

ods, T =0.3 and 0.5s considered of relevance to the site.  

Waimea Flaxmore Fault 

System (WFFS) 

2A 

2A 
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Figure 3 - NSHM 2010 predictions with 3-fault WFFS model (Stirling, 2015a), Site Class B site specific 

response spectra, both Magnitude weighted and unweighted, compared to NZS1170.5. 

 

Both Stirling et al. (2002) and Fraser et al. (2006) considered Nelson to be in a region dominated by 

reverse fault mechanism (i.e. compression), while the 2010 NSHM considered the region to be 

dominated by normal faults (i.e. extensional).  It is understood that the change occurred because: 

a. In the 2002 NSHM the Nelson region was considered part of nearby South Island regions for 

the characterisation of background seismicity rates (i.e. b-values). For the 2010 NSHM, Nelson 

was included as part of a larger zone including regions of the lower North Island, based on 

similar rates of seismicity. The larger region provided statistically more stable b-value 

estimates. 

b. The new zone extending north from Nelson was dominated by normal faulting in the lower 

North Island.  The NSHM did not distinguish between the Nelson region having reverse faulting 

and the lower North Island having normal faulting. 

The increase in the spectral amplitude from the 2010 NSHM, on account of the change to reverse 

faulting for the regional zone, indicates that relatively frequent, moderate magnitude; near field 

earthquakes (M 5 - 6.5, 0-20km distance) are responsible for the change. This last sensitivity study, 

with the 2010 NSHM background seismicity rates, modelled as dominantly reverse faulting 

mechanisms, with the updated 3-fault model WFFS situated at 1km distance, and without magnitude 

scaling, is considered to more closely model the hazard to the TC site in Nelson, and was subsequently 

adopted by Arup for design. 

This change resulted in lower PGA than the 2002 NSHM and NZS1170.5 spectra, of significance to 

liquefaction triggering, but notably higher peak spectral amplitudes at the HF range between 0.2 and 

0.3s, peaking significantly above the spectral smoothing „plateau‟ on the NZS1170.5 spectra (refer 

Figure 4).  This period range is of significance to the structure given that it coincides with the natural 

period of the site soil profile, and the assessed fundamental period of the structure itself.  Due to the 

low ductility levels in the existing structure Arup recommended no smoothing or magnitude scaling to 

the spectra, and consequently higher inertial loads on the structure than were originally considered 

according to NZS1170.5.  

This significant finding led to a rethink by the structural engineers as to the best solution for the 

seismic retrofit. A modal analysis revised the fundamental period to 0.2s lateral and 0.7s longitudinal. 

Consequently a more robust solution was developed by the designers for the lateral supports that was 

also safer and more cost effective to construct for the appointed contractor.   
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Figure 4 - Comparison NSHM estimates with varying background seismicity modelling, compared to 

NZS1170.5 spectra for Class B site in Nelson. 

4 CONCLUSIONS AND IMPLICATIONS FOR SITE SPECIFIC STUDIES 

The site specific seismic hazard and sensitivity studies conducted for the Trafalgar Centre identified 

changes in the NSHM between 2002 and 2010 that had created uncertainty as to the appropriate 

seismic hazard affecting Nelson. This evaluation led to a higher proposed design spectra than 

NZS1170.5, resulting in a rethink on the best retrofit solution, which was consequently developed. 

This also highlighted that the adoption of NZS1170.5 loadings for the retrofit of stiff structures 

containing non-ductile elements, as well as the potential for site amplification effects to adversely 

impact on the response, should be considered on a case-by-case basis. 

The study shows that the NSHM may be too generalised for application to site specific PSHA at some 

sites in New Zealand, and caution is advised. Indeed the NSHM was originally developed for 

national/regional scale PSHA, it is frequently applied to site-specific PSHA due to being the only 

resource available. Subsequent case-by-case evaluations of the PSHA results are often required (by 

engineering seismologists) as are independent peer reviews. Particular aspects that require 

consideration include the source model: How nearby faults are modelled, and how the background 

seismicity, rate and fault mechanism are considered.  Such scrutiny requires more effort than is 

typically applied in the case of many site-specific studies conducted in New Zealand.  The authors 

recommend that future revisions to the NSHM consider the implementation of logic-trees (Budnitz et 

al., 1997, Scherbaum et al. 2005) to capture and evaluate the epistemic uncertainty associated with the 

input model parameters, e.g. as implemented for PSHA studies in Hong Kong (Pappin et al. 2008) and 

the Arabian Peninsula (Pascucci et al. 2008), particularly for important sites and major urban centres 

of New Zealand.  For high consequence projects, clients will need to allocate more funding than is 

currently the norm for site-specific NSHM-based PSHAs in order to meet the intent of improving 

hazard estimates beyond the national/regional scale. 
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