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ABSTRACT: Performance-based earthquake engineering seeks to improve seismic risk 
decision-making through assessment and design methods that express options in terms 
that enable stakeholders to make informed decisions as to the level of disruption they are 
prepared to accept following earthquake attack. The key feature is the definition of 
performance metrics that are relevant to decision making for seismic risk mitigation. The 
definition of performance metrics relates the response of buildings and the damage states 
which in turn need to be supported by knowledge gained from observed data. 
Instrumentation of buildings with seismic sensors is proven be a successful method to 
sense and record the data.  With the aim of mitigating seismic risk and as a part of 
scientific research, GeoNet is involved in a national project deploying seismic 
instruments, including in constructed facilities. The paper discusses the aspects to be 
considered and the strategies to be followed for an instrumentation program for facilities 
in New Zealand. These instrumented facilities will act as reference stations for regional 
accelerograph networks and also give significant information on verification of design 
assumptions that underpin our standards. Finally, a note on the future developments that 
can be realised by a strong motion monitoring program to mitigate the seismic risk is 
presented.   

1 INTRODUCTION  

Instrumentation of constructed facilities with seismic sensors and indicators has been well recognised 
to be a rational approach that, following an earthquake attack, provides valuable information to meet 
the requirements of Performance-based Earthquake Engineering (PBEE). The state-of-the-art tasks set 
by PBEE targets decision makers and aims to describe the performance of structures in terms of socio-
economic variables. In other words, the performance is expressed in terms of dollar loss associated 
with the cost of repair of damaged structures, deaths and down-time of facilities. A recently developed 
probabilistic frame work for PBEE (Cornell & Krawinkler 2000) is extensively used as a tool to 
account for different sources of uncertainties and to present the loss with a degree of confidence. 
However, the current PBEE tools lack reliable knowledge on various parameters influencing the socio-
economic variable, including the structural response parameters and the extent of damage related to 
them. At this juncture, seismic instrumentation of facilities can be appreciated as the best way to 
obtain actual information on structural responses needed for PBEE and which would be appreciably 
superior to that derived from laboratory experimental tests under simulated conditions.  

In New Zealand, the performance of instrumented structures has not yet been tested under real 
earthquake events in design-level motions to enable verification of the code design recommendations 
and related design assumptions. Lessons from overseas earthquakes, in particular the 1994 Northridge 
event, have demonstrated invaluable use of information from instrumented buildings. Along similar 
lines, to derive the most from any future events, efforts have started to instrument buildings in New 
Zealand with modern digital accelerographs .   

In New Zealand, several buildings have been instrumented for many years. The GeoNet project, 
operated by GNS, has been funded to expand the instrumentation program to include additional 
structures and also to update the existing instruments in those previously instrumented buildings if it is 
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considered worthy of ongoing monitoring. It is intended to choose 30 buildings under the current 
funded program and record 10 to 30 components of motion in each. The importance of seismic 
instrumentation of buildings in New Zealand has been addressed by Deam and Cousins (2002), 
highlighting the developments in overseas seismic instrumentation programs and their broad 
objectives. Also, various aspects involved in strong-motion instrumentation programs were discussed 
to provide awareness among a wider audience. The instruments and sensors to be deployed, depending 
on the required response parameters, were reviewed. They recommended new displacement sensors be 
developed to capture one very useful parameter, namely interstorey drift. Finally, attention was given 
to basic issues of data collection and ownership of recorded data.   

In this paper the current needs of PBEE are presented briefly for which efficient seismic 
instrumentation can provide valuable support. Further, the main objective of this paper is to discuss 
the factors to be considered and the strategies to be followed for an instrumentation program for 
facilities in New Zealand.  Finally, a note on the extended future objectives that can be accomplished 
by the presently initiated seismic instrumentation program under the GeoNet project is presented.  

2 OBJECTIVES FOR INSTRUMENTATION  

The objectives of seismic instrumentation can vary depending on the requirements of end users such 
as engineers, building owners, government authorities and insurers. Among them, the main and highly 
appreciated objective is to improve our understanding of the dynamic behaviour of structures during 
earthquakes. The knowledge gained enables us to develop improved design and construction 
recommendations and to provide some bounds of acceptable assumptions relating to the structural 
models used for design.  Attention is needed in identifying the structures to represent some with 
standard type and some with special features so that the recorded information will help to ratify 
engineering assumptions involved in the design.  

When subject to severe shaking, well-instrumented buildings will provide information that helps to 
improve mathematical models of structures. These models are used to predict building responses 
within elastic and inelastic ranges. A set of instruments spread through the building can reveal the 
history of nonlinearity in the structure and hence the history of damage development. Instruments 
placed at the ground level and a nearby free-field instrument will help to quantify the soil-structure 
interaction effects. Also, these records can be used to determine the ground-motion parameters that 
correlate building response and damage.   

Further, records from the instruments are expected to be further processed to assist in: (i) informing 
emergency response services and building owners on the level of damage in a structure (ii) arriving at 
quantitative damage estimates for government, insurance companies and the public (iii) contributing to 
the national accelerograph network.    

3 SEISMIC INSTRUMENTATION FOR PERFORMANCE-BASED EARTHQUAKE 
ENGINEERING 

3.1 Background to PBEE  

The most significant post-Northridge development in the field of structural engineering is the 
development of performance-based earthquake engineering concepts and methodologies which have 
posed demanding challenges for civil engineers. Initially, performance-based approaches (SEAOC 
Vision 2000) for seismic design and assessment aimed at life-safety of the occupants and collapse 
prevention of structural framing.  However, the inadequacy of such approaches were realised after the 
1994 Northridge earthquake, where the dollar loss caused by the damage of contents and non-
structural components was much more than that caused by the damage of structural components. 
Following this, PBEE methodologies were introduced in the form of the FEMA 273 guidelines 
(FEMA 1997) wherein performance-oriented descriptions are defined for components and systems as 
Immediate Occupancy (IO), Life-Safety (LS) and Collapse Prevention (CP). The performance 
descriptions for structural and non-structural components are related to structural response quantities 
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like deformations (e.g. interstorey drift, inelastic hinge rotations), accelerations and forces. The 
response quantities were not well calibrated with the observed responses of buildings. Many of the 
inconsistencies observed were resolved in FEMA 356 (FEMA 2000) to improve the evaluations of 
buildings. In the above FEMA documents, the performance of a structure is evaluated in terms of the 
‘performance point’, defined as the intersection point of the median capacity curve and the median 
demand (hazard) curve following a deterministic approach not accounting for uncertainties and most 
forms of randomness. 

The performance measures or metrics described in FEMA documents are meaningful more for 
structural engineers to design/assess the buildings. However, the goal of PBEE is to extend the 
definition of performance metrics to make them informative for decision makers. Preferably, these 
measures should be based on probabilistic estimates of losses such as direct dollar losses (repair and 
restoration costs), loss of functionality (or downtime) and casualties that result from an event. A 
probabilistic procedure developed by Cornell & Krawlinker(2000) at the Pacific Earthquake 
Engineering Research Center (PEER) attempts to establish a link between engineering response-
parameters and decision making performance metrics.  The procedure consists of four main 
parameters, namely an Intensity Measure (IM) describing the ground motion features that cause 
damage in structures, an Engineering Demand Parameter (EDP) referring to structural response 
quantities, a Damage Measure (DM) describing the condition of structure including its components 
and finally a Decision Variable (DV) that can translate the damage quantities to help risk management 
decisions.  

In the above discussion on PBEE methodologies, it is apparent that the procedures lack actual 
information to underpin the outcomes. For example, the functions relating the ground motion 
parameter to structural responses and structural response to the damage description are based on 
laboratory test results very minimally, and largely on expert opinions and judgements. Calibration of 
opinion and judgement based parameters can be accomplished by efficient seismic instrumentation 
programs.  

3.2 Seismic Instrumentation to the Needs of PBEE  

PBEE seeks improved knowledge and tools to calibrate and validate the assumptions made at various 
stages when working with mathematical models. Recorded real seismic data from instruments can 
provide the vital information to validate the needs of PBEE. This can be accomplished in the 
following ways: 

a) The recorded ground motion data can be analysed to identify several features including 
damaging parameters of earthquakes.  This understanding will help to verify the IMs (for 
example, spectral acceleration at first natural period of the structure, or combinations of 
spectral ordinates)  that are currently considered as best representatives (Jankovic & 
Stojadinovic, 2004) and to come up with new IMs that can well correlate to the structural 
responses and damage. 

b) Mathematical models are used to predict responses (EDPs) of buildings (such as interstorey 
drift) and the contents (such as peak floor acceleration) to input ground motions including 
assumptions about the elastic and inelastic ranges of buildings. The strong motion data 
recorded from the buildings can be used to calibrate the assumed parameters and thereby 
mathematical models can be improved. The basis for improvement can then be applied to 
other models to predict responses which more closely align to the actual responses that can 
well relate to the actual damage of buildings in future events.  

c) A good array of sensors mounted in a building can provide a wealth of information on load 
history  against the actual damage incurred. Such information collected from representative 
buildings will help to improve the code design procedures. The seismic instruments can be 
integrated into the existing network so that the records can be processed for rapid assessment 
and screening of earthquake damage as is discussed later.  

d) Monitoring buildings with special devices to dissipate energy (such as base-isolators, dampers 
etc) would help to improve the design of devices and also to understand the damage causing 
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mechanisms in those buildings. 

4 INSTRUMENTATION OF BUILDINGS IN NEW ZEALAND 

4.1 Existing Instrumentation systems 

New Zealand can expect to experience an earthquake of magnitude 7 or greater once in 10 years 
(Cousins, 2001). The country can be divided into specific seismic regions. Figure 1 shows the fault 
lines running across the country, and cities where the facilities have been identified to be 
instrumented. The region around Wellington city has the combination of high seismicity and 
significant inventory exposure resulting in highest seismic risk zone. The next highest levels of risk 
are in the south and east of the North Island and around Christchurch city, which has about one tenth 
the risk of Wellington city (Cousins 2001). Even though the risk in the rest of the country is less, 
several significant structures in other locations are also being considered for instrumentation because 
of high expected seismic intensity (e.g. Otira).  

 
Figure 1. Proposed locations and facilities for instrumentation scheme under the GeoNet project 

Before discussing a new project of national level seismic instrumentation of facilities, it is necessary to 
decide whether to retain instrumentation in currently-instrumented buildings. There are about 30 
structures monitored currently. The details of current arrays in structures are given in Table 1. All of 
the recorders are 3-component accelerographs. The conventional buildings have film recorders of type 
MO2, which are obsolete. The instruments in base-isolated buildings are either film reorder or digital 
recorders with minimal specifications. The number of recorders in any structure is not adequate to give 
good information on the building responses and only a few buildings are associated with free-field 
instruments. Two buildings have paired instruments to record torsional motions.  Based on the quality 
of records that can be retrieved from these types of instruments and the cost issue for maintenance, it 
is necessary to contemplate on two aspects: (i) do we need to replace them with new instruments with 
improved instrumentation layout; or (ii) do we need to consider those buildings as priority buildings 



Paper Number 40              5 

anymore. 

Among the existing instrumented buildings, the Christchurch Police Station (high-rise) and the 
Gisborne Chief Post Office (medium-rise) may be given a degree of priority for replacement with new 
digital recorders even though they are buildings designed to outdated standards. These two buildings 
have historic value for they have withstood past earthquakes and provided good data on building 
responses to the ground motions.  

Table 1. List of current arrays in structures (Cousins, 2001) 

 

Type of Structure Number Number of Recorders 

Conventional Buildings 10 2 to 5 

Base-isolated buildings 3 2 to 4 

Bridges 3 1 to 3 

Hydro dams (on behalf of owners) 14 1 to 4 

Water reservoir (earth dam) (on behalf of owner) 1 3 

4.2 Scope of New Seismic Instrumentation Program 

Based on guidelines suggested in the literature (Celebi (2000) and ANSS guidelines (2005)), certain 
important issues with regard to New Zealand buildings are discussed in this section. The first task is 
the selection of structures to be instrumented. Under the currently funded program, 30 facilities have 
been identified primarily based on the following criteria: construction material (concrete/ steel/ 
timber), structural system, geometry, seismic risk (proximity to a fault), importance with regard to 
contents and functionality, and economic significance of the facility. Instrumentation in any facility is 
possible only if the owner agrees.  

Broadly, the structural systems considered in the current program include low- to high-rise buildings 
of conventional type, buildings with base-isolators and of special design and components (tilt-up 
panels), hospitals with acceleration-sensitive contents and bridges of high economic value. It is 
appropriate and justified to concentrate on facilities located in areas with a higher probability of 
intense shaking (i.e. in and around Wellington). Hence 60% of funding for structural arrays is intended 
to be used in this region. Other structural arrays will be spread over a wider region, considering 
several of the above mentioned aspects.  

5 GENERAL GUIDELINES FOR INSTRUMENTATION ARRAYS 

The locations for instruments in structural arrays can be chosen based on the study on structural 
drawings, modal shapes and frequencies obtained from dynamic analysis and if possible from low-
amplitude test results. The optimal number and position of instruments in a building is best decided by 
consideration of the dynamic response of the building recognising the cost constraints. For the GeoNet 
project, the decision to instrument buildings and facilities and the level of instrumentation will further 
be supported by an advisory panel of structural engineers which can be an important step in mitigation 
planning.   

5.1 In buildings 

In PBEE, the performance measures are generally in terms of drift and displacements for structural 
frames and peak floor acceleration for contents and acceleration sensitive components in the building. 
While a combination of sensors measuring displacements (like displacement transducers, laser devices 
and GPS units) and accelerations (single, biaxial or triaxial accelerometers) can be used, triaxial 
accelerometers only are proposed for the Geonet buildings at this stage. It is worth mentioning that 
component-level responses like the rotations at a panel zone or at beam-column connections also 
represent performance measures but generally the cost constraints would not allow for such 
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instruments unless for specific needs.  

Appropriate placement of sensors is the fundamental requirement to capture the desired structural 
responses.  For example, rocking motions of the building can be recorded by the sensors recording 
vertical motions at the foundation level. The in-plane translational motions can be recorded by two 
sensors in orthogonal directions and the torsional motions in any plane can be recorded by a pair of 
sensors placed at opposite ends of a building or one at the core and the other at an end.    

In low-rise structures, it may be feasible to deploy sensors at all storey levels. In medium- and high-
rise structures, given the limited number of sensors, possible higher-mode effects and the large number 
of floors would require optimal locations to be examined. Structures with irregularities in geometry 
and stiffness distribution warrant careful study, usually including consideration of a dynamic model, to 
decide on the instrumentation scheme. 

For structures where the continuing and safe operation and/or protection of contents and non-structural 
components are essential, sensors suitable for recording peak floor accelerations would prove very 
useful. It is desirable to select appropriate instruments such as for measuring rocking of heavy 
equipment, out-of-plane motions of partition walls and lateral vibrations of ceiling and piping systems.   

In addition to the instruments deployed within the building, it is necessary to provide free-field 
instruments in the vicinity of the building to record the actual ground motion data that affect the 
building response. 

A Specific Example – GNS Science complex, Avalon 

Under the GeoNet program, the GNS Science complex at Avalon (Unit-1 and Unit-2) has been 
selected for instrumentation to represent a low-rise reinforced concrete two-way moment resisting 
frame building built prior to 1976. The building is close to fault lines, located on soft soils and it is 
exceptionally well detailed. Moreover, the central recording/processing unit for all instrumented 
facilities will be configured within this building and hence it is convenient to develop a prototype 
instrumentation program within this building. There are two four-storey reinforced concrete moment-
resisting frame buildings (including the basement) separated by seismic gaps. SAP2000 (Computers & 
Structures, Inc.) models of the building are shown in Figure 2.  Unit-1 has first and second modes 
which are translational with periods of 0.53s and 0.50s and the third mode is torsional with a period of 
0.44s. The mode shapes and frequencies of Unit-2 are similar to Unit-1. Unit-1 contains the lift 
compartment and experiences in-plane rotation combined with mainly translation in mode 2. However, 
Unit-2 is very regular and does not show any torsion in modes 1 and 2.  

The proposed instrumentation scheme comprises a set of CUSP-M sensors and CUSP-M central 
recorder unit supplied by Canterbury Seismic Instruments (CSI).  The sensors are triaxial 
accelerometers, which will be spread within the building and in the free-field. Figure 3 shows the 
layout of sensors, with 5 in Unit-1, 4 in Unit-2 and one in the free-field. 

              
(a) Unit-1                                                  (b) Unit-2 

Figure 2. SAP 2000 models for GNS Science building units 



Paper Number 40              7 

 
Figure 3. Instrumentation layout in GNS Science building units 

Figure 4 shows the SAP model for a high-rise reinforced concrete shear wall frame building. The first 
mode period of the building is around 2.9s. The first three modes include two translational and a 
torsional mode. Considering the effect of higher modes it is suggested that instruments be deployed at 
the basement, 8th storey, 15th storey and roof levels. The instrumentation layout is yet to be decided 
considering the suggestions from the advisory panel. 

  
Figure 4. SAP2000 Model for a high-rise building 

5.2 In bridges  

Bridges are important infrastructure components in seismic risk mitigation processes. Monitoring their 
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behaviour under strong-motion will help in (a) assessment and mitigation of the hazards posed by 
existing bridges and (b) improvements in engineering design codes and practices. Instrumentation 
plans may vary according to the specific measurements needing to be monitored.  

A minimum level of instrumentation includes monitoring of one abutment and one column and if 
possible one free-field location. The transverse modes of the deck can be recorded by deploying 
instruments at several locations on the deck, the abutment and at a reference free-field site. Such an 
extent of instrumentation would help to define the effects of skewed decks, short columns, hinges and 
soft sites. Further, lateral, vertical and torsional motions of the deck, relative motions across the hinges 
and free-field motions can be recorded by appropriate instrumentation schemes. Under the GeoNet 
program, several bridges are possible candidates for instrumentation. They include a Motorway 
flyover (reinforced concrete) and the Bowen street bridge (sloping site) in Wellington, the South 
Rangitikei rail bridge (tall stepping piers with energy-dissipators), a central South Island bridge (Otira 
Viaduct) near Arthur’s pass (near-fault effects) and Clarence river bridge (State Highway 1 near 
Kaikoura) which is considerably long and with varying soil conditions for supporting abutments and 
piers.  

6 FUTURE SCOPE OF PROJECT 

The recorded data from instrumented facilities are to be transferred by broad band internet system to 
central processing unit located at GNS Science building. The free field data is likely be integrated into 
national accelerograph networks, where it may be automatically processed to produce regional maps 
of instrumental ground motion and shaking intensity within minutes of any significant event. It is 
proposed that such maps will be delivered via the web. With such maps, emergency responders, 
business, government agencies, and the general public will know where the earthquake had most 
effect. These data can be used as the basis for evaluating the impact of the earthquake on life line 
systems such as power and transportation networks, and pipelines, providing critical input into an 
initial regional societal disruption analysis. The onsite shaking level information may also provide 
alerts for possible unseen damage to structures or critical operational components.  Such information 
should assist in assigning resources appropriately and enable the public and private organisations to 
resume business operations at the earliest moment. 

7 CONCLUSIONS 

In general, the ongoing instrumentation project under the GeoNet program is unquestionably a major 
step forward in seeking solutions for immediate and long term requirements of performance-based 
earthquake engineering in New Zealand. Proper choice of instruments and facilities to be instrumented 
and an efficient system for data collection and maintenance are vital factors in the success of the 
instrumentation program.  Under the current program, care has been taken to achieve a balance 
between the buildings which are located in high seismic risk regions and those in other regions. It is 
envisaged that the strong motion monitoring program will help to serve the community by leading to 
improved technologies for mitigating seismic risk and improving post-earthquake damage 
assessments.  
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