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1.0 introduction

The Magnitude 7.1 Darfield earthquake on 4 September 2010 caused 
extensive damage to buildings and infrastructure in the Canterbury region 
including areas of Christchurch city and suburbs. Although damage was 
significant and widespread, there were no major building collapses and 
no loss of life. The Magnitude 4.9 aftershock on 26 December 2010 caused 
further damage. The impact from both events on modern buildings  
was low. 

On 22 February 2011 a Magnitude 6.3 aftershock centred near Lyttelton caused severe damage to 
Christchurch, particularly the Central Business District (CBD), eastern and southern suburbs, the Port 
Hills, and Lyttelton. Ground shaking intensities in Christchurch city, both horizontal and vertical, 
were in excess of those used as a basis for building design at any time up to the present day. As a 
result of the aftershock on 22 February 2011, 182 people died and many more were seriously injured. 
Many masonry buildings or parts of these buildings collapsed in the CBD and many modern building 
structures were critically damaged. At least two multi-storey buildings collapsed and stairs collapsed  
in several modern multi-storey buildings.

The New Zealand Government, through its Department of Building and Housing, responded to public 
concern about damage to major buildings and identified for investigation four large multi-storey 
buildings in the Christchurch CBD which failed during the 22 February 2011 aftershock. The buildings 
included in the investigation are the Canterbury Television Building (CTV), the Pyne Gould  
Corporation Building (PGC), the Hotel Grand Chancellor Building and the Forsyth Barr Building.  
Two of these buildings experienced collapse and the other two experienced significant failure of 
building components, including stairs, columns and walls. Damage to these buildings is representative 
of many of the structural engineering effects that the earthquake and aftershocks have caused to 
commercial buildings in Christchurch.  

A Stage 1 Expert Panel report was released on 30 September 2011 and covered the PGC, Hotel Grand 
Chancellor and Forsyth Barr buildings for which investigations had been completed. Further analyses 
were found to be necessary for the CTV Building in order to develop a full understanding of its 
behaviour in the 22 February 2011 aftershock, and the role of identified vulnerabilities in the collapse.

This report details the findings of the investigations on the four buildings, including the reasons for 
the building failures, key technical issues found and recommendations to the Department and the 
Government in relation to changes needed in codes, standards, design and/or construction practices 
necessary to achieve adequate levels of building safety in major earthquakes in New Zealand.

The results of the investigations conducted on these buildings assisted the Panel in making 
recommendations on future design and construction issues related to buildings in areas prone to 
seismic activity. 

Chapter 2 in this report outlines the objectives, scope and Terms of Reference for these investigations, 
while Chapter 3 describes the approach taken. Chapter 4 provides a contextual section outlining  
the general effects of the 22 February 2011 aftershock and the preceding 2010 earthquake and 
aftershock events.

Summaries of the investigations into the CTV, PGC, Hotel Grand Chancellor and Forsyth Barr buildings 
are provided in chapters 5, 6, 7 and 8 of this report. The more detailed consultant reports on each 
building are contained in appendices as separate volumes to this report. 
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1.0 inTroDuCTion

Cover pages and tables of contents for the consultant reports are contained in appendices D, E, F and G 
to this report. In the case of the Forsyth Barr Building consultant’s report, there are addenda containing 
material additional to the version of that report that was released with the Stage 1 Expert Panel Report 
on 30 September 2011.

Chapter 9 presents the key findings of the investigations, highlights the important technical issues 
resulting from the investigations and gives recommendations aimed at improving future design and 
construction practices.
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2.0
objectives, Scope 
and Terms of 
reference

2.1 objectives
The objectives of the investigation were as follows:

•	 To	determine	the	facts	about	the	performance	of	four	critical	buildings	in	the	Christchurch	CBD	
during the 22 February 2011 aftershock, establishing the causes of, and factors contributing to,  
the building failures. This includes consideration of the effects of the 4 September 2010 earthquake 
and 26 December 2010 aftershock.

•	 To	provide	a	comprehensive	analysis	of	these	causes	and	contributing	factors,	including,	as	context,	 
the building standards and construction practices when these buildings were constructed or 
alterations were made to them.

2.2 Scope
The buildings identified to be investigated were: 

•	 Canterbury	Television	Building	at	249	Madras	Street

•	 Pyne	Gould	Corporation	Building	at	233	Cambridge	Terrace

•	 Hotel	Grand	Chancellor	Building	at	161	Cashel	Street

•	 Forsyth	Barr	Building	at	764	Colombo	Street.

The investigation has focused on the structural performance of each building and on any relevant 
factors which contributed to or may have contributed to the collapse of the building or other  
structural failures. 

The investigation has reviewed and reported on:

•	 the	original	design	and	construction	of	the	buildings,	including	the	foundations	and	soils	investigations

•	 the	impact	of	any	alterations	and/or	maintenance	on	the	structural	performance	of	the	buildings

•	 estimation	of	the	probable	ground	shaking	at	the	buildings’	sites

•	 any	structural	assessments	and	reports	made	on	the	buildings,	including	those	made	during	 
the emergency period following the 4 September 2010 earthquake 

•	 the	structural	performance	of	the	buildings	in	the	4	September	2010	earthquake	and	the	 
26 December 2010 aftershock, and in particular the impact on components that failed in the  
22 February 2011 aftershock

•	 any	further	structural	assessments	and	reports	on	the	stability/safety	of	the	buildings	following	 
the 4 September 2010 earthquake or the 26 December 2010 aftershock

•	 the	cause(s)	of	the	collapse	or	failure	of	the	buildings.
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The investigation has also considered:

•	 the	design	codes,	construction	methods	and	building	controls	in	force	at	the	time	the	buildings	
were designed and constructed and changes over time as they applied to these buildings

•	 knowledge	of	the	seismic	hazard	and	ground	conditions	when	these	buildings	were	designed

•	 changes	over	time	to	knowledge	in	these	areas

•	 any	policies	or	requirements	of	any	agency	to	upgrade	the	structural	performance	of	the	buildings.

“Codes” and “Standards” – clarification

There may be some confusion with references made to the Building Code, the Code, codes, 
standards and/or Standards. All of these terms refer to elements of the building controls regime as 
it affects the design and construction of buildings. The current system under the Building Act 2004 
is as follows:

•	 Building	Code	(or	the	Code),	using	capital	letters,	refers	to	the	New	Zealand	Building	Code.	
This is a high-level performance-based document that defines the overall objectives, functional 
requirements and performance requirements for buildings. The Building Code covers safety, 
health, well-being and sustainability. Structural requirements are contained in Clause B1 of the 
Building Code.

•	 Compliance	Documents	related	to	Clause	B1	of	the	Building	Code	refer	to	certain	New	Zealand	
Standards. Compliance with the Standards (note capital ‘S’) cited in the Compliance Document 
for Building Code Clause B1 is deemed to be compliance with the relevant provisions of the 
performance requirements of the Building Code.

•	 Compliance	with	the	Building	Code	thus	implies	compliance	with	relevant	Standards,	such	as	
those for earthquake actions, concrete structural design and so on. This is often loosely referred 
to as compliance with the code or with standards. 

This building controls regime has been in place in New Zealand since 1991. Before that date, more 
prescriptive requirements were defined in legislation and New Zealand Standard Specifications.

In general terms, in this report, reference to compliance with the code means that the structural 
design (or construction) was in accordance with the relevant requirements of the building controls 
regime at the time.

Each investigation used available records of building design and construction, and invited and obtained 
evidence in the form of photographs, video recordings and first-hand accounts of the state  
or performance of the buildings prior to, during and after the 22 February 2011 aftershock. 

2.0 oBjeCTiveS, SCoPe AnD TermS oF reFerenCe
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2.0 oBjeCTiveS, SCoPe AnD TermS oF reFerenCe

2.3 Terms of reference
The Terms of Reference for the Department’s investigation are shown in the table on the  
following page.

The investigation timelines as detailed in the Terms of Reference were extended. This was necessary to 
allow for delays in gaining access to sites to complete the necessary forensic investigations; to identify 
and interview eye-witnesses; to examine the effects of the 4 September 2010 earthquake, 26 December 
2010 aftershock and 22 February 2011 aftershock; to analyse a range of potential failure mechanisms; 
and to allow for comments by selected parties. 

matters outside the scope of the investigation
The investigations and reports have established, where possible, the likely cause or causes of building 
failures. They did not, and were not intended to, address issues of culpability or liability. These matters 
were outside the scope of the investigation. To be consistent with this and to focus on the issues raised 
in the investigation, the Panel decided not to use the names of the parties professionally associated 
with the buildings. This has been applied throughout the investigation documents.
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Terms of reference for the Department’s investigation

Technical investigation into the Performance of Buildings in the Christchurch 
CBD in the 22 February 2011 Christchurch Aftershock

Terms of Reference

The Canterbury region suffered a severe earthquake on 4 September 2010 and an aftershock 
on Boxing Day. This was followed by another, more damaging aftershock on 22 February 2011. 
The Magnitude 6.3 aftershock on 22 February 2011 caused significant damage to Christchurch, 
particularly the CBD, eastern, and southern suburbs, the Port Hills, and Lyttelton. 

The high intensity of ground shaking led to a number of collapsed or seriously damaged buildings 
and a large number of people killed or seriously injured. It is important for New Zealanders that 
the reasons for the damage to buildings generally in the CBD, and to some particular buildings,  
are definitively established. 

Matters for investigation

The buildings specified for detailed analysis include the: Pyne Gould Corporation; CTV; Forsyth Barr 
and Hotel Grand Chancellor buildings. Others may be specified for detailed analysis as information 
comes to hand during the investigation.

The purpose of this technical investigation into the performance of buildings in the Christchurch 
CBD during the 22 February aftershock, is to establish and report on:

•	 the	original	design	and	construction	of	the	buildings;

•	 the	impact	of	any	alterations	to	the	buildings;

•	 how	the	buildings	performed	in	the	4	September	2010	earthquake,	and	the	Boxing	Day	
aftershock, in particular the impact on the buildings;

•	 what	assessments,	including	the	issuing	of	green	stickers	and	any	further	structural	assessments,	
were made about the buildings’ stability/safety following the 4 September 2010 earthquake, 
and the Boxing Day aftershock; and

•	 why	these	buildings	collapsed	or	suffered	serious	damage.

The investigation will take into consideration:

•	 the	design	codes,	construction	methods,	and	building	controls	in	force	at	the	time	the	buildings	
were designed and constructed and changes over time as they applied to these buildings;

•	 knowledge	that	a	competent	structural/geotechnical	engineer	could	reasonably	be	expected	 
to have of the seismic hazard and ground conditions when these buildings were designed;

•	 changes	over	time	to	knowledge	in	these	areas;	and

•	 any	policies	or	requirements	of	any	agency	to	upgrade	the	structural	performance	of	the	buildings.

The investigation will use records of building design and construction, and will also obtain and 
invite evidence in the form of photographs, video recordings and first-hand accounts of the state 
or the performance, of the buildings prior to, during, and after the 22 February 2011 aftershock. 

Matters outside the scope of the investigation

The investigation and report is to establish, where possible, the cause or causes of building failures.  
It is not intended to address issues of culpability or liability arising from the collapse of the 
building. These matters are outside the scope of the investigation. 

Report required

The Department will prepare a detailed written report, setting out the conclusions drawn from this 
investigation about the matters referred to in the above section by 31 July 2011.

2.0 oBjeCTiveS, SCoPe AnD TermS oF reFerenCe
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3.1 expert Panel
Following a request from Government, the Department initiated the 
investigations by appointing professional engineering consultants for each 
building and a professional engineer to carry out initial forensic testing on 
three of the four buildings. To oversee this work, the Department established 
a Panel of Experts; and the Terms of Reference for the Expert Panel (Panel) 
are set out on the following page. The Department managed the work of 
the consultants and the Panel and provided additional resources to support 
the project including engineering, secretarial, legal and communications 
personnel. 

The Panel who have produced this report were appointed to provide guidance on the methodology of 
the investigations, to review and approve the consultants’ reports and to report on their implications. 
Panel members were chosen to provide a background of experience in the range of matters related to 
the planning, design, approval and construction of buildings. 

This report is based on the findings and conclusions of the consultants engaged by the Department of 
Building and Housing. It was not the function of the Panel to undertake a full engineering peer review 
of those findings and conclusions. 

Members of the Panel and authors of this report are:

•	 Sherwyn	Williams	(Chair),	Consultant,	Kensington	Swan,	Auckland,	construction	law	expert.

•	 Professor	Nigel	Priestley	(Deputy	Chair),	Emeritus	Professor	of	Structural	Engineering	at	the	University	
of California, San Diego, specialist and leading authority on earthquake design of structures. 

•	 Dr	Helen	Anderson,	Consultant,	former	Chief	Executive	of	the	Ministry	of	Research,	Science	and	
Technology, specialist knowledge in seismology.

•	 Marshall	Cook,	Architect,	past	Adjunct	Professor	of	Design	at	Unitec,	Auckland,	specialist	
knowledge of building design for earthquakes.

•	 Peter	Fehl,	Director	Property	Services,	University	of	Auckland,	Auckland,	specialist	knowledge	of	
construction and construction industry practice.

•	 Dr	Clark	Hyland,	Hyland	Consultants,	Auckland,	specialist	forensic	and	earthquake	engineer.

•	 Rob	Jury,	Technical	Director-Structural	Engineering,	Beca,	Wellington,	specialist	structural	 
design engineer.

•	 Peter	Millar,	Tonkin	and	Taylor,	Auckland,	specialist	knowledge	of	geotechnical	engineering	practice.

•	 Professor	Stefano	Pampanin,	Associate	Professor	at	the	College	of	Engineering,	University	of	
Canterbury, Christchurch, specialist and leading authority on earthquake design of structures.

•	 George	Skimming,	Director	Special	Projects	at	Wellington	City	Council,	Wellington,	specialist	
knowledge of territorial authority roles in building procurement.

•	 Adam	Thornton,	Director,	Dunning	Thornton,	Wellington,	specialist	structural	design	engineer.

3.0 Approach
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Brief biographies of Panel members are given in Appendix A. 

Particular roles and responsibilities of the Panel were as follows:

•	 Providing	guidance	and	direction	to	the	investigation.

•	 Advising	on	the	scope	and	extent	of	investigation	necessary	to	achieve	the	overall	objectives	of	the	
investigation.

•	 Monitoring	and	reviewing	the	approaches,	investigations,	data	and	outputs	of	the	consultants.

•	 Recommending	to	the	Department	any	changes	in	the	scope	and	nature	of	work	necessary	to	
address the matters for investigation fully, accurately and authoritatively.

•	 Reviewing	and	approving	the	consultants’	reports	on	each	building.

•	 Producing	an	overview	report	addressing	the	matters	for	investigation	and	indicating	any	issues	for	
further consideration by the Department in its role as the regulator responsible for the Building Act 
and Building Code.

Terms of reference for the expert Panel 

Technical investigation into the Performance of Buildings in the Christchurch 
CBD in the 22 February Christchurch Aftershock

General

Overall Terms of Reference for the investigation are given [on page 8].

Investigations will look at the expected performance of the buildings, when they were built, the 
impact of any alterations, compliance with the code at the time, and the reasons for the collapse. 
The investigations will focus only on the technical findings and are not to address liability.

The Department of Building and Housing has overall responsibility for the outcome of the 
investigation and has appointed:

•	 Engineering	consultants	to	investigate	the	subject	buildings

•	 A	panel	of	experts	to	assist	in	achieving	the	overall	objectives	of	the	investigation

These Terms of Reference for Expert Panel describe the roles and responsibilities of the expert 
panel in the context of the overall Terms of Reference for the investigation.

Outline Approach and Outputs

The main outputs of the investigation will be:

•	 Consultant	technical	investigation	reports	on	each	building	

•	 A	report	prepared	by	the	Expert	Panel	to	the	Department

•	 A	Department	report	to	the	Minister	on	the	outcome	of	the	investigation.	

The investigating consultants will be responsible for their own work and for determining the 
inputs they use to reach their conclusions. The consultant reports will be attachments to the  
Expert Panel Report. 

The Department Report will be based on material in the consultant reports and the Expert  
Panel Report.  

3.0 APProACh
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Terms of reference for the expert Panel – continued

Roles and Responsibilities

The panel members have been chosen to provide a background of experience in the range  
of matters related to the planning, design, approval and construction of buildings. 

In general, it is expected that, individually and collectively, panel members will help the 
Department to provide comprehensive, accurate and authoritative accounts of why the buildings 
collapsed and what the implications are for the Building Act and Code.

Particular roles and responsibilities include:

•	 Providing	guidance	and	direction	to	the	investigation.

•	 Advising	on	the	scope	and	extent	of	investigation	necessary	to	achieve	overall	objectives.

•	 Monitoring	and	reviewing	the	approaches,	investigations,	data	and	outputs	of	the	 
engineering consultants.

•	 Recommending	to	the	Department	any	changes	in	the	scope	and	nature	of	work	necessary	 
to address the matters for investigation fully, accurately and authoritatively.

•	 Reviewing	and	approving	the	engineering	consultant	reports	on	each	building.

•	 Producing	an	overview	report	addressing	the	matters	for	investigation	and	indicating	any	 
issues for further consideration by the Department in their role as regulator responsible for  
the Building Act and Code.

Timeframe

The Department Report to the Minister is due by 31 July 2011. The Expert Panel Report is due  
by 30 June 2011. These deadlines may be revised if necessary for the investigation to achieve  
its objectives.

Conflicts of Interest

General
Panel members must declare all conflicts or potential conflicts of interest throughout the 
investigation. A register will be maintained which will be accessible to all members. 

Interaction with engineering consultants 
Panel members may provide comments to consultants in their role as panel members, but may  
not provide advice. Panel members are to advise other panel members of all such comments given 
as soon as possible.

Tonkin & Taylor may provide advice to consultants provided that Peter Millar is not personally involved.

3.0 APProACh
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3.2 Consultant appointments/scope   
 of activities
The Department engaged New Zealand professional engineering consultants to carry out detailed 
investigations and structural analyses of each building. 

The companies appointed were:

•	 CTV	Building:	Hyland	Consultants /StructureSmith	(Dr	Clark	Hyland,	Ashley	Smith)

•	 PGC	Building:	Beca	(Rob	Jury,	Dr	Richard	Sharpe)

•	 Hotel	Grand	Chancellor	Building:	Dunning	Thornton	(Adam	Thornton,	Alistair	Cattanach)

•	 Forsyth	Barr	Building:	Beca	(Rob	Jury,	Dr	Richard	Sharpe).

Dr Clark Hyland, Rob Jury, and Adam Thornton were Panel members. Ashley Smith, Dr Richard Sharpe 
and Alistair Cattanach attended Panel meetings on occasion to present and discuss the investigations 
and their findings.

Panel members, individually and collectively, and through the work of the consultants, have helped to 
provide comprehensive and authoritative accounts of why the buildings collapsed or failed and what 
the implications are for the Building Act and Building Code.

3.3 Department management  
 and support
Work	of	the	Panel	and	the	consultants	was	supported	by	Departmental	representatives	led	by:

•	 David	Kelly,	Deputy	Chief	Executive,	Building	Quality

•	 Mike	Stannard,	Chief	Engineer

•	 Dr	David	Hopkins,	Senior	Technical	Advisor.

Dr David Hopkins, a specialist consultant in structural and earthquake engineering, managed the 
activities of the Panel and the consultants on behalf of the Department. He helped shape the technical 
scope and content of the Panel and consultant reports and contributed to the technical discussions of 
the Panel. 

The Department provided management, secretarial and editorial support, in addition to facilitating 
access to information to assist the Panel and the consultants. Vicky Newton was the Project  
Co-ordinator	and	Pam	Johnston	the	Technical	Writer	for	the	Panel	report.

3.4 information from other parties
The Department invited evidence from members of the public and organisations involved or affected 
who could supply photographs, video recordings and first-hand accounts of the state or performance 
of each building prior to, during, and after the 22 February 2011 aftershock.

A total of 34 people contacted the Department to provide evidence. All offers of evidence were  
passed on to the consultants who made further contact with those people where it was relevant  
to their investigations.

A number of people were identified to be interviewed. Interviews were conducted with building 
owners, people who worked on the buildings while being constructed, tenants of the buildings at the 
time of the earthquake and aftershock events, and eye-witnesses who saw or experienced the collapse 
or failure of the buildings. Some interviews were conducted with the assistance of an experienced 
investigative interviewer resource from the Ministry of Social Development, and most were recorded 
and transcribed for ease of reference.

3.0 APProACh
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3.5 review of report material by     
 selected parties
The Panel gave considerable thought to allowing selected parties the opportunity to comment on the 
relevant consultant reports before public release. Those considered for referral included the owners, 
designers and builders, and the Christchurch City Council. 

Without	in	any	way	addressing	any	questions	of	liability	or	culpability,	it	was	decided	to	refer	the	
relevant consultant reports to selected parties. 

The parties to whom the reports were referred were asked to advise the Department of Building and 
Housing if they had any information that would cause the Panel to alter the consultants’ final reports. 
Comments received were considered in producing their final reports and this Panel report.

3.6 Contact with Canterbury  earthquakes  
 royal Commission of inquiry
The Royal Commission was known to have a strong interest in the results of these investigations and 
common objectives in finding reasons and recommending changes. Contact was maintained with the 
Royal Commission and information of mutual interest was shared at key stages. 

3.7 Consultant reports
The consultants gathered available information for their analyses of the buildings including:

•	 approved	building	consent	drawings

•	 Christchurch	City	Council	property	files

•	 drawings,	calculations	and	structural	specifications	supplied	by	the	designers	of	the	original	
buildings and any subsequent alterations

•	 how	the	buildings	performed	in	the	4	September	2010	earthquake,	in	particular	the	impact	of	the	
earthquake on the buildings

•	 what	assessments	(including	the	issuing	of	green	stickers	and	any	further	structural	assessments)	
were made about the buildings’ stability/safety following the 4 September 2010 earthquake

•	 media,	police	and	USAR	team	photos

•	 interviews	with	building	owners,	those	involved	in	the	construction	and	design	of	the	original	
buildings and subsequent alterations, tenants of the buildings and eye-witnesses to the collapse or 
failure of the buildings

•	 public	evidence	including	accounts	of	the	state	of	the	buildings	prior	to	the	earthquake,	opinions	 
of those who had worked on or in the buildings and photos showing the state of the buildings 
prior to and after the earthquake and aftershocks.

3.8 Site and materials investigations
Investigations have included:

•	 site	examinations	to	make	initial	observations	on	the	nature	of	the	failures

•	 retrieval	of	material	samples	for	testing

•	 laboratory	testing	of	the	samples	taken.

3.0 APProACh
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4.1 earthquake events
The Magnitude 6.3 Lyttelton earthquake event of 22 February 2011 at 
12.51pm was an aftershock of the Magnitude 7.1 Darfield (Canterbury) 
earthquake which occurred on Saturday 4 September 2010 at 4.35am.  
The Darfield event resulted in extensive areas of liquefaction, land damage 
and widespread damage to buildings and infrastructure in the Canterbury 
region. The earthquake epicentre was approximately 35km west of the 
Christchurch central business district (CBD). Figure 4.1 shows the fault 
rupture associated with the 4 September 2010 earthquake (red line) and 
epicentre (green star, arrowed). Other faults marked as dotted yellow lines 
are inferred from locations of aftershocks. Green circles show the locations 
of aftershocks that occurred before 22 February 2011. The size of the circle is 
indicative of the magnitude of the aftershock.

Figure 4.1: Fault rupture length and aftershock sequence for the 4 September 2010 and  
22 February 2011 events   (Source: GnS Science)
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While	the	impact	of	the	Darfield	earthquake	was	widespread	and	severe,	there	were	no	major	modern	
building collapses and no loss of life. There was substantial damage to unreinforced masonry buildings 
(URM),	largely	in	the	CBD,	but	the	time	of	the	earthquake	meant	that	few	people	were	exposed	to	the	
hazard of falling masonry, which represented the bulk of building damage.

Several thousand aftershocks, including several Magnitude 5.0+ aftershocks, followed in the months 
after the 4 September 2010 earthquake, including the Magnitude 4.9 aftershock on 26 December 
2010 that caused further damage in the CBD. The latter event was very close to the CBD and produced 
significant ground shaking in Christchurch City despite the significantly lower magnitude. 

The Magnitude 6.3 Lyttelton aftershock occurred at 12.51pm on Tuesday 22 February 2011, 
approximately five months after the Magnitude 7.1 Darfield (Canterbury) earthquake. The epicentre of 
the 22 February 2011 event was approximately 10km south-east of the CBD, near Lyttelton, at a depth 
of approximately 5km. This is shown as a red star (arrowed) on Figure 4.1. The red circles show the 
locations and indicate the magnitude of the aftershocks between 22 February 2011 and 11 March 2011.

4.2 impacts of 22 February 2011     
 aftershock
Due to the proximity of the epicentre of the 22 February 2011 aftershock to the CBD, its shallow 
depth and distinctive directionality effects, very strong shaking was experienced in the city centre, the 
eastern suburbs, and the Lyttelton-Sumner-Port Hills areas. The shaking intensity of the 22 February 
2011 aftershock recorded in the City of Christchurch was much greater than that of the main shock 
on 4 September 2010. The recorded values of peak vertical accelerations, in the range of 1.8 and 2.2 
times gravity (1.8g and 2.2g) near the epicentre, were amongst the highest ever recorded in an urban 
environment. However, while these accelerations were very high, the relatively short duration of the 
events moderated their effects. In the CBD the highest values of peak ground vertical accelerations 
recorded were between 0.5g and 0.8g.

This	event	resulted	in	182	fatalities,	extensive	damage	and	collapse	of	numerous	URM	buildings,	
damage to many multi-storey buildings in the CBD, collapse of two multi-storey buildings and 
widespread liquefaction affecting residential and commercial properties as shown in Figure 4.4.  
Most tall buildings in Christchurch are within the CBD, indicated by the green circle.

Figure 4.2 and Figure 4.3 show a comparison of peak ground accelerations (both horizontal and 
vertical) recorded by the GeoNet Network in the CBD area for the 4 September 2010 and 22 February 
2011 events. 

On each map, the red vertical arrows represent the peak vertical accelerations and the blue horizontal 
arrows represent the peak horizontal accelerations. The acceleration scales are the same for both maps. 
The horizontal scale shows the peak acceleration regardless of its direction.

For the 22 February 2011 event, a wide range of (medium to very high) horizontal ground accelerations 
was recorded, with peaks exceeding 1.6g near the epicentre and between 0.4g and 0.7g in the CBD 
stations. This variation confirms strong dependence on the distance from the epicentre, and also 
reflects the variability of soil characteristics.

There are two points of particular note in the context of this investigation:

•	 The	values	of	recorded	accelerations	for	the	22	February	2011	event	in	the	CBD	are	markedly	
greater than the comparable values on 4 September 2010.

•	 The	values	for	the	22	February	2011	event	reduce	markedly	and	rapidly	when	moving	to	the	west	 
of the CBD.

4.0 ConTexT
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Figure 4.2: recorded peak ground accelerations – 4 September 2010   (Source: eQC-GnS Science (Geonet))

4.0 ConTexT

Figure 4.3: recorded peak ground accelerations – 22 February 2011   (Source: eQC-GnS Science (Geonet))
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Figure 4.5: Christchurch CBD showing locations of investigated buildings.
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HGC CTV

Figure 4.4: overview of the impact of the 22 February 2011 Christchurch aftershock on the 
built environment.   (Source: nZCS/nZSee/SeSoC/TDS Series of Seminars)
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Figure 4.5 is an aerial view of the CBD showing the locations of the four buildings investigated.
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4.3 Ground shaking and building response
4.3.1 General
Earthquake-resistant structural design over the past 50 years has sought to prevent the collapse of 
structures under strong earthquake shaking while recognising that damage, even irreparable structural 
damage, could occur in such conditions. Over recent years designers have sought to produce greater 
resilience in key structural members, especially columns and walls, and to control damage to the 
building fabric generally. Typically, buildings are designed for earthquake ground shaking intensities 
expected to occur, on average, not more than once every 500 years. Modern design standards are such 
that design (and construction) to this level is intended to provide a significant margin of safety against 
collapse when subject to the design shaking. Many buildings would be expected to survive significantly 
stronger shaking without collapse.

However, damage to buildings, even those designed and built to the most recent standards, can 
be expected. In “design-level” shaking, this damage may be beyond repair and thus require the 
demolition of the building. The underlying design philosophy is to focus on life safety and to accept,  
or at least tolerate, the possible need to replace the building after such a low probability event. 

4.3.2 response of buildings to the 4 September 2010 and  
  22 February 2011 earthquake events
Detailed strong motion data was available from recording stations in Canterbury for the 4 September 2010 
earthquake, and the 26 December 2010 and 22 February 2011 aftershocks. Figure 4.6 shows the location of the 
investigated buildings, labelled “P”, “F”, “H” and “C”, and the four nearest recording stations. There was a fifth 
recording station close to the CTV site, but records for the Lyttelton aftershock were not available from this site.

4.0 ConTexT

Figure 4.6: map showing Ground motion recording Stations and investigated buildings. 
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Indications are that the ground shaking in the CBD on 22 February 2011 was sufficient to cause 
building responses comparable to those used for the design of modern buildings. However, the 
correlation between ground motion and real building response is still a matter of ongoing research. 
Given the level of expected building response to ground shaking, and the continuous evolution of 
building codes in the past decades, it is not surprising that many of the multi-storey post-1960 buildings 
in the CBD suffered significant structural damage in the 22 February 2011 event. 

Figure 4.7 and Figure 4.8 show plots of spectral (building) acceleration against (building) period for the 
4 September 2010 and 22 February 2011 events. 

The figures are taken from a contextual report prepared for the Department1 and are reproduced here 
in order to illustrate the special challenges involved in estimating the response of any building to a 
particular earthquake. 

These acceleration-versus-period plots are used by structural engineers to assess the likely earthquake 
response of buildings of different types and sizes. The vertical axis shows the (estimated) maximum 
acceleration of a building in response to specified ground motions. The horizontal axis shows the 
period (natural period of vibration) of a range of buildings. The period increases with the height of 
the building and varies with building type. Low height (stiffer) buildings have shorter periods. Taller 
buildings have longer periods. The estimated periods for the buildings in this investigation range from 
0.7 seconds for the PGC Building to 2.4 seconds for the Forsyth Barr Building. 

The figures include estimated responses to measured ground accelerations at four different 
measurement stations, in or near the CBD. These values may be thought of as a measure of the 
structural “demand” placed on buildings for a range of periods (heights/stiffnesses) as a result of the 
ground shaking. It can be seen that these demands vary greatly between one recording station and 
another and that they vary significantly with building period. 

The bold lines represent design levels used for Christchurch buildings according to the 2004, 1984 and 
1976 standards. Two intensity levels are considered for the most recent (2004) loading standard, the 
design level (or 500 year event) and the Maximum Considered Earthquake (assumed as 1.8 times the 
design level and approximately corresponding to a 2500 year event). 

4.0 ConTexT

1		 	Kam,	W.Y.,	Pampanin,	S.,	2011	General Performance of Buildings in Christchurch CDB after the 22 Feb 2011 Earthquake:  
a Contextual Report,	Department	of	Civil	and	Natural	Resources	Engineering,	University	of	Canterbury,	November	2011.
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Figure 4.7: estimated acceleration response – 4 September 2010 
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Figure 4.8: estimated acceleration response – 22 February 2011 
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4.3.3 Comparison with design levels
Figure 4.9 and Figure 4.10 provide a general comparison of the relative demands of the 4 September 
2010 and 22 February 2011 events. In order to provide a comparison of the demand of the 22 February 
2011 aftershock and the various design plots, the plots from the ground shaking records have been 
shown as a broad grey band on each figure. They are plotted as wide bands to indicate the variability 
of response within any one record and between one recording station and another. 

The curved red line in Figure 4.9 represents the “design” level (1-in-500 year) for most modern buildings 
in Christchurch – the 2004 standard. This curve is derived using a range of estimated ground accelerations 
of different types and then representing the responses as a single line. The line shown assumes that 
the structure has been designed to respond elastically to the 1-in-500 year event and does not yield 
(“equivalent elastic”). This makes it comparable with the demand curves derived from the ground motion 
records from the nominated stations.  

For design purposes ductile detailing is used and the acceleration values (hence the lateral forces used 
in design) are reduced accordingly, typically by a factor of five. Importantly, such a reduction in force 
level brings with it an obligation to detail the structural elements (beams, columns and walls)  
to achieve the level of ductility assumed in making the force reduction.

In a similar way, the blue line represents the design level for the 1984 and 1976 standards. Once again, 
these show the “equivalent elastic” response values so that they are comparable with the accelerations 
derived from the ground motion records. Designs to these standards allow the accelerations to be 
reduced if ductility is provided in the design detailing.

For the 1976, 1984 and 2004 standards the “equivalent elastic” curves represent the design 
performance level expected, because any reduction in the acceleration values used in design were 
compensated for by requirements for ductile detailing. This was not the case for the 1965 standard. 
Under	that	standard,	design	accelerations	used	assumed	that	ductility	was	achieved,	but	there	were	 
no specific detailing requirements. This makes comparison with modern standards more difficult.

The green lines in Figure 4.9 and Figure 4.10 indicate design requirements for the 1965 standard.  
The upper solid green line represents the performance of a building designed to this standard in which 
full ductility is achieved. The lower dashed green line represents a building designed to the 1965 
standard in which no ductility is achieved. In fact, buildings designed to the 1965 standard will vary in 
levels of ductility achieved, so that the performance of a building built between 1965 and 1976 would 
be somewhere between the two green lines. The situation with any one building requires knowledge 
of its structural form and the level of ductility achieved through the detailing of structural elements. 

It can be seen that buildings designed to the 1965 standard that achieve the higher levels of ductility 
plot significantly below the 1976 and 1984 standards, and well below current standards for periods up 
to 1.5 seconds. For taller (higher period) buildings the 1965, 1976 and 1984 standards are greater than 
the 2004 requirements. 
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Figure 4.10: Design versus demand – 22 February 2011 
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Comparison of the various design levels with the demand “band” is clear in these modified figures.   
For the 4 September 2010 event, it can be seen that demand is broadly comparable to capacity, 
particularly when it is considered that a building designed to the standard is highly likely to have an 
actual capacity greater than indicated by the design-level line. Conservative assumptions built into 
the structural design process mean that very few buildings would be expected to perform below the 
prescribed level for design.

The exceptional demands of the 22 February 2011 event are clear from Figure 4.10 where the grey  
band is well above the red line (representing design for a 1-in-500-year ground shaking level to the 
2004 standard). The higher orange line represents design for a 1-in-2500-year ground shaking level.

4.3.4 limitations in the comparisons
The variability evident in the above figures indicates the challenges in determining the causes of 
failures in particular buildings in a real earthquake. But even these estimates are based on certain 
assumptions as to the properties of the building, notably that it will respond elastically and have 
defined response characteristics. In addition, for a particular building, the alignment of the building 
with the direction of the strongest earthquake shaking provides further challenges and uncertainties  
in the estimation of its response. 

When	relating	the	measured	ground	accelerations	to	a	particular	building	site,	differences	in	soil	
profile may change the characteristics of the ground shaking, and thus the building response.

There is thus considerable debate amongst engineers about interpreting recorded ground motion 
information and likely building response. Structures are designed using “conservative” assumptions. 
The level of demand (such as earthquake shaking) is taken so that there is a low probability of it 
being exceeded. At the same time estimates of structure capacity (or strength) are based on material 
properties that have a low probability of being less than the values used. This approach aims to result 
in a very low probability that demand will exceed capacity.

4.3.5 non-linear analysis
One tool that has helped in this investigation is non-linear time history analysis (NTHA). In this 
technique, which is also referred to as inelastic time history analysis (ITHA) or NLTHA, the building  
is not assumed to respond elastically, and this more realistically reflects actual behaviour. The 
measured ground motions, horizontal and vertical, are used as input and the response of the building 
is calculated taking account of any change in properties as the building deforms. For example, the 
stiffness (or period of vibration) of a building changes as the building deforms and various members 
yield (ie deform inelastically). Figure 4.9 and Figure 4.10 above do not take this into account and it 
is clear from these figures that even small modifications in period can make a large difference to the 
building response.

While	NTHA	brings	its	own	uncertainties	and	variability	issues,	it	is	recognised	as	providing	a	more	
realistic estimate of building response than elastic analyses provide.

Although there is more scope for interpretation, NTHA analyses completed for the PGC and CTV buildings 
correlate reasonably with the lack of significant damage on 4 September 2010, while similar analyses 
using the 22 February 2011 ground motion records clearly point to the demand exceeding capacity.  

4.0 ConTexT
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4.3.6 General variability of building performance in earthquakes
It is important to recognise that the estimation of building response to a particular earthquake is subject 
to considerable variability and uncertainty. Responses quoted in the accompanying consultants’ reports 
should	be	interpreted	in	this	light.	Quoted	values	of	force	or	displacement,	although	they	give	a	good	
indication of likely values, could nevertheless vary quite significantly from those experienced by the building.

In a broader sense, this variability helps to explain why buildings designed and built to meet the same 
requirements can suffer markedly different levels of damage. The conservatism built into structural 
design processes means that most buildings designed to a defined standard will, in reality, exceed that 
defined standard. Furthermore, most buildings are the first (and often the only) one of their kind and 
this introduces significant variation into the performance of buildings, even between those of identical 
design. It is the combined variation in both demand and capacity that explains, in general terms, why 
some buildings fare much worse, or better, than others, or why one building collapses and another 
similar building does not.

A further factor that can influence the overall structural performance in earthquakes is the duration  
of shaking. Intense shaking for a relatively short time may do less damage than shaking of less intensity 
that lasts longer. For example, it is expected that the strongest shaking in Christchurch due to a larger 
Alpine Fault earthquake would be of lower intensity than the 22 February 2011 aftershock, but would  
last longer.

4.3.7 Contextual report 
Further details on the context of the Canterbury earthquakes are given in the Contextual Report by 
Pampanin and Kam – see Appendix H for the report reference. In particular, this report describes typical 
damage to a range of different building types. In so doing, it provides evidence that the four buildings 
that are the subject of this investigation were not the only buildings to be seriously impacted by the  
22 February 2011 aftershock.

For ease of reference, the cover and contents list of the Contextual Report is provided in Appendix H.

4.0 ConTexT
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5.1 overview
The six-level Canterbury Television (CTV) Building located at 249 Madras 
Street, Christchurch suffered a major structural collapse on 22 February 2011 
following the Magnitude 6.3 Lyttelton aftershock. Shortly after the collapse 
of the building a fire broke out in the stairwell and continued for several days. 

Figure 5.1: Canterbury Television Building in 2004   (Photo credits: Phillip Pearson, derivative work: Schewede66)
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The investigation has shown that the CTV Building collapsed because earthquake shaking generated 
forces and displacements in a critical column (or columns) sufficient to cause failure. Once one column 
failed, other columns rapidly became overloaded and failed.
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Factors that contributed (or may have contributed) to the failure include:

•	 higher	than	expected	horizontal	ground	motions

•	 exceptionally	high	vertical	ground	motions

•	 lack	of	ductile	detailing	of	reinforcing	steel	in	all	columns

•	 low	concrete	strengths	in	critical	columns

•	 interaction	of	perimeter	columns	with	the	spandrel	panels

•	 separation	of	floor	slabs	from	the	north	core

•	 accentuated	lateral	displacements	of	columns	due	to	the	asymmetry	of	the	shear	wall	layout

•	 accentuated	lateral	displacements	between	Levels	3	and	4	due	to	the	influence	of	masonry	walls	 
on the west face

•	 the	limited	robustness	(tying	together	of	the	building)	and	redundancy	(alternative	load	paths)	
which meant that the collapse was rapid and extensive.

A number of key vulnerabilities were identified which affected the structural integrity and 
performance of the building. These included: high axial loads on columns; possible low concrete 
compression strength in critical columns; lack of ductile detailing and less than the minimum shear 
reinforcing steel requirements in columns; incomplete separation between in-fill masonry and frame 
members in the lower storeys on the west wall; and the critical nature of connections between the 
floor slabs and north structural core walls.

Examination of building remnants, eye-witness reports and various structural analyses were used to 
develop an understanding of likely building response. A number of possible collapse scenarios were 
identified. These ranged from collapse initiated by column failure on the east or south faces at mid 
to high level, to collapse initiated by failure of a more heavily loaded internal column at mid to low 
level. The basic initiator in all scenarios was the failure of one or more non-ductile columns due to the 
forces induced as a result of horizontal movement between one floor and the next. The amount of 
this movement was increased by the plan irregularity of the lateral load resisting structure. Additional 
inter-storey movement due to possible failure prior to column collapse of the connection between the 
floor slabs and the north core may have compounded the situation.

The evaluation was complicated by the likely effect of the high vertical accelerations and the existence 
of variable concrete strengths. It was further complicated by the possibility that the displacement 
capacities of columns on the east or south faces were reduced due to contact with adjacent spandrel 
panels. Many reasonable possibilities existed. In these circumstances it has been difficult to identify a 
specific collapse scenario with confidence. 

The most studied collapse scenario, which was consistent with the arrangement of the collapse debris 
and eye-witness reports of an initial tilt of the building to the east, involved initiation by failure of a 
column on the mid to upper levels on the east face. Inter-storey displacements along this line were 
higher than most other locations and there was the prospect of premature failure due to contact 
with the spandrel panels. For this scenario, it was recognised that contact with the spandrel panels 
would have reduced the ability of the column to carry vertical loads as the building swayed. However, 
the displacement demands of the 22 February 2011 event were such that column failure could have 
occurred even if there had been no contact with the spandrels. Loss of one of these columns on the 
east face would have caused gravity load to shift to the adjacent interior columns. Because these 
columns were already carrying high vertical loads and were subjected to lateral displacements,  
collapse would have been likely.

The low amount of confinement steel in the columns and the relatively large proportion of cover 
concrete gave the columns little capacity to sustain loads and displacements once strains in the cover 
concrete reached their limit. As a result, collapse was sudden and progressed rapidly to other columns.

Once the interior columns began to collapse, the beams and slabs above fell down and broke away 
from the north core. The south wall, together with the beams and columns attached to that wall, then 
fell northwards onto the collapsed floors and roof.

5.0 CAnTerBury TeleviSion BuilDinG
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Other scenarios considered had different routes to the failure of a critical column, including scenarios 
involving diaphragm disconnection from the north core. In all cases, once the critical column failed, 
failure of other columns followed. 

5.2 investigation
A technical investigation into the reasons for the collapse was commissioned by the Department of 
Building and Housing and was undertaken by Hyland Consultants Limited and StructureSmith Limited. 

The investigation consisted of:

•	 examination	of	the	remnants	of	the	collapsed	building	

•	 review	of	available	photographs

•	 interviews	with	surviving	occupants,	eye-witnesses	and	other	parties	

•	 review	of	design	drawings	and	specification	for	the	original	work	and	structural	modifications

•	 structural	analyses	to	assess	the	demand	on	and	capacity	of	critical	elements

•	 synthesis	of	information	to	establish	the	likely	cause	and	sequence	of	collapse.

A separate report covering the Site Examination and Materials Testing undertaken for the investigation 
was prepared by Hyland Consultants Limited.2 

5.3 Building description
The developer of the building gained a building permit from the Christchurch City Council in 
September 1986, and construction progressed through 1986 and 1987. The structure of the CTV 
Building was rectangular in plan, and was founded on pad and strip footings bearing on silt, sand  
and gravels. Lateral load resistance was provided by reinforced concrete walls surrounding the stairs  
and lifts at the north end, and by a reinforced concrete wall on the south face. Refer to Figure 5.1 
and Figure 5.2. On the west face, reinforced concrete block walls were built between the columns and 
beams for the first three levels. Reinforced concrete spandrel panels were placed between columns 
at each level above ground floor on the south, east and north faces. Spandrel panels perform various 
functions including fire protection, sun control and architectural design.

The reinforced concrete floors were cast in-situ on permanent metal forms. The slabs were supported 
by reinforced concrete beams around the perimeter and internally, running in the east-west direction. 
The beams were, in turn, supported principally by circular reinforced concrete columns.

The building was designed with ductile reinforced concrete shear walls and with a lightweight roof 
supported on steel framing above Level 6. The walls of the north core and south wall were designed to 
provide all the lateral stability needed for earthquake actions. As such, they were required to be stiff and 
ductile. The columns (and the frames formed by columns and beams) were designed to carry gravity loads 
only on the basis that the lateral displacements of these gravity elements would then be restricted by the 
stiff wall elements. Provided the walls were designed to keep displacements within prescribed limits, the 
beams and columns were not required to be detailed to behave in a ductile manner.

The CTV Building was originally designed as an office building but changed use over time to include  
an education facility and radio and television studios for Canterbury Television. 

Note that the six floor levels are numbered with the ground floor being Level 1 for the CTV Building. 
Refer to Figure 5.1.

Grid line locations are defined in Figure 5.2.  

5.0 CAnTerBury TeleviSion BuilDinG

2   Report to the Department of Building and Housing on CTV Building Site Examination and Materials Tests, Hyland Fatigue 
and Earthquake Engineering (January 2012).



                   Structural Performance of Christchurch CBD Buildings in the 22 February 2011 Aftershock      29

Figure 5.2: Building orientation and grid line references

5.4 Structural modifications
Following an independent consulting engineer’s pre-purchase review in January 1990, drag bars were 
designed by the design engineer in October 1991 and subsequently installed at Levels 4, 5 and 6 to 
improve the connections between the floor slabs and the walls of the north core (refer to Figure 5.7). 
These connections were vital to the integrity of the building since the walls provide lateral stability  
and strength to the building.

Other structural modifications to the building included the formation of a stair opening in the Level 2 
floor next to the south wall. Coring of the floors for pipes was found to have occurred at the locations 
where the slab pulled away from the lift core during the collapse. However, neither the stair opening 
nor the coring of floors appears to have been a significant factor in the collapse on 22 February 2011. 
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5.5 earthquake and other effects  
 prior to 22 February 2011
4 September 2010
Damage to the CTV Building structure was observed and reported after the 4 September 2010 
earthquake, as follows:

•	 Minor	cracking	to	the	south	wall	and	adjacent	floors.

•	 Minor	structural	damage	including	fine	shear	cracks	in	the	north	walls.

•	 Fine	cracking	of	several	perimeter	columns	in	the	upper	floors.	

•	 Several	cracked	or	broken	windows

•	 Floor	to	ceiling	cracks	at	the	junction	of	the	lift	doors	wall	and	return	walls	on	Level	6.

This reported damage appeared to be relatively minor and was not indicative of a building under 
immediate distress or having a significantly impaired resistance to earthquake shaking. 

Demolition of neighbouring building
The building next door to the CTV Building began to be demolished almost immediately after the 
4 September 2010 earthquake and demolition continued until a week before the 22 February 2011 
aftershock. The demolition work caused noticeable vibrations and shuddering in the CTV Building 
which was a significant concern to the tenants. The view of the investigation team, based on a general 
description of the demolition operation and photos of the demolition process, was that the demolition 
would have been unlikely to have caused significant structural damage to the CTV Building.

26 December 2010
Eye-witnesses advised of no significant structural damage but some non-structural damage after the  
26 December 2010 aftershock. There were no available reports on the condition of the building after 
this event, but photographs of this damage indicate that it was minor.

5.6 Collapse on 22 February 2011
The 22 February 2011 aftershock caused the sudden and almost total collapse of the CTV Building. 
Shortly after the collapse of the building a fire broke out in the stairwell and continued for several days. 

It is evident that the building collapsed straight down almost within its own footprint and that the 
south wall (with stairs attached) fell on top of the floor slabs. The north core remained standing after 
the collapse.

Eye-witnesses spoken to as part of the investigation saw the building sway and twist violently.  
One, with a view of the south and east faces, described the whole exterior exploding and seeing the 
cladding failing and falling, and columns breaking. The upper levels of the building were seen to 
tilt slightly to the east and then come down as a unit on the floors below. The building appeared to 
collapse in on itself and this was confirmed by the final position of the collapsed slabs and the fact that 
external south face framing collapsed on top of the floor slabs.
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5.7 eye-witness accounts
Interviews were conducted with 16 eye-witnesses to the CTV Building collapse in order to identify 
consistent qualitative observations about the collapse. Four of the eye-witnesses interviewed were 
inside the CTV Building at the time of collapse and 12 were in the street or in other buildings next door 
with a clear line of sight to portions of the CTV Building as it collapsed. These insights provided clues to 
what actually happened to the structure of the building in the collapse event.

Although eye-witnesses interviewed in the investigation gave varying responses on the speed of 
collapse of the CTV Building, the majority felt it went down in a matter of seconds. Eye-witnesses gave 
a range of responses on the speed of collapse, including responses such as “it crumbled in seconds”, 
there was “only five seconds warning from the time the earthquake hit”, and it came “down in 30 
seconds	or	quicker”.	Where	timing	was	mentioned,	eye-witness	responses	referred	to	seconds	rather	
than minutes for the collapse to occur. 

5.8 examination of collapsed building
inspections and photographs
The examination of the collapsed building involved physical examination of the Madras Street site 
including the north core, and examinations of the columns that had been extracted from the building 
and taken to a secure area at the Burwood Eco Landfill. Photographs of the collapse taken by the 
public prior to debris being removed, and by rescue agencies and the media during the removal  
of debris, were used to help ascertain the likely collapse sequence and behaviour of the CTV Building. 

A review of photographs taken by rescue agencies as debris was removed provided valuable 
information on the sequence of the collapse.

Site examination and materials testing
Following the completion of rescue and recovery efforts, the Madras Street site was examined and 
material samples collected and tested. Columns at the Burwood Eco Landfill were also extracted and 
tested. Care was taken to select samples that were not affected by the post-earthquake fire and which 
were away from clearly damaged areas.

Materials testing was conducted on reinforcing steel, wall concrete, slab concrete and beam concrete 
to assess compliance with standards of the day. The main findings from this testing included the 
following:

•	 All	reinforcing	steel	appeared	to	conform	to	the	standards	of	the	day.

•	 Concrete	strengths	in	concrete	from	south	wall	and	north	core	wall	samples	were	found	to	be	
greater than specified.

•	 Tests	on	26	column	samples	(21%	of	all	CTV	Building	columns)	indicated	that,	at	the	time	of	 
testing, the column remnants from Levels 1 to 6 had a mean concrete strength of 29.6 MPa,  
with measurements ranging from 17.3 MPa to 50.3 MPa.  

The position in relation to the column samples is summarised in Figure 5.3. The black line indicates 
the inferred distribution of concrete strengths from the tests. The other three distributions are the 
expected strength distributions at 28 days from pouring of concrete based on the specified concrete 
strengths (after 28 days) which were 35 MPa for Level 1 columns, 30 MPa for Level 2, and 25 MPa 
for Levels 3 to 6. Even though it is not known which of the measurements applies to which expected 
strength distribution, it can be seen that a higher than expected proportion of the results is below the 
specified level in all cases.
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While	it	is	recognised	that	the	tests	were	conducted	on	members	that	had	been	involved	in	the	
collapse, the results indicate that column concrete strengths were significantly less than the expected 
strength considering the specified strengths, the conservative approach to achieving specified 
strengths, and the expected strength gain with age. 

5.9 Collapse evaluation
Approach and limitations
The aim of the evaluation was to identify, if possible, the most likely collapse scenario. The results of 
the structural analyses undertaken were considered in conjunction with information available from 
eye-witness accounts, photographs, physical examinations and selective sampling and testing of remnants. 

The analyses were needed to develop an understanding of the likely response of the building to 
earthquake ground motions and the demands this response placed on key structural components.  
It was recognised that any analyses for the 22 February 2011 event must be interpreted in the light  
of the observed condition of the CTV Building after the earthquake on 4 September 2010 and the  
26 December 2010 aftershock, and the possibility that these and other events could have affected the 
structural performance of the building.

Elastic response spectrum analyses (ERSA) were undertaken similar to those required by the design standards 
of the time (NZS 4203:1984 and NZS 3101:1982) and also using levels of response corresponding to 
the ground motion records. These analyses provided insights into the design intentions and the likely 
response of the building in the 4 September 2010, 26 December 2010 and 22 February 2011 events.
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Non-linear time history analyses (NTHA) were undertaken using actual records of the 4 September 
2010 earthquake and the 22 February 2011 aftershock from other nearby sites. The response of the 
CTV Building to these ground motions and the structural effects on critical elements, particularly the 
columns and floor diaphragm connections, was assessed.

The approach taken was to: 

•	 carry	out	a	number	of	structural	analyses	of	the	whole	building	to	estimate	the	demands	 
(loads and displacements) placed on the building by the earthquakes

•	 evaluate	the	capacities	(ability	to	resist	loads	and	displacements)	of	critical	components	such	 
as columns

•	 compare	the	demands	with	the	capacities	to	identify	the	structural	components	most	likely	 
to be critical

•	 identify	likely	collapse	scenarios	taking	account	of	other	information	available.

Structural analyses and evaluation included:

•	 elastic	response	spectrum	analyses	(ERSA)	of	the	whole	building

•	 non-linear	static	pushover	analyses	of	the	whole	building

•	 non-linear	time	history	analyses	(NTHA)	of	the	whole	building

•	 elastic	and	inelastic	analyses	of	the	easternmost	frame	(Line	F).

The demands from these analyses were compared with the estimated capacities of critical elements 
to assess possible collapse scenarios and to reconcile the results of the analyses with the as-reported 
condition of the building on 4 September 2010.

Overall, the approach for the analyses was to:

•	 use	established	techniques	to	estimate	structural	properties	and	building	responses	

•	 use	material	properties	which	were	in	the	middle	of	the	range	measured	

•	 examine	the	effects	of	using	ground	motions	(or	response	spectra	records	derived	from	them)	 
from several recording stations

•	 apply	these	ground	motions	or	response	spectra	without	modifying	their	nature	or	scale

•	 consider	the	variability	and	uncertainties	involved	in	each	case	when	interpreting	results	of	the	
analyses or comparisons of estimated demand with estimated capacity.

The characteristics of the building and the information from inspections and testing required 
consideration of a number of possible influences on either the response of the building or the 
capacities of elements, or both. Principal amongst these were the following:

•	 The	masonry	wall	elements	in	the	western	wall	(Line	A)	up	to	Level	4	may	have	stiffened	the	frames.

•	 The	concrete	strength	in	a	critical	element	could	vary	significantly	from	the	average	values	assumed	
for analysis.

•	 The	spandrel	panels	on	the	south	and	east	faces	of	the	building	may	have	interacted	with	the	
adjacent columns.

•	 The	floor	slabs	may	have	separated	from	the	north	core.

On top of this, consideration needed to be given to the variability and uncertainties inherent in 
structural analysis procedures. In this case, particular consideration was given to the following:

•	 The	possibility	that	the	ground	motions	or	elastic	response	spectra	used	in	the	analyses	may	have	
differed significantly in nature and scale from those actually experienced by the building.

•	 The	stiffness,	strength	and	non-linear	characteristics	of	structural	elements	assumed	for	analysis	
may have differed from actual values. This possibility can result in differences from reality in the 
estimated displacements of the structure and/or the loads generated within it.

•	 Estimating	the	effects	on	the	structure	of	the	very	significant	vertical	ground	accelerations	was	
subject to considerable uncertainty.
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In summary, the analyses were necessarily made with particular values, techniques and assumptions, 
but the above limitations were considered when interpreting the output. It should be evident that 
determination of a precise sequence of events leading to the collapse is not possible. Nevertheless, 
every effort was made to narrow down the many options and point towards what must be considered 
a reasonable explanation even though other possibilities cannot be discounted.

Overall, the output of the NTHA analyses was not inconsistent with the reported condition of the 
building after 4 September 2010. The limited available evidence of the building condition after  
4 September 2010 leaves room for a range of interpretations of the likely maximum displacements  
in the 4 September 2010 event. However, the conclusions drawn from the analyses are not particularly 
sensitive to the level of demand assumed by the NTHA, with indications that collapse could have 
occurred at lower levels of demand.

Comparisons of demand and capacity of structural elements have been made with general 
acknowledgement of the possibility that the actual building response may have differed from that 
calculated in any analysis.

The Panel supports the general conclusions as to the reasons for the collapse of the CTV Building.  
However, because of the range of factors noted above which are subject to variability and uncertainty, 
there was considerable debate between Panel members and the consultants on the relative weight 
that should be given to each of those factors. Although in agreement on the key outcomes, some Panel 
members and the consultants are not of one mind in relation to some of the detail presented in the 
consultants’ report, particularly some detailed technical issues relating to the ERSA and NTHA analyses, 
the identification of critical columns, the extent of influence of the spandrel panels, and the timing of 
any separation that may have occurred between the floor slabs and the north core.

Soils and foundations
Surveys of the site after the collapse indicated that there had been no significant vertical or horizontal 
movement of the foundations. There was no evidence of liquefaction within the site. Soil and 
foundation elements were modelled in the structural analyses based on specialist geotechnical advice. 

Ground shaking records for analyses
For the non-linear time history analyses, seismic ground motions at the CTV site were deduced from 
four strong-motion recordings surrounding the CBD, as follows:

•	 Botanical	Gardens	–	CBGS

•	 Cathedral	College	–	CCCC

•	 Christchurch	Hospital	–	CHHC

•	 Rest	Home	Colombo	Street	–	REHS.

The NTHA analyses were carried out using records from the CBGS, CCCC and CHHC sites so as to 
provide	some	indication	of	the	effects	of	variability	in	ground	shaking.	While	the	REHS	record	showed	
significantly higher amplification than the others, both with respect to Peak Ground Accelerations 
(PGA) and spectral accelerations (building response), the soil profile was markedly different from that 
at the CTV site. The sites of the other three stations (CBGS, CCCC, CHHC) were considered to have 
generally similar soil profiles to the CTV site, consisting of variable silts, silty sands and gravels overlying 
dense sands. Geotechnical specialists recommended that the REHS record be disregarded and that the 
CTV site response be taken as similar to the average of the other three stations.
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For the elastic response spectrum analyses, spectra were developed for the September, December and 
February events using the closest sites possible at the time with compatible geotechnical conditions. 
These	included	the	Westpac	building	and	the	Police	Station,	CHHC	and	CCCC.	The	average	of	the	
resultant response at each period of vibration recorded from the various instruments was used to 
develop an averaged maximum response spectra for analysis.

Critical vulnerabilities
Examination of the CTV Building design drawings indicated a number of vulnerable features or 
characteristics that could have played a part in the collapse. These vulnerabilities, which are outlined 
below, were the focus of attention during the investigation.

Columns

Details of a typical 400mm diameter column are shown in Figure 5.4. Vulnerabilities identified in 
relation to column structural performance were:

•	 non-ductile	reinforcement	details	in	the	columns

•	 less	than	required	minimum	spiral	reinforcing	for	shear	strength

•	 relatively	large	proportion	of	cover	concrete	in	the	columns

•	 possibility	of	significantly	lower	than	specified	concrete	strength	in	critical	columns

•	 lack	of	ductile	detailing	in	beam-column	connections.

The lack of ductility in the columns made them particularly vulnerable and they were the prime focus 
of the analyses. The ability of a column to sustain earthquake-induced lateral displacements depends 
on its stiffness, strength and ductility. Established methods were used to estimate the capacity of critical 
columns to sustain the predicted displacements without collapse. 
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Figure 5.4: Typical 400mm diameter column    

Typical column reinforcing 
(from Design Engineers drawings)



                   Structural Performance of Christchurch CBD Buildings in the 22 February 2011 Aftershock      37

Spandrel panels
A plan and a cross-section of the typical column and spandrel panel arrangement are shown in Figure 5.5.

The pre-cast reinforced concrete spandrel panels were fixed to the floor slab and were placed between 
columns. The gap between the ends of adjacent spandrels was specified to be 420mm giving a nominal 
10mm gap either side between the spandrel and the column. It is possible that these gaps varied from 
the nominal 10mm and it is estimated they may have ranged between 0 and 16mm. It is not known 
what the sizes of the gaps actually were, but analyses showed a significant reduction in column drift 
capacity for the case where no gap was achieved. Forensic evidence indicated that interaction may have 
occurred between some columns and adjacent spandrel panels in the 22 February 2011 event. There 
were also indications of cracking reported in some of the upper level columns after the September 
earthquake that may have indicated some interaction with the spandrel panels.

irregularities/lack of symmetry
Potential vulnerabilities identified were:

•	 lack	of	symmetry	in	plan	of	the	concrete	shear	walls	(north	core	and	south	wall)

•	 vertical	and	plan	irregularity	due	to	lack	of	separation	between	the	frame	and	masonry	infill	walls	
on the west face.

Figure 5.5: Spandrel panel detail 
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It was considered that the lack of symmetry in plan could cause displacements on the south and east 
faces to increase as the building rotated in plan. Figure 5.6 illustrates the results of one examination 
of this effect. The centre of mass indicates where the lateral forces would act. The centre of rigidity 
indicates where lateral forces, at Level 4, would be resisted. The horizontal distance between these 
points is a measure of the tendency of the building to twist when subject to horizontal ground motions.

Figure 5.6: Plan irregularity  

Diaphragm connection

Figure 5.7 shows plans of the area where a typical floor slab (shaded grey) meets the stabilising walls 
of the north core (shaded blue). The large lateral forces from the floor slab must be transferred to the 
walls at the (limited) places where slab and wall elements meet and through the drag bars (shaded red) 
which were added at Levels 4, 5 and 6 in October 1991. These connections were seen as vulnerable and 
there was a possibility that the diaphragm (slab) would separate from the walls, resulting in increased 
lateral displacements and higher demands on critical columns.
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Figure 5.7: Diaphragm connections at north core  
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Collapse initiators examined

Four potential collapse initiation scenarios were identified for evaluation:

1. Column failure on Line F or Line 1. This involved collapse initiation as a result of column failure 
on one of these lines, probably in a mid to upper level, with or without the influence of spandrel 
interaction. A Line F initiation was noted as being consistent with the arrangement of the collapse 
debris and eye-witness reports of an initial tilt to the east. 

2. Column failure on Line 2 or Line 3. Collapse in this case would be initiated by failure of a column  
at mid to low level, under the combined effects of axial load (gravity and vertical earthquake)  
and inter-storey displacement. Low concrete strength could have made this scenario more likely.

3. Column failure due to diaphragm (slab) disconnection from the north core at Level 2 or Level 3. 
In this scenario, the diaphragm separated from the north core causing a significant increase in 
the inter-storey displacements in the floors above and below. The nature of the separation and 
resulting movement of the slab would have an influence on which of these highly loaded columns 
was the most critical. It was noted that no drag bars were installed at these levels.

4. Column failure due to diaphragm (slab) disconnection from the north core at Levels 4, 5 or 6.  
This scenario has similar characteristics to scenario 3 but involves failure of drag bars and adjacent 
slab connections to the north core. A compounding factor in this scenario is the effect of uplift of 
the slab/wall connection due to northwards displacement of the north core.

The effects of diaphragm (slab) disconnection were not modelled but disconnection at any level would 
lead to increased lateral displacements.

Figure 5.8 outlines the key considerations involved in evaluating these scenarios.
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Figure 5.8: Collapse sequence evaluation 
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Critical column identification

Analyses showed that drift (ie lateral displacements) demands were generally greater at the upper 
levels of the structure than at lower levels. For drifts in the north-south direction, the Line F (east side) 
columns were more vulnerable than columns on other lines because they formed a moment frame with 
the stiff façade beams and they may also have interacted with the spandrel panels. Drift demands in 
the east-west direction were greater towards the southern side of the building, being more distant 
from the stiff and strong north core walls. Line 1 (south side) columns also formed a moment frame 
with the stiff façade beams, and would have been subject to high drift demands in the east-west 
direction. However, the columns on Line 1 were protected to some extent by the south wall and so 
were considered to be less vulnerable than the columns on Line F. 

The	columns	on	Line	2	were	seen	as	potentially	vulnerable.	While	the	lateral	displacements	(drifts)	
may have been less than on Line 1, these internal columns supported additional gravity load (with 
floor slabs all around). They also may have been more vulnerable to vertical acceleration effects due to 
the higher axial loads carried. Thus it was recognised that the reduced drift demand could have been 
matched or exceeded by a reduction in capacity to sustain the drifts imposed.

Taking the above factors into account, critical columns were identified on Lines F and 2 by examining 
the ratio of drift demand to column capacity at various levels. This process resulted in the identification 
of two “indicator” columns – one at Level 3 at grid position F2 and one at Level 3 at grid position D2.   
These particular columns were chosen because, based on maximum drifts from the NTHA, and assuming 
average concrete strengths, the ratio of lateral displacement demand to column capacity would be 
greatest in these columns.  

In making these comparisons, it was recognised that the existence of low concrete strength, vertical 
acceleration effects, diaphragm separation and/or a different level of interaction with a spandrel panel 
could mean that a column in another location could have initiated failure.

5.10 Key data and results
elastic response spectra
Figure 5.9 shows the basic “response spectra” used in the elastic response spectrum analyses. In this graph, 
the vertical axis represents the expected response of a building to the ground shaking. The horizontal scale 
shows the natural period of vibration of a building (low buildings generally having low periods and high 
buildings having high periods). The natural vibration period of the CTV Building was around 1.0 second.

The graphs give an indication of the relative intensities of ground shaking and expected building response 
on 4 September 2010, 26 December 2010 and 22 February 2011 (solid lines) and the response spectra used 
for design in 1986 when the CTV Building was designed (dotted lines). The upper dotted line represents full 
“ultimate” demand level which may be compared with the solid lines derived for the earthquake events. 

Although direct comparison of such spectra can be misleading, it can be seen that at a period of  
1.0 second, the acceleration shown for the 22 February 2011 event significantly exceeds the full 1984  
value required for the design of elastically responding structures, while the acceleration shown for 
the 4 September 2010 event is around 65 percent of the full 1984 value. The CTV Building had been 
designed for ductile response using forces derived from the lowest design spectra shown in Figure 5.9.
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Figure 5.10: Comparison of drift demand and capacity – column F2 level 3
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Figure 5.11: Comparison of drift demand and capacity 
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Figure 5.12: Comparison of drift demand and capacity – column D2 level 3 
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Figure 5.10 and Figure 5.11 show output from the non-linear time history analyses for column F2.  
Figure 5.12 shows output from the analyses for column D2. The vertical axis shows the amount of inter-
storey displacement (drift) at this column location. The horizontal axis is the time from start of shaking  
(as input into the analysis). The wavy lines plot the drift level over time and are based on application 
of the full ground shaking record in the analyses. This drift is a key measure of demand on the column. 
The light blue line shows the north-south drift which is critical for the grid F columns, taking into 
account the stiff façade beams and the potential interaction with spandrel panels. The dark blue line 
indicates the resultant drift of the north-south and east-west drifts.

Note that the time shown on the horizontal scale in Figure 5.10, Figure 5.11 and Figure 5.12 is the  
time from the start of the analysis. For the 4 September 2010 case, analysis started at 28.90 seconds 
from the start of the ground motion record. For the 22 February 2011 cases, analyses started at  
16.50 seconds. Thus the maximum response shown on Figure 5.11 at around 5.5 seconds into the 
analysis corresponds to 22 seconds from start of the ground motion record.  

The horizontal lines represent the estimated capacity of this column to sustain the drift without failing 
according to various criteria (assuming average concrete strength and without vertical earthquake 
effects). The band between the horizontal lines in Figures 5.10 and 5.11 reflects the difference between 
“no interaction with the spandrels” (higher value) and “full interaction with the spandrels”. The areas 
where the drift has exceeded the estimated capacity are shown shaded dark orange. The band showing 
the range of capacities would be wider if allowance was made for the effect of variable concrete 
strength and vertical earthquake forces in the column. 

Estimates were made of the influence of axial load and concrete strength on the drift capacities 
of columns in different locations. Three key capacity points were identified for each case: the 
displacement to cause initial yield in the reinforcing steel, initiation of concrete crushing, and the 
displacement to cause the ultimate strain in the concrete (at which failure was taken to occur). 

An important feature of this analysis was that for heavily loaded columns, the displacement to cause 
yielding of the main column bars was close to the displacement to cause failure. This is significant 
because it indicates that significant displacements, such as occurred on 4 September 2010, could be 
sustained with little evidence of distress, yet collapse could occur due to a relatively small additional 
displacement.

The key points to note are that, for the 4 September 2010 event, the maximum displacement demands 
are about half those calculated for the 22 February 2011 event. Although there are two places  
where the 4 September 2010 displacements are shaded, only one of these is for the north-south drift. 
There are no cases where they exceed the maximum assessed capacity. On the other hand,  
the 22 February 2011 demands have many “excursions” shown shaded and three that exceed the 
maximum value by a noticeable margin.

Similar plots were made for column D2 at Level 3, shown in Figure 5.12, with similar conclusions being 
reached regarding the likely performance of this column in the 22 February 2011 event.

Such comparisons provide valuable insights into the relativity of demand and capacity, but must  
be interpreted with care. 

These comparisons give some indication of the challenges of determining which column or mechanism 
initiated failure. However, the plots indicate clearly that there is a strong likelihood that the demands 
of the 22 February 2011 event were enough to cause column failure, whereas the demands of  
4 September 2010 were not.

Although the vertical accelerations at the site could have been high during the 22 February 2011 event, 
the analyses completed indicated column failure was possible without the additional effects from 
vertical accelerations.
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Displacements for column D2 on Level 1 (ground floor) (for the full record) were well below the 
assessed capacity of this column for 4 September 2010 and only marginally exceeded the capacity for 
the 22 February 2011 analysis. This is a broad indication that this column is less likely to have been the 
initiator of the collapse. However, this possibility cannot be ruled out because this column may have 
had lower than average concrete strength and/or suffered more from the effects of the considerable 
vertical forces generated in the 22 February 2011 event.    

The vertical accelerations measured in the 22 February 2011 aftershock were exceptionally high 
and may have contributed significantly to vertical forces and columns and walls. The extent of this 
contribution is generally difficult to quantify, but analyses of the CTV Building indicated that vertical 
accelerations could have doubled the vertical forces in some critical, heavily loaded columns and 
this	may	have	reduced	the	capacity	of	those	columns	to	sustain	lateral	displacements	by	up	to	40%,	
depending on concrete strength. If concrete strength in those critical columns had been less that the 
values that the analyses were based on, the displacement capacity would have been further reduced. 
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Figure 5.13: effect of axial force on drift capacities at failures      
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The highlighted markers on each plot in Figure 5.13 show the situation for two columns at Level 3.  
The middle highlighted marker shows the axial force and drift capacity without earthquake effects.  
The highlighted markers to the right and left show the effects of vertical earthquakes, reducing  
(left mark), or increasing (right mark) the column axial force (compression). It can be seen that in  
these	examples,	the	effect	on	drift	capacity	is	significant,	ranging	up	to	more	than	30%.
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A. Column on grid F2 at Level 3

Demand or Capacity Event/Condition
North-South Column drifts  
(% of floor height)

Full Record

Demand

22 February 2011 (NTHA – CBGS) 1.9

26 December 2010 (estimate) 0.5

4 September 2010 (NTHA – CBGS) 1.0

1986 Non-ductile detailing 0.6

1986	Ultimate 1.1

2010	Ultimate 2.3

Capacity
Failure (No spandrel effect) 1.2 - 1.3 (range)

Failure (Full spandrel effect) 0.9 - 1.0 (range)

Table 5.1a: indicative drift demand and capacity values

Drift demand capacity comparison

Tables 5.1a and 5.1b show a comparison of calculated drift demands for the CBGS record and capacities 
for two indicator columns, column F2 at Levels 3 to 4 and column D2 at Levels 3 to 4.

B. Column on grid D2 at Level 3

Demand or Capacity Event/Condition
East-West Column drifts  
(% of floor height)

Full Record

Demand

22 February 2011 (NTHA – CHHC) 1.9

26 December 2010 (estimate) 0.4

4 September 2010 (estimate) No analysis

1986 Non-ductile detailing 0.5

1986	Ultimate 1.0

2010	Ultimate 1.8

Capacity
Failure (No spandrel effect) 1.1 - 1.2 (range)

Failure (Full spandrel effect) No spandrel

Table 5.1b: indicative drift demand and capacity values
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Each table shows the maximum drift demand for 4 September 2010, 26 December 2010 and  
22 February 2011 for the full record. For the 22 February 2011 event, the range shown represents  
the maximum drifts found for three separate analyses using records from the CCCC, CHHC and  
CBGS stations. Also shown are two 1986 standard design limits for the CTV Building:

•	 The	“1986	Non-ductile	detailing”	figure	is	the	drift	demand	computed	in	accordance	with	1986	
standards to determine the need or otherwise for ductile detailing of the columns. Non-ductile 
detailing would be allowed provided that the actions induced in the column at this point did not 
exceed a specified strength limit. 

•	 The	“1986	Ultimate”	drift	is	the	maximum	expected	drift	demand	calculated	for	the	CTV	Building	indicator	
columns by the ERSA using the elastic design spectra and standard methods applicable in 1986.

The	“2010	Ultimate”	drift	is	also	shown	to	indicate	the	level	of	drift	demand	current	design	
requirements would place on the CTV Building indicator columns. As such it is a measure of the 
difference between 1986 design requirements and those of current standards – which require all 
columns, irrespective of drift, to be detailed for at least nominal ductility.

The “Failure” values in the Capacity part of the tables are the estimated drifts at which failure of  
the column was calculated to occur using average measured properties and without vertical 
earthquake effects.

5.11 Possible collapse scenario
Collapse was almost certainly initiated by failure of a circular column when the lateral displacement of the 
building was more than the column could sustain. Several possible scenarios leading to column failure 
were identified. Variability and uncertainty in physical properties and the analysis processes do not allow 
a particular scenario to be determined with confidence. However, the results of the analyses, taken together 
with the examination of the building remnants, eye-witness accounts and inspection of photos taken after 
the collapse, point to scenario 1, involving initiation of failure on Line F, as being a strong possibility. 

An interpretation of this scenario is that collapse was initiated by the failure of one or more columns 
on the east face of the building. These columns experienced high drift demands and may have made 
contact with the pre-cast concrete spandrel panels placed between them, reducing their ability to cope 
with building displacement. Loss of these columns immediately put large additional gravity loads on 
the adjacent interior columns which were highly loaded at the lower levels.

The progression of collapse through the building would have been rapid. The columns were relatively 
small in cross-section and had a low amount of confinement steel. Even if the columns had been more 
closely confined, loss of cover concrete would have resulted in a substantial increase in compressive 
stress and extreme demands on the remaining confined section. The columns thus had little capacity  
to sustain load and absorb greater than anticipated displacement of the building. 

Once the interior columns began to collapse, the beams and slabs above fell down and broke away 
from the north core, and the south wall and the beams and columns attached to it then fell northwards 
onto the collapsed floors and roof.
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Figure 5.14 shows the situation for this scenario with no spandrel interaction (A) and with spandrel 
interaction (B and C). Figure 5.16 illustrates the case of failure of ground floor columns on Line D 
for this scenario and the subsequent collapse of the floor slabs and frames for this inferred collapse 
sequence. Figure 5.15 shows the case along Line 2 of the scenario involving initiation on Line F.

Concrete strengths that were lower than the average used in the analyses would have reduced the load 
capacities of critical columns. Vertical accelerations from the ground motions may have added to the 
demands on columns and reduced their capacities to tolerate lateral displacement. The lack of 
symmetry of the lateral load-resisting elements is likely to have placed further demands on the critical 
columns by causing the building to twist and displacements to be larger than expected. Failure of 
diaphragm connections between floors and the north core walls, if it occurred prior to collapse 
initiating elsewhere, may have resulted in additional displacement demands on the critical columns.

Figure 5.14: inferred collapse initiation on line F   
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Figure 5.15: inferred collapse sequence on line 2
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Figure 5.16: inferred collapse sequence on line D
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5.12 Compliance/standards issues
While	it	was	not	a	primary	objective,	the	investigation	looked	at	how	the	CTV	Building	compared	 
with the design and construction standards of the day. Issues assessed included those where the design, 
the construction, or the standards of the day as applied to the CTV Building could have been potential 
contributors to the collapse. These are outlined below:

Building inter-storey drift limits
When	the	building	was	designed	in	1986,	the	building	as	a	whole	was	required	to	have	sufficient	stiff-
ness	to	limit	the	computed	inter-storey	displacement	to	below	0.83%	of	the	inter-storey	height.	The	
CTV Building as a whole was found to have satisfied this inter-storey drift requirement of the standard.  

Drift capacity of columns
The beams and columns on Lines 1, 2, 3, 4, A and F were found to have been designed as Group 2 
secondary structural elements, not forming part of the primary seismic force resisting system. 

The structural design standard applicable at the time of design had a general requirement that all 
important structural members be detailed to sustain loads at the maximum expected earthquake 
displacements of the building. The design standard also made a recommendation that all secondary 
frames be designed for ductility. The concrete design standard applicable at the time of design 
contained clauses that allowed “secondary” structural members to meet a less stringent ductility 
requirement.	Under	this	interpretation,	adequate	performance	of	the	secondary	member	was	required	
to	be	demonstrated	at	55%	of	the	maximum	expected	earthquake	displacements.	For	the	CTV	indicator	
columns the applicable displacement for this check is the “1986 Non-ductile detailing” figure in Tables 
5.1a and 5.1b. The CTV columns should have been detailed for ductility in either case.

In a similar way, because they are an integral part of the columns, the beam-column joints were 
required to be detailed for ductility.

There needs to be a review of current requirements for ductile detailing of members, particularly those 
columns which are not regarded as part of the primary lateral load-resisting structure. It is important 
that design criteria are seen as adequate in the light of the ground shaking experienced in Christchurch 
and the performance of the CTV and other buildings.

minimum column shear reinforcement
The concrete design standard applicable at the time of design had minimum requirements for shear 
reinforcement in columns, such as those in the CTV Building. The reinforcement in the CTV columns  
did not meet these requirements.

Spandrel panel separation
The spandrel panels were required to be separated from the columns to allow adequately for seismic 
movement and construction variations with allowable tolerances. A total gap allowing for seismic 
drift and construction tolerance of approximately 19mm would have been required unless specific 
requirements for an absolute minimum gap with tighter tolerance was specified. The drawings showed 
a nominal 10mm gap with no specific reference to it being a seismic separation gap.

5.0 CAnTerBury TeleviSion BuilDinG



                   Structural Performance of Christchurch CBD Buildings in the 22 February 2011 Aftershock      51

Plan asymmetry and vertical irregularity
The main seismic resisting elements (ie the concrete shear walls) were not located symmetrically about 
the centre of mass as recommended in NZS 4203:1984. The centre of stiffness of the designated primary 
seismic resisting elements was significantly eccentric to the centre of mass. The two main stabilising 
elements, the north core and the south wall, had significantly dissimilar stiffness and strength, and 
were outside recommended design limits for static analysis. However, there were no specific restrictions 
on geometric irregularity if ERSA was used. Specific warnings remained in the Loadings Standard 
about the ability to predict the performance of very irregular buildings with greater than moderate 
eccentricity such as the CTV Building.

Wall on line A
From the design calculations it appears that the Line A masonry infill wall was intended to be 
separated from the structure. The appearance and performance of this wall suggests that it was not 
separated from the structure.

Diaphragm connection
No specific reinforcing steel was shown on the structural drawings to connect the north core lift shaft 
walls into the floor slabs. This omission was picked up after construction during a pre-purchase review 
for a potential purchaser by an independent consulting engineer and, in October 1991, resulted in the 
design and subsequent installation of steel angle connectors (drag bars) on Levels 4, 5 and 6. 

The retrofitted drag bars were designed according to the requirements of the loadings standard of the 
day (NZS 4203:1984). 

Although this standard had provisions for designing diaphragms and their connections, the provisions 
were found in the investigation to be insufficient to ensure the diaphragm connection was strong  
and/or ductile enough for full performance of the north core and south wall. This may be a concern 
for other buildings relying on floor diaphragm connections to shear walls and designed using the same 
standard. A review of current standards is needed.

Documentation
The gap between the spandrel panels and the columns was not identified as a minimum for seismic 
separation purposes.

It was noted that the top course masonry infill on Line A was shown as fully grouted which would have 
prevented the desired horizontal slip.

The pre-cast beams on Lines 1 and 4 between lines A and B had no starter bars shown extending into 
the slab on the drawings. This may have compromised the diaphragm performance in the south-west 
and north-west corners, and reduced robustness as the collapse developed.

Percentage new Building Standard assessment
When	compared	to	the	current	standards	for	new	buildings,	the	CTV	Building	would	have	achieved	
40%	to	55%	NBS	(New	Building	Standard).	This	figure	applies	to	the	pre-September	2010	condition	
and is based on detailed analyses of column drift demand and capacity carried out as part of this 
investigation. The lower figure is based on significant spandrel interaction with the columns and the 
higher figure on no spandrel interaction.

Geotechnical compliance
The soils investigation report prepared for the design engineer at the time of the design was reviewed 
by a leading geotechnical consultant as part of this investigation. The consultant considered that the 
geotechnical investigation carried out in 1986 was typical of the time and appropriate for the  
expected development. 
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Construction issues
A number of areas were identified where construction issues could have introduced potential 
weaknesses in the building including the following:

•	 Concrete strength – Tests on 26 columns after the collapse found that the concrete in many columns 
was significantly weaker than expected. Cores taken from the Line 4-D/E columns were found to 
have traces of silt. 

•	 Construction joints – In many construction joints the concrete surface was not roughened in 
accordance with the requirements of the concrete construction standard.

•	 Bent-up bars – Some of the beams on the north face of the building were found not to have their 
reinforcing steel properly connected into the west face of the north core on a number of floors. 

•	 Separation of elements – Some of the reinforced masonry infill walls constructed between beams  
and columns appeared to have been constructed so that the intended structural separation was  
not fully achieved.  

Construction supervision and monitoring
The investigation highlights the need for buildings to be built in accordance with the drawings  
and specification, and the need to have confidence that the design intent also has been interpreted 
correctly and followed through. Effective quality assurance measures need to be developed and 
implemented during construction. This includes having appropriately trained and qualified personnel 
undertaking the work, adequate supervision, approvals and audit by the consenting authority,  
and construction monitoring by the design engineer and architect.

5.13 Conclusions
The investigation found that there was no evidence to indicate that the damage to the structure 
observed and/or reported after the 4 September 2010 earthquake and the 26 December 2010 
aftershock caused significant weakening of the structure with respect to the mode of collapse  
on 22 February 2011. 

Although there is some scope for interpretation of the reported building condition, the estimated 
response of the building using the 4 September 2010 ground shaking records and the assessed effects 
on critical elements are not inconsistent with observations following the 4 September 2010 event.  
Analyses using the full 22 February 2011 aftershock ground motion records indicate displacement 
demands on critical elements to be in excess of their capacities even assuming no spandrel interaction 
and no vertical earthquake accelerations.

The following factors were identified as likely or possible contributors to the collapse of the  
CTV Building:

•	 The	stronger	than	design-level	ground	shaking.

•	 The	low	displacement-drift	capacity	of	the	columns	due	to:

– the low amounts of spiral reinforcing in the columns which resulted in sudden failure once 
concrete strain limits were reached

– the large proportion of cover concrete, which would have substantially reduced the capacity  
of columns after crushing and spalling

– significantly lower than expected concrete strength in some of the critical columns

– the effects of vertical earthquake accelerations, probably increasing the axial load demand  
on the columns and reducing their capacity to sustain drift.

– loss of diaphragm connection to the north core at Lines D and E. 
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•	 The	lack	of	sufficient	separation	between	the	perimeter	columns	and	the	spandrel	panels	which	
may have reduced the capacity of the columns to sustain the lateral building displacements.

•	 The	plan	irregularity	of	the	earthquake-resisting	elements	which	further	increased	the	inter-storey	
drifts on the east and south faces. 

•	 Increased	displacement	demands	due	to	diaphragm	(slab)	separation	from	the	north	core.

•	 The	plan	and	vertical	irregularity	produced	by	the	influence	of	the	masonry	walls	on	the	west	face	
up to Level 4 which further amplified the torsional response and displacement demand.

•	 The	limited	robustness	(tying	together	of	the	building)	and	redundancy	(alternative	load	path)	
which meant that the collapse was rapid and extensive.

Surveys of the site after the collapse indicated that there had been no significant vertical or horizontal 
movement of the foundations. There was no evidence of liquefaction. 

5.14 recommendations
The performance of the CTV Building during the 22 February 2011 aftershock has highlighted the 
potential vulnerability in large earthquakes of the following:

•	 Irregular	structures
 Geometrically irregular structures may not perform as well as structural analyses indicate. There is a need 

to review the way in which structural irregularities are dealt with in design standards and methods.

•	 Non-ductile	columns
 Buildings designed before NZS 3101: 1995, and especially those designed prior to NZS 4203: 1992 

(which increased the design drift demand), with non-ductile gravity columns may be unacceptably 
vulnerable. They should be checked and a retrospective retrofit programme considered. 

•	 Pre-cast	concrete	panels
 Existing buildings with part-height pre-cast concrete panels (or similar elements) between columns 

may be at risk if separation gaps are not sufficient. Such buildings should be identified and 
remedial action taken.

•	 Diaphragm	connections
 Buildings with connections between floor slabs and shear walls (diaphragm connections) designed 

to the provisions of Loadings Standard NZ 4203 prior to 1992 may be at risk. Further investigation 
into the design of connections between floor slabs and structural walls is needed.

•	 Design	and	construction	quality
 There is a need for improved confidence in design and construction quality. Measures need to  

be implemented which achieve this. Design Features Reports should be introduced and made 
mandatory. Designers must have an appropriate level of involvement in construction monitoring. 
There should be a focus on concrete mix designs, in-situ concrete test strengths, construction joint 
preparation and seismic gap achievement.

It is recommended that the Department take action to address these concerns as a matter of priority 
and importance. The first four recommendations identify characteristics that, individually and 
collectively, could have a serious effect on the structural performance of a significant number of 
existing buildings. It is suggested that these issues be addressed collectively rather than individually. 

The Panel recommends that the Department leads a review of the issues raised around design and 
construction quality. The Department should work with industry to develop and implement changes  
to relevant legislation, regulations, standards and practices to effect necessary improvements. 
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6.1 Summary
The five-storey Pyne Gould Corporation (PGC) Building located at 231-233 
Cambridge Terrace, Christchurch, suffered a major structural collapse  
on 22 February 2011 following the Magnitude 6.3 aftershock. 

The building collapsed when the reinforced concrete walls of the core of the structure between  
Level 1 and Level 2 failed. Subsequently, the perimeter columns and/or joints between the columns  
and the beams and the connections between the floor slabs and the shear-core failed, causing the 
floors to collapse.

The structure met the 1963 design requirements of that time for the prescribed earthquake loads,  
both in terms of level of strength and the level of detailing provided.

The principal reasons that the PGC Building collapsed in response to the 22 February 2011 aftershock 
event were identified as being: 

•	 that	the	intensity	and	characteristics	of	the	ground	shaking	caused	forces	in	the	core	wall	of	the	
building (between Level 1 and Level 2) that exceeded its capacity; and 

•	 that	the	non-ductile	design	of	the	structure,	typical	of	buildings	designed	in	the	early	1960s,	lacked	
resilience once the building’s strength had been exceeded and was unable to accommodate the 
shaking associated with the 22 February 2011 aftershock event. 

6.2 investigation
A technical investigation into the reasons for the collapse was commissioned by the Department of 
Building and Housing and this was undertaken by engineering consultants Beca Carter Hollings and 
Ferner Ltd (Beca). 

6.0
Pyne Gould 
Corporation Building
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Figure 6.1: PGC Building prior to collapse    (source: S. Tasligedik)
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6.3 Building description
The five-storey office building, designed in 1963, was founded on shallow pads, and its lateral 
resilience was provided by walls surrounding the stairs and lifts. These walls formed a core, and were 
approximately symmetrically located about the north-south centre line of the building, but offset from 
the east-west axis. The axes of the rectangular building were orientated approximately north-south 
and east-west. These core walls had openings in some areas.

The perimeter of the building above Level 1 was supported on reinforced concrete columns. These 
were supported on beams which were cantilevered beyond the ground floor reinforced concrete 
columns. Refer to Figure 6.2.

A feature of the building, that affected the way in which it responded to the 22 February 2011 
aftershock, was that the structure between Ground Level and Level 1 was significantly stronger  
and stiffer than immediately above Level 1. Refer to Figures 6.3 and 6.4.

Figure 6.2: Section through building perimeter
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columns adjacent to the north 
wall of the shear-core)
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Figure 6.3: Ground level plan of building
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Figure 6.4: level one plan of building
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6.4 Structural modifications
During a 1998 major refurbishment, steel props were added to the perimeter reinforced concrete 
columns to enhance their vertical load-carrying capacity. Some investigations were undertaken into 
providing additional horizontal load resilience via steel bracing, but no additional horizontal resilience 
was added. Some openings in the concrete walls were in-filled and others created. At the same time  
as this refurbishment, decorative reinforced concrete umbrella structures on the roof were taken down 
because they were considered seismically unsafe.

In 2008, a 12 metre steel telecommunications mast was added to the central core walls above the  
roof level.

6.5 Design basis and code compliance
Calculations carried out as part of this investigation confirm that the core walls were reinforced  
to meet the seismic design loadings current in 1963.

A significant assessment of the building’s earthquake resilience was undertaken for the owner in 1997. 
This identified shortfalls in resilience with respect to the loadings standard current at that time  
(NZS 4203: 1992).

The capacity of the building after the addition of steel props behind the perimeter columns in 1998 
was	judged,	by	the	owner’s	engineer	(at	that	time)	to	be	in	excess	of	50%	of	the	then	current	new	
building standard.

6.6 Geotechnical
Soils investigations, additional to those for neighbouring sites for other building developments over 
the life of the building, have been undertaken at the site and at the nearest earthquake-recording  
site (Christchurch Resthaven REHS, 670 metres to the north north-west).

Post-earthquake soils investigations gave no indication of deformation of the foundation and/or the 
site that would be instrumental in the collapse of the structure.

6.7 Seismological
The strong-motion recordings obtained from the nearest site (REHS) are considered relevant to the 
investigation of the building’s performance and were used in the analyses. Although the ground 
conditions at the REHS recording site differ from those at the building site in some respects, they are 
considered to be the most appropriate to the PGC site.
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6.8 effects of 4 September 2010 
 earthquake and 26 December    
 2010 aftershock
Minor structural and some non-structural damage was observed as a result of the 4 September 2010 
earthquake. Some cracking was observed to the shear-core walls between Levels 1 and 2, to the stair 
flights, and to the extremities of some perimeter columns.

Eye-witnesses have advised of damage observed after the 4 September 2010 earthquake. Some of this, 
but not all, has been correlated with known spalling from reinforcing bar corrosion and  
recorded damage.

After the 26 December 2010 Magnitude 4.9 aftershock, no significant additional damage was recorded.

The owner’s structural engineers inspected the building after both the 4 September 2010 earthquake 
and the 26 December 2010 aftershock, and advised the owner it was acceptable to occupy it.

The extent and location of the damage observed/reported from the 4 September 2010 earthquake 
and the 26 December 2010 aftershock did not provide signs that the building had been significantly 
distressed in the shaking that had occurred, or of the collapse that was to occur.

6.9 effects of 22 February 2011 event
The PGC Building collapse appears to have been initiated by the failure in compression of the eastern 
core wall between Levels 1 and 2. Almost no structural damage was observed between Ground Level 
and Level 1. The core walls above Level 2 were reportedly largely undamaged. The east half of the roof 
detached itself from the core and slid partly off the level below on to the adjacent building.

6.10 Probable reasons for collapse
Analytical models of the total structure and of the core walls alone have been created. Non-linear  
time-history analyses using actual records of the three events (4 September 2010, 26 December 2010 
and 22 February 2011) recorded 670m from the building have been undertaken.

Analyses confirm that the core wall between Level 1 and Level 2 had insufficient capacity, by a 
considerable margin, to resist the intensity and characteristics of the ground shaking recorded  
at the nearest instrument on 22 February 2011. 

6.11 Conclusions
The PGC Building structure was in accordance with the design requirements of the time (1963),  
both in terms of the level of strength and the level of detailing provided. 

Modifications made to structural elements (addition of perimeter steel props and insertion/deletion 
of doorways in the core walls) during the life of the building were not material with respect to the 
collapse on 22 February 2011.

When	compared	to	the	current	code	for	new	buildings	(NZS	1170.5:	2004,	NZS	3010:	2006),	the	PGC	
Building	would	have	achieved	between	30	and	40%NBS	(New	Building	Standard)	prior	to	September	
2010, when assessed against the New Zealand Society for Earthquake Engineering Guideline 
recommendations (NZSEE, 2006).
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Testing of concrete and reinforcing steel elements retrieved from the collapsed building indicated  
that the strength and characteristics of those elements were consistent with those specified at the time 
of design.

The damage to the building as a result of the 4 September 2010 earthquake and the 26 December 2010 
aftershock was relatively minor, and was not indicative of a building under immediate distress  
or having a significantly impaired resistance to earthquake shaking. The proposed method of repair  
at that time, of grouting the cracks, appears reasonable.

The investigation concluded that the damage observed and/or reported after the 4 September 2010 
earthquake and the 26 December 2010 aftershock did not significantly weaken the structure with 
respect to the mode of collapse on 22 February 2011.

Analyses and site observations indicate the following sequence of collapse (refer to Figure 6.5).  
The PGC Building collapsed when the east and west reinforced concrete walls of the core between 
Level 1 and Level 2 failed during the aftershock. The west wall yielded in vertical tension, and then 
the east wall failed catastrophically in vertical compression. The ground floor structure stayed intact, 
virtually undamaged as it was significantly stronger and stiffer than the structure above. Torsional 
response (ie twisting of the building about a vertical axis) was not a significant factor. Once the west 
wall had failed, the horizontal deflections to the east increased markedly. The perimeter columns and/
or joints between the columns and the beams, and the connections between the floor slabs and the 
shear-core failed consequentially at some levels, causing the floors to collapse.
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Figure 6.5: inferred collapse sequence
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The reason the PGC Building collapsed was that the shaking experienced in the east-west direction  
was almost certainly several times more intense than the capacity of the structure to resist it.  
In addition, the connections between the floors and the shear-core, and between the perimeter  
beams and columns, were not designed to take the distortions associated with the core collapse. 
Neither foundation instability nor liquefaction was found to be a factor in the collapse.

Extensive studies undertaken in 1997 for a previous owner confirmed that the structure was below  
the current standard at that time with respect to earthquake resilience for new buildings. 
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6.12 recommendations
Following the investigation of the PGC Building and subsequent discussions with the Panel, a number 
of issues have arisen that the Department should give consideration to:

•	 Active	approach	to	screening	buildings	for	critical	structural	weaknesses
 The benefits of an active approach to the screening of existing buildings for critical structural 

weaknesses has been highlighted. Territorial authorities should be encouraged to include such  
an approach in their earthquake-prone building policies.

•	 Shear	walls
 The performance of the PGC Building during the 22 February 2011 aftershock has highlighted the 

potential vulnerability in large earthquakes of lightly, centrally reinforced shear walls without 
concrete confinement, especially where the horizontal resistance to earthquake is provided solely 
by the shear wall. Further investigation of the potential seismic performance of existing lightly 
reinforced shear walls should be a priority.

•	 Building	assessment	guidelines
 The existing New Zealand Society for Earthquake Engineering building assessment guidelines 

should be reviewed so that buildings of the PGC Building type are identified as potentially  
poorly-performing in earthquakes. 
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7.1 Summary
The Hotel Grand Chancellor complex located at 161 Cashel Street, 
Christchurch, suffered major structural damage following the Magnitude 
6.3 aftershock on 22 February 2011. The extent of damage suffered by the 
building was significantly increased by the collapse of a key supporting 
shear wall which failed in a brittle manner.

Extremely high compression loads combined with low levels of confinement reinforcing led to the 
wall failure. The lapping of vertical reinforcing and the slenderness of the wall also appear to have 
contributed	to	the	onset	of	failure.	Under	the	action	of	high	compression	loads,	a	small	transverse	
displacement was enough to initiate failure in unconfined concrete. The high axial loads arose from 
the building geometry and induced actions resulting from the severe horizontal accelerations. It is 
highly likely that vertical earthquake accelerations also contributed to the high compression loads.

The building deformations that resulted from the wall failure were sufficient to initiate a major stair 
collapse within the building and failures to columns and beams at various locations.

7.2 investigation
A technical investigation into the reasons for the structural damage to the Hotel Grand Chancellor 
Building was commissioned by the Department of Building and Housing and this was undertaken by 
structural consulting engineers Dunning Thornton Consultants Ltd. 

7.0
hotel Grand 
Chancellor Building
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7.3 Building description
The Hotel Grand Chancellor Building was built between 1985 and 1988 as a hotel with conference 
facilities. 

The complex comprises a 22-storey reinforced concrete tower with an 8-storey interconnected podium 
on the south side. The upper 15 levels contain hotel accommodation while below that are 6 levels of 
car parking, split into 12 half-floors. The hotel lobby is located at the ground floor making a total of  
28 levels. An adjacent car parking building, though structurally separate, shares the vehicle access 
ramps with the hotel.

Figure 7.1: hotel Grand Chancellor Building pre-September 2010 earthquake  (source: C Lund & Son Ltd website)
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Figure 7.2: Plan showing hotel Grand Chancellor Building cross-section (looking north)  
and a photograph showing the location of the shear wall (D5-6)

The Hotel Grand Chancellor Building structure has both vertical and horizontal structural irregularity. 
Vertical irregularity arises from the fact that the upper tower relies on frame action (moment-resisting 
reinforced concrete frames) for its seismic resistance while the lower tower relies on reinforced 
concrete shear walls. The two structural forms inherently have different stiffnesses and, if not linked, 
would respond differently to seismic shaking. The horizontal irregularity arises from the fact that the 
eastern bay of the building is cantilevered. Large cantilever transfer beams extend out to the east at 
Levels 12 to 14 above Tattersalls Lane to support the car park floors. Two of these cantilevered transfer 
beams sit on top of the key supporting shear wall (wall D5-6).
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7.4 Structural modifications
At the ground floor of the complex a right-of-way exists along the east boundary of the site, occupied 
by Tattersalls Lane. Initial designs for the complex had involved foundations, columns and walls being 
constructed along (and within) this right-of-way. Construction of the building was reasonably well 
advanced before legal action effectively prevented construction of any structure within the right-of-
way. This change required a structural redesign of the building. 

The investigation did not find any evidence of significant structural alterations following the 
completion of the building.

7.5 Design basis and code compliance
The investigation found that, for the most part, the structural design appeared to be compliant with 
the codes and standards that were applicable when the structure was designed. However, for the failed 
wall D5-6, it does appear that there were some design assumptions that may have contributed to the 
failure. The design appears to have underestimated the magnitude of possible axial loads, and the wall 
lacked the confining reinforcing needed to provide the ductility required to withstand the extreme 
actions that resulted from the 22 February 2011 aftershock. The assessed response of the building to 
this shaking exceeded the actions stipulated by both the current and contemporary loadings codes for 
a building of this type, structural period (of vibration) and importance.

7.6 Geotechnical
Geotechnical investigations carried out at the time of the design of the building indicated a soil profile 
of sandy silts, silty clays and some fine sand overlying gravel at approximately 6m below ground level. 
Piles for the building were detailed at 500mm diameter and were required to be driven to found firmly 
in gravels.

There have been no significant surface signs of liquefaction in the vicinity of the Hotel Grand Chancellor 
site, and geotechnical advice is that the surrounding area had been not been subject to slumping or 
localised displacement. 

While	the	underlying	soil	will	have	had	an	effect	on	the	building’s	response	to	the	22	February	2011	
aftershock, the investigation has concluded that there is no evidence of significant foundation failure. 

7.7 Seismological
Earthquake ground motions were recorded at locations around the Christchurch CBD during the  
4 September 2010 earthquake and subsequent aftershocks. These records were translated into both 
acceleration spectra and displacement spectra. Acceleration spectra show the response accelerations 
of a building structure compared to its natural period (of vibration). Displacement spectra show 
the expected displacement of the centre of mass of the structure in relation to its natural period of 
vibration. 

For analysis of the Hotel Grand Chancellor site, only the principal direction of motion at each recording 
station location was used (the ground motion is normally recorded in two orthogonal directions,  
and one vertical), and average values were used to determine the response of the structure.
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7.8 effects of 4 September 2010  
 earthquake and 26 December    
 2010 aftershock
The building survived the 4 September 2010 earthquake and the 26 December 2010 aftershock without 
apparent significant structural damage and was fully in use when the 22 February 2011 event occurred. 

7.9 effects of 22 February 2011 event
During the approximate 12 seconds of intense shaking that occurred in the 22 February 2011 
aftershock, the Hotel Grand Chancellor Building suffered a major structural failure with the brittle 
rupture of a shear wall (D5-6, refer to Figure 7.3) in the south-east corner of the building. This shear 
wall provided vertical support for approximately one-eighth of the building’s mass and was also 
expected to carry a portion of lateral earthquake loads. Damage to the base of the shear wall is shown 
in the photograph in Figure 7.4. 

Figure 7.3: level 14 floor plan
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Figure 7.4: Shear wall D5-6 base failure (in the hotel foyer)

As a result of the wall failure, the south-east corner of the building dropped by approximately 800mm 
and developed an accompanying horizontal lean of approximately 1300mm at the top of the building. 
This major movement induced other damage including column failure at the underside of the podium, 
beam yielding, stair collapse and pre-cast panel dislodgement. The collapse of the stairs, in particular, 
was dependent on the wall failure. Other more minor structural damage was consistent with what may 
have been expected in a well-performing reinforced concrete structure in a seismic event of this nature.

The 22 February 2011 aftershock induced actions within the wall that exceeded its capacity and caused 
failure and partial collapse.

There was sufficient redundancy and resilience within the overall structure to redistribute the loads 
from the failing element and halt the collapse.
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7.10 Probable reasons for structural failure
Analysis suggests that the shaking of the 22 February 2011 event exceeded that stipulated by the code 
for a building of this type and importance in a 500-year event (New Zealand design standards stipulate 
a return period of 500 years for the seismic hazard relating to typical use buildings).

Observation and analysis suggests that high compression loads, combined with the low levels of 
concrete	confinement,	led	to	the	failure.	Wall	slenderness	and	the	lapping	of	vertical	secondary	(web)	
reinforcing	may	have	contributed	to	the	onset	of	failure.	When	subject	to	high	compressive	stresses,	
unconfined concrete is prone to brittle crushing failure. In this case, extremely high loads, together 
with some transverse displacement, were sufficient to initiate the concrete failure. The length of the 
confined zone at each end of the wall was very short and it is probable that the failure initiated behind 
the confined area, where the longitudinal reinforcing was lapped and unconfined.

Shear wall failure
The investigation concludes that the following factors contributed to the failure of the critical shear 
wall (wall D5-6) in the foyer: 

•	 Larger	than	expected	ground	accelerations.

•	 Larger	than	expected	acceleration	and	displacement	demand	to	the	building.

•	 Higher	axial	loads	than	allowed	for	in	the	design.

•	 The	probable	coincidence	of	high	vertical	accelerations	with	strong	horizontal	actions.

•	 The	lack	of	robustness	and	resilience	of	the	wall	and	its	inability	to	sustain	loads	in	excess	of	those	
allowed for in the design.

Factors and features that contributed to a critical vulnerability within the building included the following:

•	 Horizontal	irregularity	of	the	building	arising	from	the	cantilevering	of	the	building	over	Tattersalls	
Lane resulting in a disproportionate contributing area being supported by the wall D5-6.

•	 Vertical	irregularity	from	a	framed	structure	on	top	of	a	shear	wall	podium	with	transfer	beams	 
at the interface.

•	 Extremely	high	axial	(vertical)	wall	actions	arising	from	a	combination	of:

– gravity (dead plus imposed) loads

– axial loads resulting from over-strength beam shears

– actions resulting from in-plane forces in the storey-high cantilever transfer beams 

– vertical earthquake actions

– code defined actions exceeded by the 22 February 2011 aftershock.

•	 Wall	slenderness	ratio	that	did	not	meet	code	requirements	for	the	levels	of	axial	load.

•	 Insufficient	confinement	at	the	base	of	wall	D5-6,	in	respect	to	code.

•	 Insufficient	available	ductility	in	the	critical	wall	D5-6	relative	to	the	demands	of	the	22	February	
2011 aftershock.

•	 Lapping	in	a	wall	end/hinge	zone.
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Stair flights collapse
Analyses carried out under this investigation indicate that:

•	 the	stairs	are	unlikely	to	have	collapsed	under	the	earthquake	actions	on	22	February	2011	had	 
the wall D5-6 not failed

•	 the	displacements	of	the	building	due	to	the	failure	of	the	wall	D5-6	were	sufficient	to	cause	
collapse of the stairs above Level 14.

Displacements between adjacent floors under design loadings were estimated to be an average of 
60mm per floor over the height of the frame. Taking account of tolerances and variability of inter-floor 
displacement, this dimension could vary by up to 20mm for any one floor. The stair detail provided 
for 70 to 80mm of horizontal spreading movement of the supports, but there was minimal provision 
for	closing	movement.	Under	the	22	February	2011	ground	shaking,	the	average	displacements	were	
estimated to be 65mm per floor. 

There was no damage to the stair flights, although there was evidence of damage due to compression 
at the supports, but it was considered that the stairs did not significantly affect the structural response. 

Surveys of the building following the collapse showed that the permanent displacement of the 
tower in line with the stair was 1000mm. It is likely that a further elastic displacement estimated at 
250mm occurred at the time of the failure. Thus the total displacement of the tower at the time of 
the aftershock was likely to have been about 1250mm, which is 90mm per floor. For any one floor, 
this	displacement	could	be	between	70	and	110mm.	When	compared	with	the	70	to	80mm	of	seating	
available, this points to a very high likelihood of stair collapse.

7.11 Conclusions
Examination and analysis suggests that the building structure was generally well designed. Indeed the 
overall robustness of the structure forestalled a more catastrophic collapse. However the shear wall 
D5-6 contained some critical vulnerabilities that resulted in a major, but local, failure. Other shear wall 
failures of similar appearance have been observed in other buildings following the 22 February 2011 
aftershock, and this suggests that a review of both code provisions and design practice is warranted. 

7.12 recommendations
This section contains some recommendations arising from observations made during the investigation 
of the Hotel Grand Chancellor Building and the meetings of the Panel. Some are quite specific to 
structural features that are contained within the Hotel Grand Chancellor Building and some are more 
generic, relating to design codes and practice generally. The matters set out below are ones that the 
Department should give consideration to:

•	 Design	rigour	for	irregularity
	 While	current	codes	do	penalise	structures	for	irregularity,	greater	emphasis	should	be	placed	on	

detailed modelling, analysis and detailing. An increase in design rigour for irregularity is required.

•	 Design	rigour	for	flexural	shear	walls
 The behaviour of walls subject to flexural yielding, particularly those with variable and/or high axial 

loads, has perhaps not been well understood by design practitioners. An increase in design rigour 
for wall design generally, and in particular for confinement of walls that are subject to high axial 
loads, is required.

•	 Stair	review
 A review of existing stairs, particularly precast scissor stairs, should be promoted and retrofit 

undertaken where required. 
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•	 Stair	seating	requirement
	 The	introduction	of	larger	empirical	stair	seating	requirements	(potentially	4%)	for	both	shortening	

and lengthening should be considered. This should be included in earthquake-prone building policies.

•	 Floor-depth	walls	
 The consequences of connecting floor diaphragms with walls that are not intended to be shear 

walls requires particular consideration. A Design Advisory relating to walls/beams that are connected 
to more than one floor, but which are not intended to act as shear walls, should be considered.

•	 Design	rigour	for	displacement	induced	actions
 Designers generally have tended to separate seismically resisting elements from ‘gravity-only’ 

frames and other elements of so-called secondary structure. However, not enough attention has 
always been paid to ensure that the secondary elements can adequately withstand the induced 
displacements that may occur during seismic actions. Non-modelled elements should perhaps be 
detailed	to	withstand	4%	displacement.	Modelled	elements	should	be	detailed	to	withstand	a	
minimum	of	2.5%	displacement.	An	increase	in	design	awareness	relating	to	displacement	induced	
actions should be promoted.

•	 Frames	supported	on	cantilevers
 Although this is not a common arrangement, caution needs to be taken when supporting a 

moment resisting frame on cantilever beams as effective ratcheting can lead to unexpected 
deflections. A Design Advisory relating to ratcheting action of cantilevered beams and frames 
should be considered.
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8.1 Summary
The 18-storey Forsyth Barr Building located on the south-east corner of 
Armagh and Colombo Streets, Christchurch, suffered an internal collapse  
of its stairs following the Magnitude 6.3 aftershock on 22 February 2011. 

The stairs collapsed on one side of the stairwell up to Level 14, and on the other up to Level 15.  
The stairs were designed in a “scissor” arrangement, and were the only means of emergency egress 
from the building.

The stairs as designed met the 1988 design requirements for the prescribed earthquake loads and 
required seismic gap.

The principal reasons that the stairs collapsed were: 

•	 the	intensity	and	characteristics	of	the	shaking	of	the	22	February	2011	aftershock	exceeded	the	 
design capacity of the stairs in terms of distance provided for the stairs to move on their supports  
in an earthquake (the seismic gap); and 

•	 it	is	possible	that	the	seismic	gaps	at	the	lower	supports	had	been	filled	with	material	that	restricted	
movement (including debris, mortar or polystyrene) which reduced their effectiveness.

8.2 investigation
A technical investigation into the reasons for the stair collapse was commissioned by the Department 
of Building and Housing, and this was undertaken by engineering consultants Beca Carter Hollings  
and Ferner Ltd (Beca). 

8.0 Forsyth Barr Building
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Figure 8.1: The Forsyth Barr Building from Armagh Street (looking south-east)

8.3 Building description
The Forsyth Barr Building, designed in 1988, is founded on a shallow raft, and its lateral resilience is 
provided by the frame action of the reinforced concrete beams and columns. For three levels above the 
Ground Level, the floors extend beyond the footprint of the tower to form a podium on the south and 
east sides. A typical floor plan is shown in Figure 8.2.
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Figure 8.2: Typical floor plan
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Emergency egress from the building was provided by a “scissor” stair system. This stair arrangement is 
exemplified in Figure 8.3.

Figure 8.3: 3D view of typical scissor stair system between two adjacent levels

The stairs are orientated diagonally within the tower in a north-east/south-west direction. The majority of 
the stair flights were pre-cast units cast into the landing at their upper ends, and seated on a steel channel 
at their lower ends which, in an earthquake, allowed the lower end to slide within limits. This provided a 
horizontal gap specified at 30mm wide for the closing cycle and 72mm for opening (refer to Figure 8.4). 
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8.4 Structural modifications
There is no evidence of significant structural changes being made to the building since its construction.

In September 2011, the investigation team were able to inspect the stairs at Levels 14, 15 and 16 by 
external crane. From this site visit indications that these seismic gaps may not have been constructed  
in accordance with the drawings were noted.

Evidence was found of modification to the lower end of at least four stair units (two units inspected 
after removal and two still in place) that may indicate the prescribed seismic gap at that end was not 
achieved in all cases during construction. 

8.5 Design basis and code compliance
There were no issues identified to indicate design non-compliance with respect to the code of the day. 
The	seismic	gap	complied	with	the	code	of	the	day	but	this	1988	design	would	be	only	80%	of	current	
requirements. In other respects a stair system within a building designed in 1988 could be expected to 
perform to essentially the same level as stairs in a similar building in 2010.

The pre-cast stair units in the tower were designed to be cast into the floor at their upper levels,  
and to be free to slide horizontally, within limits, at their lower ends. The stairs as designed met the 
1988 design requirements for the prescribed earthquake loads.

8.6 Geotechnical
Soils data has been obtained from records and from new investigations. These records were used as 
input data for structural analyses of the building. 

Surveys of the site have shown that the foundations of the Forsyth Barr Building did not move 
significantly, relative to the surrounding ground in the aftershock of 22 February 2011.

8.7 Seismological
The nearest permanent seismograph to the Forsyth Barr Building is at the Resthaven Rest Home (REHS) 
in Colombo Street, about 100 metres south of Bealey Avenue. This is about 800 metres to the north of 
the Forsyth Barr Building site. The next closest permanent seismographs were in the Botanic Gardens 
(CBGS,	1.4	km	W),	near	the	Christchurch	Hospital	car	parks	(CHHC,	1.0	km	SW),	and	near	the	Catholic	
Cathedral College in Barbadoes Street (CCCC, 1.3 km SE). Temporary seismographs were installed  
in the Christchurch Police Station after the 4 September 2010 earthquake.

Information on the soil conditions beneath each station was sought from GNS Science (operators of 
GeoNet) in order to see whether the conditions were similar to those underneath the Forsyth Barr 
Building. The softness and layers of the soil beneath a seismograph and a building may have  
a significant impact on the intensity and frequency content of the shaking they experience.
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8.8 effects of 4 September 2010 
 earthquake and 26 December    
 2010 aftershock
Minor structural damage was observed after the 4 September 2010 earthquake, including cracking  
and vertical displacement in some of the stair units and to the floor covering at the landings, cracking 
in the main structural frame members, and failure of a weld in the region of a car park ramp.

The Level 1 Rapid Assessment undertaken within a few days of the 4 September 2010 earthquake, 
under	the	authority	of	Civil	Defence,	resulted	in	the	building	being	tagged	Red	–	Unsafe.	This	was	
changed	to	Yellow	–	Restricted	Access	in	the	course	of	completing	the	Level	2	Rapid	Assessment	
undertaken by the property manager’s structural engineer. The building was re-tagged Green – 
Inspected following a small repair (to the vehicle ramp) and further inspection of the stairs.

Subsequently, the owner’s structural engineer undertook an inspection of the building, and prepared 
instructions for the repair of cracked structural elements. Instructions had been given for any cracks 
over a certain size, visible in the stairs, to be repaired by injection of an epoxy grout. 

Inspections of the most damaged flights of stairs carried out immediately after the 4 September 2010 
earthquake did not reveal there had been any significant movement at the lower support. 

Building occupants interviewed have stated that repairs to earthquake damage to floor coverings 
on the stairs in the period between the 4 September 2010 earthquake and the 22 February 2011 
aftershock were underway. 

Structural engineers inspected the building after the 4 September 2010 earthquake and the  
26 December 2010 aftershock, and advised the owner that it was acceptable to occupy.

There were no reports of further structural damage to the building after the 26 December 2010 aftershock.

8.9 effects of 22 February 2011 event
In the 22 February 2011 aftershock, the Forsyth Barr Building suffered a collapse of the main stairs  
from the Ground Level to Level 15 (one flight) and from the Ground Level to Level 14 (the other flight). 
The upper part of a column supporting the south-east corner of the podium roof was also  
significantly damaged. 

The investigation team were able to obtain copies of reports prepared by the building owner’s 
engineers (dated 31 March 2011 and 13 April 2011) that indicate the damage to the building structure 
was relatively minor. Laser scanning of the north and west facades of the building, undertaken for 
Civil Defence, did not indicate any significant permanent distortion of the structure. Although the 
investigation team inspected the stair units still in place at Levels 14, 15 and 16 in September 2011,  
it was not possible on that occasion to determine the extent of damage to the building structure.

The removal of the collapsed stair units necessitated cutting them in half at their middle landings,  
and no records were available of which units were already broken/damaged at their mid-height 
landings, or from which levels the various pieces originated. Stairs that had been removed from the 
building after the 22 February 2011 aftershock were tested in terms of core strength of concrete and 
tensile strength of reinforcing steel. Both concrete and steel properties were found to be consistent 
with code limits and building specifications. Evidence of cutting/grinding of the lower ends of at least 
two stair units (presumably to increase the in-place seismic gap) has been seen. It is believed that this 
occurred during construction.
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Analytical models of the structure were subjected to the effects of two seismic events  
(4 September 2010 and 22 February 2011) by applying records from the nearest GeoNet recording 
station (REHS, Christchurch Resthaven). In addition, analyses of a typical stair unit were undertaken  
a) to determine the effect of vertical accelerations, and b) to understand its failure mode if it were 
to be placed under compression and/or sideways bending due to differential horizontal movement 
between adjacent floors.

The analyses for the 22 February 2011 event estimated inter-storey drifts between Levels 13 and 14  
of 65mm in one direction and 45mm in the reverse direction (refer to Figure 8.5) and these values were 
used to assess the collapse scenarios.

Analyses for the 4 September 2010 event showed inter-storey drifts between Levels 13 and 14 in the 
region of 30mm, which corresponded to initiation of damage and compression to the stair flights.  
This matched the level of damage observed.

8.10 mode of collapse
It seems likely that the uppermost stair units collapsed first, possibly progressively impacting the units 
below. Interviews with occupants suggested that all the stair collapses occurred during the main shock 
over a short period of time.

The support at the bottom landing of each stair unit was likely to have been lost first, allowing the unit 
to pivot downwards about its upper end which was cast into the upper landing. In most cases, the cast-
in reinforcing steel at the upper landing has yielded and then snapped, presumably allowing the stair 
unit to fall down the building in a near-vertical attitude. The investigation team was advised that some 
of the stair units did not detach from their upper connections, and were left hanging in the stairwell 
until	removed	by	USAR.

The exact sequence of the stairs collapsing has not been determined. Figure 8.5 details the possible 
stages involved in the collapse of a stair flight.

On any one stair unit, the lower seating support could have been lost for one of (or a combination of) 
the following reasons:

•	 The	stair	unit	has	been	compressed,	resulting	in	it	bending	downwards	and	yielding	its	
reinforcement, because the seismic gap was smaller than needed in the 22 February 2011 
aftershock. This resulted in permanent shortening of the stair. On the reversal of the horizontal 
motion of the floors this shortening was sufficient for the lower landing to fall off its support.

•	 Analyses	completed	indicate	that	inter-storey	displacements	(drifts)	were	likely	to	be	highest	in	 
the region of Levels 10 to 14.

•	 The	lower	stair	landing	failed	in	shear	when	the	stair	unit	was	subjected	to	compression	after	 
the seismic gap was closed. 

•	 The	effective	horizontal	length	of	the	stair	unit	was	shortened	when	struck	by	the	stair	unit	 
above, after the unit above lost its seating and rotated downwards about its upper landing.  
The consequent V-shaped lower unit would then have dragged its lower landing off its seat.

•	 A	free-falling	stair	unit	simply	impacted	the	still-intact	unit,	causing	it	to	fail	catastrophically	 
and fall.

•	 Construction	tolerances	and	the	possibility	that	the	seismic	gap	at	the	lower	stair	support	had	been	
filled (with debris, mortar or polystyrene), would have reduced the level of building horizontal 
displacement required to fail the stair. Even though the stair separation gaps as designed met the  
code of the day, analyses indicate that the collapse would have occurred even if the joints had been 
fully free to move.
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Figure 8.5: inferred collapse sequence
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8.11 Probable reasons for stair failure
The actual seismic gaps at the bottom landings were too small for the aftershock shaking experienced 
on 22 February 2011. The characteristics of the lower seat did not allow any latitude if the building 
horizontal inter-storey displacements in an extreme event were such that they exceeded the gap provided.

The stair units were not designed to resist compression that would arise from the closing up of the 
seismic gap.

Construction dimension tolerances (and if, as suspected, the seismic gap at the lower stair support had 
been filled with debris, mortar or polystyrene) would have reduced the level of relative horizontal 
displacement between floors required to fail a stair.

The damage observed and/or reported after the 4 September 2010 earthquake and the 26 December 
2010 aftershock was not considered to have significantly weakened the stairs to make them more 
vulnerable in the 22 February 2011 aftershock. Time-history analysis indicated a level of displacement 
that was consistent with this observation.

8.12 Conclusions
Although the seismic gap at the lower stair support met the code of the day, it was too small for  
the aftershock event of 22 February 2011. There is also evidence that the available seismic gap was  
not large enough to prevent some stair flights being compressed and slightly damaged during the  
4 September 2010 earthquake. The specified gap was sufficient for the shaking experienced in  
the 26 December 2010 aftershock.

The seismic gap specified on the drawings met the design standards prevailing at the time the building 
was designed. The specified gap would not have been sufficient to avoid compression if the current 
(2010) code-derived displacements had been applied.

When	comparing	the	stairs	as	constructed	in	the	Forsyth	Barr	Building	with	the	current	code,	it	was	
found that the original design would not meet current requirements (introduced in 1992) as the 
1988	design	requirements	for	clearance	between	stairs	and	structure	would	only	be	80%	of	current	
requirements.

It could not be definitively established whether the specified seismic gap was provided everywhere,  
or whether there was debris, mortar or polystyrene in the gaps everywhere, which would have reduced 
the effectiveness of the gap. Despite the presence of extraneous material in the spaces intended for 
seismic movement, indications are that the stairs would have collapsed even if this material had not 
been present and the stairs had been fully free to move.

There was no evidence found in the investigation that indicated that repairs that were underway  
to the stair coverings prior to 22 February 2011 had an impact on the stair collapse. 

The fact that the stairs had been pre-cast as one unit, rather than as two separate units to be 
connected at mid-height landing, was not considered to have been likely to have had any effect  
on the collapse. 

No evidence (physical or analytical) could be found to suggest that vertical earthquake motion  
(or response of the stair over its length) experienced in the 22 February 2011 aftershock caused  
or significantly contributed to the stair failure.
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8.13 recommendations
Following the investigation of the Forsyth Barr Building stairs and subsequent discussions with  
the Panel, a number of issues have arisen that the Department should give consideration to:

•	 Alternatives	to	seismic	gap	detail
 Known alternatives to the seismic gap detail used in this building should be used on all new 

buildings, and for replacing the stairs in this building. These alternatives minimise significantly  
any likelihood of the stair collapsing because of insufficient displacement allowance.

•	 Advisory	note	for	gap-and-ledge	stair	detail
 An advisory note that warns of the potential issues and lack of resilience with the gap-and-ledge 

stair detail for new and existing buildings should be issued.

•	 Building	Code	provision	for	clearances	and	seatings	for	stairs
 A provision should be included in the Building Code requiring clearances and seatings for stairs  

to	be	capable	of	sustaining	at	least	twice	the	Ultimate	Limit	State	(ULS)	inter-storey	displacements,	
after allowances for construction tolerances. 

•	 No	compromise	on	seismic	gaps
 The concept that a specified seismic gap must not be compromised under any circumstances should 

be promoted.
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9.1 introduction
This chapter presents principal findings from the investigation and makes 
recommendations to the Department of Building and Housing on issues 
identified in the reports on the CTV Building, the PGC Building, the Forsyth 
Barr Building and the Hotel Grand Chancellor Building. It is recognised that 
the Department may not carry out the work recommended but will be 
responsible for the implementation of recommendations. 

Although these buildings represent a small sample of the overall building stock affected by the  
22 February 2011 aftershock, the issues and recommendations may apply to many other buildings 
in Christchurch and to other places in New Zealand. Conversely, there may be other issues affecting  
the performance of buildings not identified in this study.

In presenting these findings and recommendations, the Panel has been aware of the considerable 
uncertainty surrounding the characteristics of ground shaking at the subject sites and the estimation 
of actual building response during the aftershock. The analyses and conclusions described in the 
investigation reports, including postulated collapse mechanisms, need to be interpreted in that light, 
recognising that there may be other possibilities. Nevertheless, the Panel is confident that the general 
nature of the findings of the investigations reflects the most likely possibilities. 

The chapter presents the principal findings for each of the buildings investigated (section 9.2) 
followed by the overall findings of the investigation presented by subject matter with associated 
recommendations (section 9.3). A full list of the recommendations is summarised at the end of this 
chapter. 

These recommendations have been assigned a priority of A (urgent), B (high) or C (moderate) according 
to the urgency of the need to take action on the recommendation. However, it is important that action 
is taken on all of the recommendations as soon as possible. The Panel recognises that the Department 
will need to schedule resources to implement these recommendations.

9.0
Principal  
findings and 
recommendations



                   Structural Performance of Christchurch CBD Buildings in the 22 February 2011 Aftershock      83

9.2 Building investigations
The respective chapters on the four buildings in this report present conclusions and recommendations 
resulting from the investigations. The Panel supports the conclusions of the investigations as to the 
most likely reasons for, and the modes of, collapse/failure. The following highlights key points of 
relevance to the recommendations made later in this chapter.

9.2.1 CTv Building
A number of possible collapse scenarios were identified. Examination of building remnants, eye-witness 
reports and various structural analyses were used to evaluate these scenarios. These ranged from 
collapse initiated by column failure on the east or south faces at mid to high level to collapse initiated 
by failure of a more heavily loaded internal column at mid to low level. The basic initiator in all scenarios 
was the failure of one or more non-ductile columns due to the forces induced as a result of horizontal 
movement between one floor and the next. The amount of this movement was increased by the plan 
irregularity of the lateral load resisting structure. Additional inter-storey movement due to possible 
failure of the connection between the floor slabs and the north core may have compounded the situation. 

The evaluation was complicated by the likely effect of the high vertical accelerations and the existence 
of variable concrete strengths. It was further complicated by the possibility that the displacement 
capacities of columns on the east or south faces were reduced due to contact with adjacent spandrel 
panels. Many reasonable possibilities exist. In these circumstances it has been difficult to identify a 
specific collapse scenario with confidence. 

The most studied scenario, which was consistent with eye-witness reports of an initial tilt of the 
building to the east, involved initiation by failure of a column on the mid to upper levels on the 
east face. Inter-storey displacements along this line were higher than most other locations and there 
was the prospect of premature failure due to contact with the spandrel panels. Loss of one of these 
columns on the east face would have caused load to shift to the adjacent interior columns. Because 
these were already carrying high vertical loads and were subjected to lateral displacements, collapse 
would have been likely.

The low amount of confinement steel in the columns and the relatively large proportion of cover 
concrete gave the columns little capacity to sustain load and displacement once strains in the cover 
concrete reached their limit. As a result collapse was sudden and progressed rapidly to other columns.

Once the interior columns began to collapse the beams and slabs above fell down and broke away 
from the north core. The south wall together with the beams and columns attached to that wall then 
fell northwards onto the collapsed floors and roof.

Other scenarios considered had different routes to the failure of a critical column, but in all cases, once 
the critical column failed, failure of other columns followed. 

In reviewing the issues arising from the CTV Building investigation, the Panel concludes as follows:

a) Geometrically irregular structures may not perform as well as structural analyses indicate. 
Limitations on eccentricity should be reviewed, limits tightened and the concerns brought to  
the attention of structural engineers and territorial authorities.

b) Particular attention should be given to the evaluation of the actual displacement capacity of 
gravity-load bearing columns designed according to pre-1995 code provisions. Buildings designed 
before 1995 with non-ductile columns may be unacceptably vulnerable. They should be checked 
and a retrospective retrofit programme considered. The minimum confinement requirements  
for gravity-load bearing columns in ‘secondary’ structural systems must be reviewed.
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c) Adequate attachment of floors to shear walls must be achieved. The methods of assessment of 
the forces involved and of effective methods to provide for them require re-evaluation. Buildings 
designed to the provisions of NZS 4203 prior to 1992 should be subject to particular attention, 
including consideration of the need for retrofit action.

d) There is a need to assess minimum clearance requirements to non-structural components  
(eg spandrel panels and infill walls) that may detrimentally affect structural performance.  
Greater awareness of the importance of these requirements is needed amongst structural designers, 
architects, territorial authorities and builders.

e) There is a need for improved confidence in design and construction quality. Measures need to 
be implemented which achieve this. Design Features Reports should be introduced and made 
mandatory. Designers must have an appropriate level of involvement in construction monitoring. 
There should be a focus on concrete mix designs, in-situ concrete test strengths, construction joint 
preparation and seismic gap achievement. There is a need to check the strength/quality of concrete 
achieved in a range of structures throughout the country.

9.2.2 PGC Building
The lack of ductility and strength inherent in the 1963 standards and the strong shaking combined  
to fail the eastern wall of the building’s shear core. The resulting horizontal displacement of the floors 
led to the failure of the columns and beam-column joints, causing the floors to collapse on top of  
one another.

In reviewing the issues arising from the PGC Building investigation, the Panel concludes as follows:

a)	 Walls	with	centrally	located	and	light	reinforcement	may	be	susceptible	to	failure	when	
significantly overloaded. In such walls the concrete carrying compressive loads is not confined  
by reinforcement and will therefore behave in a brittle fashion.

b) Older buildings may lack redundancy and be vulnerable if they have only one lateral load resisting 
system or no alternative load path. 

c) Columns and walls that are not regarded as contributing to earthquake resistance must be capable 
of sustaining the expected inelastic lateral displacements of the structure.

9.2.3 hotel Grand Chancellor Building
The failure of a critical shear wall was caused by extremely high axial stresses resulting from both 
horizontal and vertical irregularity and bi-directional loadings. The high axial stresses combined with 
low levels of confinement reinforcing at the base of the wall resulted in a brittle failure of the wall.

The building irregularity and the critical wall’s vulnerability were increased as a result of a design 
change during construction when permission to support the east face of the building on foundations 
located in Tattersalls Lane was declined. 

High seismic vertical accelerations are likely to have further increased the axial loads/stresses beyond 
those expected. The inherent redundancy and resilience of the remaining structure prevented total 
collapse. 

A number of other wall failures which had the appearance of high axial stresses and low confinement 
levels were observed in buildings following the 22 February 2011 aftershock.

In reviewing the issues arising from the Hotel Grand Chancellor Building investigation, the Panel 
concludes as follows:

a) Vertical accelerations must be considered in situations where there is not a direct load path to the 
ground (ie horizontal cantilevers) and transfer beams.

b) Minimum confinement requirements in wall/columns of the type that failed should be reassessed.

c) Maximum axial stresses in columns/walls should be reviewed to improve resilience.

d) Slenderness ratio limitations for such walls need to be checked.
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9.2.4 Forsyth Barr Building stairs
The strong shaking caused the building to sway beyond design expectations current at the time of the 
building design. The seismic movement gap at the base of the stair flights was not sufficient to avoid 
compression in the stair flights. The prescribed seismic gap may not have been achieved in all cases 
during construction. Material was also found in the spaces intended for seismic movement in the stairs. 
This extraneous material may have exacerbated the compression actions that shortened the flights 
making the collapse of the stairs more likely. However, indications are that the collapses may have 
occurred even if the stairs had been fully free to move. The collapses may not have occurred if current 
(2010) design allowances for inter-storey movement had been provided. 

While	the	stair	seating	detail	used	at	the	base	of	the	Forsyth	Barr	stair	units	was	not	widely	used,	 
a number of other stair details that were commonly used during the 1980s and 1990s do not provide 
for sufficient movement when analysed against current seismic displacement expectations. These types 
of stair connections, together with stairs designed prior to 1976, which commonly have no provision  
for movement, are likely to require some retrofit. 

In reviewing the issues arising from the Forsyth Barr Building investigation, the Panel concludes  
as follows:

a) Egress stairs must be designed to maintain their structural integrity until the building structure is  
on the point of collapse.

b) Scissor stairs inherently have less reliability than other stair systems because loss of one flight can 
result in the loss of the entire egress route. Conservatism is therefore advised.

c) Gap and ledge support arrangements are problematical and conservatism is advised or an 
alternative arrangement recommended.

d) Seismic gaps must remain completely clear and must not be reduced by construction tolerances, 
debris etc.

e) Ledges must be generous and evaluated according to expected demand at point of collapse  
of the building.

9.3 Findings and recommendations
The Panel considered the issues raised in the investigations of the four buildings and as a result 
identified a range of principal findings and associated recommendations for action. The findings and 
recommendations are set out below and have been grouped under logical subject-headings for ease  
of implementation.

9.3.1 Ground shaking/building response
1. Estimating building response:
The estimated responses of buildings to recorded ground shaking in the Christchurch CBD on  
22 February 2011 are shown, in most cases, to be significantly greater than those used in 2010 as a basis 
for the design of new buildings of the type in the investigations. The investigations highlighted the 
variability and uncertainty involved in estimating building response from ground shaking measurements. 

The earthquake was shallow and very close to Christchurch City, so the intensity of ground shaking  
in this event (as indicated by the response spectra) was much higher than in the Darfield event.

2. Vertical accelerations: 
The vertical accelerations measured in the 22 February 2011 aftershock were exceptionally high 
and may have contributed significantly to vertical forces in columns and walls. The extent of this 
contribution is generally difficult to quantify, but analyses of the CTV Building indicated that vertical 
accelerations could have reduced the capacity of critical columns to sustain lateral displacements by 
around	15	to	35%	depending	on	concrete	strength.
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3.	 Duration	of	shaking:	
The duration of the 22 February 2011 aftershock was relatively short. A longer duration earthquake is 
likely to have had a greater effect on buildings, especially on structures that are not well tied together 
or are not properly detailed in their critical connection regions. It is important that the implications 
of longer duration shaking be better understood, in particular when assessing the earthquake 
performance of existing buildings. The availability of extensive ground motion records and information 
on modern building performance offers an opportunity to improve such understanding and revise 
current assessment/design/retrofit methodologies.

4. Seismic hazard coefficients for building design: 
The logic of consideration of large infrequent earthquakes within a uniform risk environment should 
be re-examined. In particular, the basis for determining seismic hazard coefficients for building design 
needs to be looked at. Consideration of the consequences of a large earthquake occurring in or near  
a major urban centre, including the national economic impact, should also be investigated. 

recommendation 1: Ground shaking/building response

(Priority A)

Bring together a comprehensive study that examines the seismic response/performance of 
buildings in the Canterbury earthquakes, particularly the 4 September 2010 earthquake and the  
22 February 2011 aftershock.

Such a study should relate building performance (for older and new buildings) and ground shaking 
measurements, and be aimed at improving the effectiveness and efficiency of earthquake-resistant 
design in New Zealand and elsewhere.

The study should address:

•	 the	methods	and	assumptions	used	in	building	design,	analysis,	standards	and	practices

•	 the	influence	of	vertical	ground	motions

•	 the	effects	of	duration	of	earthquake	shaking

•	 the	basis	for	determining	seismic	hazard	factors	for	building	design,	assessment	and	retrofit,	
particularly for large urban centres.

9.3.2 Geotechnical
1.	 Liquefaction	effects:	
The effects of liquefaction and lateral spreading were not significant for any of the four buildings  
in the investigation.

2. Foundation distress: 
Foundation distress was not a factor in the collapses or failures of buildings. There was no evidence  
of significant foundation settlement or failure in any of the buildings. 

3. Geotechnical information: 
In spite of the above findings, the Panel was concerned at the level of information on site soil 
conditions used as a basis for decisions on foundations. The level of geotechnical investigation for  
the	subject	buildings	was	noticeably	less	than	is	typical	for	buildings	in	Auckland	and	Wellington.	
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recommendation 2: Geotechnical

(Priority B)

Review geotechnical information standards required for urban areas in New Zealand and develop 
national guidelines for minimum standards of information.

9.3.3 Post-earthquake inspections
1.	 Inspections	following	damaging	earthquakes:	
From the information available, it appears that the 4 September 2010 earthquake and the 26 December 
2010 aftershock did not significantly reduce the earthquake resistance of any of the four buildings. 
Nevertheless there is a need to clarify the requirements and expectations of inspections of buildings 
damaged by earthquakes. This includes the rapid assessments done under civil defence emergency and 
those done on behalf of the owner or other authorities. Special efforts are needed to improve  
the public understanding of what the inspections can and cannot achieve.

2.	 Post-earthquake	inspections	–	documentation:
The documentation required for and resulting from post-earthquake inspections needs to be made 
publicly available and recorded on Council property files. Special efforts are also required to make 
sure that information that is a) required for post-earthquake building inspections and b) results from 
post-earthquake building inspections has appropriate electronic back-up systems so that it is able to be 
accessed remotely in an emergency situation.

3. Legislative provisions:
There is a need to better align the powers available with respect to building safety during a state  
of civil defence emergency and those in the Building Act. The legal status of safety assessments 
made in the emergency period needs to be clarified and the transition from Civil Defence Emergency 
Management Act to Building Act aligned.

This may require changes to the Building Act to include specific provisions for the structural assessment 
and rehabilitation of buildings affected by earthquakes.

recommendation 3: Post-earthquake inspections

(Priority A)

Review current methods for inspecting and reporting information on the structural condition  
of buildings following an earthquake.

Such a review should address: 

•	 the	need	for	legislation	covering	the	structural	assessment	and	rehabilitation	of	buildings	
affected by earthquakes

•	 the	extent	to	which	building	owners	are	responsible	for	undertaking	a	more	detailed	
evaluation of their buildings following earthquakes

•	 the	need	for	public	awareness	and	owner	education	programmes	to	improve	the	general	
understanding of the roles of post-earthquake inspections/evaluations and their limitations 

•	 legislative	requirements	for	the	documentation	of	post-earthquake	inspection	information	 
and public accessibility to such information.
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9.3.4 Structural design – general issues
The investigations highlighted the need to re-examine some general and some specific aspects of 
structural design to draw on the experience of the Canterbury earthquakes. The issues identified centre 
on the importance of integrity, ductility and robustness in earthquake-resistant structures, the need 
to limit irregularity of structural form, and the need to avoid unintended interactions of structural 
elements with other building components. The general structural design issues are outlined in this 
section (9.3.4) and the more specific structural design issues in the following section (9.3.5).

1. Encouragement of higher standards than code minimums:
The Building Code and related Standards define minimum performance requirements for buildings. 
A modern building designed according to the current requirements would be expected to suffer 
significant damage when subject to an intensity of shaking equivalent to that used in its design. 
Owners and designers need to be encouraged to recognise that achieving higher than the minimum 
required performance requirements may be more cost-effective, especially if the property market puts 
a value on good seismic performance. 

There is a need to:

•	 check	that	minimum	structural	performance	standards	match	community	expectations	

•	 encourage	consideration	by	owners	and	designers	of	the	value	of	achieving	more	than	the	
minimum standards. 

2. Structural integrity:
The failure of the CTV Building in particular has highlighted the need for a high degree of integrity 
(tying together and resilience) of buildings subject to earthquake actions. Greater emphasis on overall 
structural integrity of buildings is needed. 

The Panel is concerned that requirements for the design of structures, particularly reinforced concrete 
structures, are becoming dominated by excessively detailed procedures and calculations at the expense 
of attention to the basic fundamentals of structural mechanics that are essential to achieve structural 
integrity and robust load paths. 

There is a need to reassess and simplify the requirements for reinforced concrete design so as to place 
more emphasis on the need for overall structural integrity and robust load paths. 

3. Designing resilient buildings: 
The importance of resilience and redundancy was demonstrated during the aftershock by the Hotel Grand 
Chancellor Building which did not collapse despite the failure of a load bearing wall. In contrast, the collapses 
of the CTV and PGC buildings highlighted the lack of alternative load-paths or back-up mechanisms in the 
seismic response. Redundancy within seismic and gravity load paths should be provided wherever possible.

Design approaches need to be re-evaluated and changed as necessary to include specific provisions  
to avoid progressive and disproportionate collapse in multi-level and large buildings. 

4. Irregular structures:
Structural irregularity, both horizontal and vertical, was a feature of three of the four buildings in 
the investigation, and in all three cases the irregularity had a detrimental effect on the response of 
the	structure.	While	codes	and	standards	address	the	issue	of	irregularity,	the	Panel	questions	the	
effectiveness of design practice (analysis and detailing) in this area, particularly when post-elastic 
actions and displacements are considered.

Every effort should be made to avoid irregularity in structures. Greater design rigour is needed for 
buildings with irregularity (horizontal or vertical). More recognition is needed amongst structural 
designers and architects of the special demands on critical members that can result from structural 
irregularity and the need to detail these members accordingly.

Greater recognition of the variability and uncertainties associated with design calculations for irregular 
structures is needed in the training of structural engineers.
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5. Capacity design approach: 
Capacity design refers to a design process which limits forces in some structural members in order  
to protect others (eg a weak, but ductile, beam/strong column approach protects columns). 

There was evidence in the Hotel Grand Chancellor and the Forsyth Barr buildings that were damaged 
and yet did not collapse that the capacity design approach helped provide sufficient resilience to 
prevent total failure. This reinforces the value of the capacity design approach to building design in 
areas of seismic hazard. 

Capacity design principles are vital in controlling the response of structures in the face of variability 
and uncertainties in the ground motions that may be experienced. There are indications that these 
principles need reinforcing amongst designers.

A number of actions need to be considered in relation to the capacity design approach:

•	 Placing	more	incentives	in	design	standards	to	encourage	the	use	of	the	capacity	design	approach,	
even in regions of low seismicity. This could include requiring redundancy in buildings and ductile 
detailing even for elastically designed structures.

•	 Requiring	that	designers	apply	the	capacity	design	approach	to	the	whole	building	down	to	the	
most brittle mechanism/weakest link in the building, not just to the individual components. 

•	 Facilitating	professional	development	of	structural	designers	in	this	conceptual	design	approach.	

6. Displacement demand:
In the design of new buildings, and the assessment of existing buildings, greater emphasis should 
be placed on the displacement demand on the structure and the capacity of the structure to 
accommodate the displacements. This is particularly important when considering the compatibility of 
elements intended to remain elastic (eg floor diaphragms are affected by frame elongation) and also 
for secondary structural elements (eg gravity columns subjected to lateral sway). Design should be 
considered as sustaining load-carrying capacity and integrity as the building deforms. This will highlight 
displacement incompatibilities.

Building designers should be re-educated on the need to regard earthquake actions in structures as 
being displacement-induced rather than force-induced. 

7. Unintended structural inter-actions:
Unintended	effects	on	the	structure	by	elements	such	as	block	walls,	spandrel	panels	and	stairs	have	
highlighted, once again, the importance of allowing the structure to deform without the unintended 
contribution to or detrimental effect of these elements on structural response.

There is a need to reassess the allowances for separation and/or connection of secondary/non-structural 
elements in design standards and implement any changes required.

8. Critical vulnerability factors: 
The buildings that were the subject of the investigation displayed a range of vulnerabilities which, in 
part, were due to the era in which they were built. Previous design codes and philosophies involved 
differing structural systems and detailing, differing connection systems between elements and differing 
seismic resisting systems to those that are applicable today. These vulnerabilities resulted in potential 
structural weaknesses which could have contributed to the collapse/failure of the buildings. Some 
examples of these vulnerabilities include a lack of capacity design, poor anchorage details, lack of 
stirrups in the joint region, inadequate confinement and reinforcement in columns and walls, poor 
detailing of the plastic hinge regions, irregularity in plan and elevation, and inadequate connections 
between lateral load-resisting systems and floor-diaphragm.

In order to improve the seismic performance of buildings, designers and reviewers should focus on 
critical vulnerability factors when designing buildings.
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9. Design Features Reports: 
Design Features Reports that summarise key information about the design intentions, material 
properties, structural configuration and other important structural characteristics are a valuable tool 
in the quality assurance of a building. Almost every building is a “one-off” and what is built and used 
is the first and only attempt to get it right. There needs to be greater attention to quality assurance 
checking when buildings are designed and built as there may be no chance to correct mistakes once  
a building is completed. 

To improve the quality of construction, consideration should be given to making it compulsory for 
a two part “Design Features Report” to be produced for all buildings (other than a single family 
dwelling) with significant structural engineering content. Part one would cover designs submitted  
for building consent. Part two would cover the completed work. 

It is suggested that the Design Features Report should include: 

•	 a	description	and	schematics	of	the	conceptual	design	process	and	design	measures	adopted	to	
provide structural integrity and redundancy 

•	 definition	of	alternative	load	paths	or	“back-up”	mechanisms	to	prevent	disproportionate	collapse	
in case of failure of a single vertical load-bearing element

•	 identification	of	the	most	vulnerable	elements	(weak	links)	and	mechanisms	in	the	structure	

•	 a	description	of	potential	building	collapse	mechanisms	and	scenarios	

•	 remediation	measures	to	reduce	the	risk	of	a	partial	or	total	collapse	of	a	building.

It is suggested that the structural engineer responsible for the design of the building should be 
engaged to carry out the site observations of the works during the construction phase, to monitor 
critical features as they are constructed. That design engineer would be able to nominate another 
engineer provided that engineer could demonstrate familiarity with the design intentions and the 
overall design process followed for the particular building.

Suitable Design Features Report templates need to be developed that best serve the needs of designers 
and territorial authorities. 

10.	Earthquake	strengthening	when	a	building	is	altered	or	its	use	is	changed:
Current legislation and territorial authority practices should be reviewed with a view to tightening  
the requirements for earthquake strengthening when buildings are altered or their use changed.

recommendation 4: General structural design issues

(Priority A)

Reassess approaches to and general requirements for achieving earthquake resistance in buildings. 
See that necessary changes are made in the light of the Canterbury earthquakes. 

Specifically, amendments should be aimed at:

•	 improving	structural	integrity	and	resilience

•	 limiting	the	irregularity	of	structures

•	 encouraging	capacity	design

•	 encouraging	displacement-based	approaches	to	design	and	assessment

•	 avoiding	unintended	interactions	between	structural	and	other	parts	of	a	building

•	 identifying	and	removing	critical	vulnerabilities

•	 introducing	compulsory	Design	Features	Reports	for	significant	buildings	–	new	or	retrofit

•	 introducing	tighter	controls	to	trigger	requirements	for	earthquake	strengthening	when	
buildings are altered or their use changed.

9.0 PrinCiPAl FinDinGS AnD reCommenDATionS



                   Structural Performance of Christchurch CBD Buildings in the 22 February 2011 Aftershock      91

9.3.5 Structural design – specific issues
1. Walls and columns:
The failure of a major wall in the Hotel Grand Chancellor, the collapse of columns in the CTV Building, 
and the failure of lightly reinforced walls in the PGC Building are of serious concern. In the case of 
existing buildings, such as the PGC and CTV buildings, the lack of strength and ductility was an issue 
that may require building retrofits. 

The Panel has identified a need to:

•	 review	aspects	of	the	requirements	for	the	design,	detailing	and	construction	of	walls	and	columns	
to include consideration of vertical accelerations and lateral sway 

•	 improve	ductility	capacity	and	confinement	steel	to	maintain	load-carrying	capacity	in	the	face	 
of unexpectedly large displacements

•	 consider	legislative/regulatory	action	to	require	prompt	and	effective	retrofit	measures	

•	 consider	the	need	for	retrospective	action	on	buildings,	especially	those	built	before	1995	with	 
non-ductile columns.

Changes in design requirements need to be considered, including the following:

•	 Further	limitation	on	axial	stress	levels	in	columns	and	walls.	These	must	be	evaluated	with	
appropriate consideration of bi-directional loading.

•	 Reduction	of	slenderness	ratio	to	avoid	member	buckling	failure	in	the	core.

•	 More	stringent	detailing	for	ductility	and	confinement,	whether	or	not	walls	or	columns	are	
intended to be a primary part of the earthquake-resisting structure.

•	 Greater	emphasis	on	and	practitioner	understanding	of	bi-directional	effects	and	detailing	to	
accommodate lateral displacements. 

2. Lightly reinforced shear walls:
Reinforced concrete shear walls like those in the PGC Building are particularly vulnerable in severe 
earthquake	shaking.	Usually	the	reinforcing	steel	is	a	central	layer	and	there	is	no	confining	steel.	 
This type of construction could have been used in buildings built before 1965 and possibly as late as 
1976. This construction method is still used in low seismic areas. Such buildings are not usually classified 
as earthquake-prone under the Building Act 2004.

There is a need to alert owners of buildings that have lightly reinforced concrete shear walls to their 
potential vulnerability to collapse in a major earthquake. Owners with concerns should seek advice  
on necessary structural improvements from a Chartered Professional Engineer.

The vulnerabilities of lightly reinforced shear walls should be covered in the New Zealand Society  
for Earthquake Engineering assessment guidelines.

3. Limits on axial load levels: 
The collapse of the CTV Building and the wall failure in the Hotel Grand Chancellor Building underline 
the vital importance of the load-carrying capacity of columns and walls and the need for them to 
be resilient when subject to earthquake movements and actions. The high vertical accelerations 
experienced in the 22 February 2011 aftershock provide additional reasons to adopt conservative overall 
limits to axial stresses computed for design purposes. Such a move would be in line with practice in 
other countries. Consideration should be given to further limiting axial load ratios in columns and walls. 

A review is needed of requirements in design standards that place limits on compressive stresses in 
walls and columns. More conservative requirements should be considered.
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4. Buildings with cantilevers and/or transfer beams:
The Hotel Grand Chancellor wall failure highlighted the critical role of the supports to cantilever beams 
and their particular vulnerability when subject to loads in excess of those expected, such as the effects 
of vertical acceleration and post-elastic deflections. Cantilever beams and/or transfer beams will tend 
to progressively deflect downwards (ratchet) when subjected to cyclic post-elastic yielding. Cantilever 
beams and transfer beams that support frames may be particularly vulnerable to this as a result of 
seismically induced axial actions in the frames. 

There is need to:

•	 reassess	requirements	for	the	design	of	buildings	with	cantilevers	and	transfer	beams	and	
implement changes where appropriate 

•	 promote	caution	amongst	designers	when	supporting	a	moment	resisting	frame	on	cantilever	
beams or transfer beams, particularly to counter “ratcheting” that can lead to unexpected 
deflections. 

5. Diaphragm connections:
Detailed analyses, particularly those undertaken for the CTV Building, highlighted the importance of 
connections between floor slabs and structural walls that provide lateral resistance. In particular, it was 
shown that diaphragm forces may be much greater than are currently estimated for design purposes. 

There is a need for a review of design requirements across a range of buildings. This should include 
a special investigation into the performance of floor-diaphragm connections in the Christchurch 
earthquakes. New requirements will need to be developed and implemented. 

recommendation 5: Specific structural design issues

(Priority A)

Review detailed design requirements for structural design and amend them to resolve concerns 
identified in relation to: 

•	 strength	and	ductility	of	walls	and	columns

•	 vulnerability	of	lightly	reinforced	concrete	shear	walls

•	 limits	on	axial	load	levels

•	 vulnerability	of	buildings	with	cantilevers	and	transfer	beams

•	 strength	and	integrity	of	diaphragm	connections.

9.3.6 Stair design
1. Stair design: 
The investigation of the Forsyth Barr Building highlighted the need for the approach or methodology 
adopted for stair design to be reassessed in terms of displacement capacity. Changes in approach to 
stair support design are required. 

For all new or refurbished buildings the main egress routes need to remain functional and be available 
to the building occupants to allow them to exit the building safely in the event of a fire or earthquake.

To this end, stair supports need to be designed to have a sufficient displacement capacity so that 
stair collapse is not expected to occur before building collapse. This will require allowances for 
displacements well above those estimated to occur at the ultimate limit state of the structure.

Consideration needs to be given to extending the protection of the egress routes so that in multi-
storeyed buildings the final exit way to the exterior of the building is provided with robust impact 
barriers to protect the occupants exiting the building from falling debris.
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Reviews are needed to check the following:

•	 Provisions	for	movement	are	in	line	with	current	requirements.	Buildings	built	before	1992	may	
have stairs with allowances for inter-storey displacements that are less than currently required  
or considered adequate.

•	 Support	and	separation	details	are	such	that	they	are	not	compromised	by	unintended	restrictions	
to movement under earthquake actions.

•	 Progressive	collapse	is	avoided.

•	 Allowances	for	variations	in	constructed	dimensions	are	provided.

There is a need to develop revised criteria for stair support and to implement the new requirements in 
relevant design standards. NZSEE and SESOC will need to promote awareness of the new requirements.

recommendation 6: Stairs

(Priority A)

Issue a Practice Advisory to warn owners of buildings, especially those in flexible frame buildings, 
to check that the stairs are designed to accommodate appropriate levels of earthquake-induced 
displacements. (This is a recommendation from the Stage 1 Report and since that time the 
Department issued Practice Advisory 13: Egress Stairs: Earthquake checks needed for some, 
published September 2011 www.dbh.govt.nz/practice-advisory-13).

Develop revised criteria for stair support and protection of egress ways and incorporate them into 
the requirements for new designs and retrofits. 

9.3.7 Construction quality and compliance
1.	 Construction	quality:	
Buildings are usually “one-offs” and special attention is needed to see that the design intentions 
are followed. The investigation highlighted the need for more attention to be paid to the quality of 
construction, particularly in the areas of quality control, quality assurance, construction monitoring, 
design review and construction skills. The method for checking quality through all phases of the 
building cycle, from design to construction monitoring, requires review. One specific aspect identified 
in the investigations was the need to check the strength and quality of concrete used in buildings. 

2. Compliance and monitoring:
The present regulatory system is dependent on the various parties in the overall design and 
construction process all having different responsibilities, with the risk that errors or omissions may 
be overlooked. Building Consent Authorities currently have a high level of responsibility in granting 
building consents and certifying Code compliance for complex buildings. Design professionals should 
have a continuing responsibility throughout the entire design and construction process. This is likely  
to induce a cultural change in favour of improving the overall quality of construction work and help  
to minimise the risk of building failure.

Current practices for construction monitoring need to be looked at in order to achieve more effective 
monitoring and site supervision by those familiar with the design intentions. The Panel strongly 
believes that the structural engineers responsible for the design of buildings which have a significant 
structural engineering content should be engaged to observe the works during the construction phase 
and be in a position to certify that the building has been built to the approved design
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recommendation 7: Construction quality and compliance

(Priority B)

Review quality assurance processes in all phases of building design and construction, especially 
in light of the findings of these building investigations. Implement tighter controls and promote 
more designer involvement to ensure that design intentions are being achieved and that the work 
complies with the requirements of the approved design documents.

9.3.8 Concrete quality
Concrete strength was an important factor in the investigation of the CTV Building, with lower than 
expected strengths found in several columns. The Panel is concerned that there is very little evidence or 
record of the strength of concrete in its as-placed condition and that there should be a comprehensive 
survey across a range of building types and construction eras. This survey should check that measured 
concrete properties are in line with expectations and identify any required changes to standards and 
procedures. The aim would be to better inform those responsible for building safety standards and to 
identify any critical issues.

recommendation 8: Concrete quality

(Priority C)

Work	with	the	concrete	industry	to	review	the	in-situ	strength	of	concrete	achieved	in	a	
representative range of buildings around New Zealand and recommend any measures required to 
provide the necessary confidence that specified concrete strengths have been and will be achieved. 
Measures considered should include further strength testing of in-situ concrete in existing 
buildings and revisions to standards and procedures covering the manufacture, delivery, placement 
and curing of concrete in new buildings.  

9.3.9 earthquake-prone buildings
1.	 Definition	of	earthquake-prone	buildings:	
The Panel recognises that this topic will be covered by the Royal Commission, and across a wider range 
of buildings, but the consultants’ findings that the PGC and CTV buildings could have been classified as 
not earthquake-prone has caused the Panel to consider the need for changes in the legislation and/or 
approaches for earthquake-prone buildings. 

2.	 Higher	risk	urban	centres:
New Zealand has a disproportionately high percentage of national wealth located in a small number 
of urban centres, the loss of any one of which (eg Christchurch) can have extreme consequences to the 
country as a whole. 

There should be a review of the risk level and performance of buildings of low earthquake resistance, 
particularly in regions of high population density. The review should also assess the risk and cost to the 
country of a major earthquake in various parts of the country. Consideration should be given to setting 
different earthquake-prone thresholds for different parts of the country. For example, urban centres 
over	a	certain	population	size	should	be	required	to	set	their	earthquake	prone	level	at	a	higher	%NBS.
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3. Public safety:
There	should	be	an	assessment	of	all	unreinforced	masonry	buildings	(URMs),	especially	those	
contiguous to a public street, to make sure they do not pose any risk to people in or near the building. 
Structural bracing to unreinforced masonry elements should be required to prevent collapse.

On all new buildings where there are designed pediments or other architectural features on the 
street facade, the pediments should be restrained and/or the verandas should be designed as impact 
barriers to protect the passers-by or other users of the street.

4.	 Public	awareness	of	earthquake	risk:
The Panel considered that there was a lack of public awareness that many buildings which are not 
classified as earthquake-prone under the Building Act 2004 may nevertheless collapse in a major 
earthquake.	These	are	buildings	rated	more	than	33%NBS	but	significantly	less	than	100%NBS.	 
The probability of such collapse could be significantly reduced by strengthening/retrofit measures that 
increase earthquake resistance and expected performance. The public also need to be made aware 
of the importance of achieving earthquake resistant buildings and the methods available to increase 
earthquake resistance.

recommendation 9: earthquake-prone buildings

(Priority A)

Promote and implement measures, and associated enforcements and incentives, that would  
result in:

•	 improved	definitions	of	earthquake-prone	buildings	and	more	effective	implementation	 
of strengthening measures, particularly for buildings likely to fail in a brittle manner 

•	 a	stronger	appreciation	of	the	(private	and	public)	value	of	good	seismic	performance	 
of buildings and the benefits of improvement action

•	 effective	and	economic	retrofit	strategies	that	improve	the	earthquake	safety	of	buildings	

•	 adoption	by	territorial	authorities	of	strongly	active	policies	to	reduce	the	risk	posed	by	
buildings of low earthquake resistance

•	 improved	public	awareness	that	buildings	not	classified	as	earthquake-prone	under	 
the	Building	Act	2004	but	which	fall	short	of	100%NBS	may	nevertheless	collapse	in	a	 
major earthquake.
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9.4 Summary of recommendations
The Panel makes the following recommendations to the Department of Building and Housing as a 
result of the technical inquiry into the structural performance of Christchurch CBD buildings in the  
22 February 2011 aftershock:

recommendation 1: Ground shaking/building response

(Priority A)

Bring together a comprehensive study that examines the seismic response/performance of 
buildings in the Canterbury earthquakes, particularly the 4 September 2010 earthquake and the  
22 February 2011 aftershock.

Such a study should relate building performance (for older and new buildings) and ground shaking 
measurements, and be aimed at improving the effectiveness and efficiency of earthquake-resistant 
design in New Zealand and elsewhere.

The study should address:

•	 the	methods	and	assumptions	used	in	building	design,	analysis,	standards	and	practices

•	 the	influence	of	vertical	ground	motions

•	 the	effects	of	duration	of	earthquake	shaking

•	 the	basis	for	determining	seismic	hazard	factors	for	building	design,	assessment	and	retrofit,	
particularly for large urban centres.

recommendation 2: Geotechnical

(Priority B)

Review geotechnical information standards required for urban areas in New Zealand and develop 
national guidelines for minimum standards of information.

recommendation 3: Post-earthquake inspections

(Priority A)

Review current methods for inspecting and reporting information on the structural condition  
of buildings following an earthquake.

Such a review should address: 

•	 the	need	for	legislation	covering	the	structural	assessment	and	rehabilitation	of	buildings	
affected by earthquakes

•	 the	extent	to	which	building	owners	are	responsible	for	undertaking	a	more	detailed	
evaluation of their buildings following earthquakes

•	 the	need	for	public	awareness	and	owner	education	programmes	to	improve	the	general	
understanding of the roles of post-earthquake inspections/evaluations and their limitations 

•	 legislative	requirements	for	the	documentation	of	post-earthquake	inspection	information	 
and public accessibility to such information.
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recommendation 4: General structural design issues

(Priority A)

Reassess approaches to and general requirements for earthquake resistance in buildings.  
See that necessary changes are made in the light of the Canterbury earthquakes. 

Specifically, amendments should be aimed at:

•	 improving	structural	integrity	and	resilience

•	 limiting	the	irregularity	of	structures

•	 encouraging	capacity	design

•	 encouraging	displacement-based	approaches	to	design	and	assessment

•	 avoiding	unintended	interactions	between	structural	and	other	parts	of	a	building

•	 identifying	and	removing	critical	vulnerabilities

•	 introducing	compulsory	Design	Features	Reports	for	significant	buildings	–	new	or	retrofit

•	 introducing	tighter	controls	to	trigger	requirements	for	earthquake	strengthening	when	
buildings are altered or their use changed.

recommendation 5: Specific structural design issues

(Priority A)

Review detailed design requirements for structural design and amend them to resolve concerns 
identified in relation to: 

•	 strength	and	ductility	of	walls	and	columns

•	 vulnerability	of	lightly	reinforced	concrete	shear	walls

•	 limits	on	axial	load	levels

•	 vulnerability	of	buildings	with	cantilevers	and	transfer	beams

•	 strength	and	integrity	of	diaphragm	connections.

recommendation 6: Stairs

(Priority A)

Issue a Practice Advisory to warn owners of buildings, especially those in flexible frame buildings, 
to check that the stairs are designed to accommodate appropriate levels of earthquake-induced 
displacements. (This is a recommendation from the Stage 1 Report and since that time the 
Department issued Practice Advisory 13: Egress Stairs: Earthquake checks needed for some, 
published September 2011, www.dbh.govt.nz/practice-advisory-13).

Develop revised criteria for stair support and protection of egress ways and incorporate them into 
the requirements for new designs and retrofits. 
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recommendation 7: Construction quality and compliance

(Priority B)

Review quality assurance processes in all phases of building design and construction, especially 
in light of the findings of these building investigations. Implement tighter controls and promote 
more designer involvement to ensure that design intentions are being achieved and that the work 
complies with the requirements of the approved design documents.

recommendation 8: Concrete quality

(Priority C)

Work	with	the	concrete	industry	to	review	the	in-situ	strength	of	concrete	achieved	in	a	
representative range of buildings around New Zealand and recommend any measures required to 
provide the necessary confidence that specified concrete strengths have been and will be achieved. 
Measures considered should include further strength testing of in-situ concrete in existing 
buildings and revisions to standards and procedures covering the manufacture, delivery, placement 
and curing of concrete in new buildings. 

recommendation 9: earthquake-prone buildings

(Priority A)

Promote and implement measures, and associated enforcements and incentives that would result in:

•	 improved	definitions	of	earthquake-prone	buildings	and	more	effective	implementation	 
of strengthening measures, particularly for buildings likely to fail in a brittle manner.

•	 a	stronger	appreciation	of	the	(private	and	public)	value	of	good	seismic	performance	 
of buildings and the benefits of improvement action

•	 effective	and	economic	retrofit	strategies	that	improve	the	earthquake	safety	of	buildings	

•	 adoption	by	territorial	authorities	of	strongly	active	policies	to	reduce	the	risk	posed	by	
buildings of low earthquake resistance

•	 improved	public	awareness	that	buildings	not	classified	as	earthquake-prone	under	the	Building	
Act	2004	but	which	fall	short	of	100%NBS	may	nevertheless	collapse	in	a	major	earthquake.
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and	awards	in	Italy,	United	States,	Argentina,	Switzerland	and	New	Zealand.	He	has	published	
three books on seismic design, which have considerable local and international recognition, and 
has	extensive	experience	in	the	assessment	of	structural	failures	in	earthquakes	(Newcastle	Working	
Men’s Club, Royal Palm Hotel in Guam, and various review panels post-Loma Prieta and Northridge 
earthquake). 

Helen Anderson
Helen	Anderson	is	Deputy	Chair	of	BRANZ,	an	independent	director	of	DairyNZ	and	NIWA,	and	she	is	
Chair of FulbrightNZ. She was Chief Executive of the Ministry of Research, Science and Technology for 
six years and before that was MoRST’s Chief Scientific Adviser for more than five years. Helen has a 
PhD	in	seismology	from	the	University	of	Cambridge.	In	2009	Helen	was	elected	as	a	Companion	of	the	
Royal Society of New Zealand. She is also a Companion of the Institution of Professional Engineers  
of	New	Zealand,	and	in	2010	she	was	appointed	a	Companion	of	The	Queen’s	Service	Order.

Marshall	Cook
Marshall has over 40 years’ experience working within New Zealand, Australia, North America, Japan, 
Thailand	and	the	Pacific	Islands	as	an	Architectural	Consultant,	Designer,	Urban	Planner	and	Educator.	
His involvement in a wide range of building types, construction methodology and international practices 
as well as a deep interest in material and structural performance has underpinned his professional 
practice	and	teaching	career.	He	is	currently	an	adjunct	Professor	of	Design	at	Unitec,	a	member	of	the	
registered Architects Board and has served on the N.Z.I.A. National Council for several years. Recently 
awarded the N.Z.I.A. Gold Medal for services to architecture. He is also a Fellow of the Institute and 
recipient of the President’s Award.

Peter Fehl
Peter Fehl has spent most of his working life associated with the construction industry. The earlier years 
were spent on major civil engineering and commercial construction projects, both for himself and other 
major contractors, in various site and management positions. Peter has brought to the Panel expertise 
in the practices of the construction industry at the time these buildings were constructed. 

Panel members’ 
biographiesA
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Clark	Hyland
Clark has twenty five years’ experience in structural engineering.  Half of that time has been in 
consulting engineering and the remainder for the New Zealand Heavy Engineering Research 
Association and Steel Construction New Zealand.  He currently runs a consulting engineering company 
specialising	in	fatigue	and	earthquake	engineering.	He	gained	a	PhD	at	the	University	of	Auckland	 
and has been Chairman of the New Zealand Steel Structures Standard Committee.

Rob Jury
Rob	Jury	graduated	with	a	Masters	in	Civil	Engineering	from	the	University	of	Canterbury	in	1978.	 
A	Technical	Director	in	Beca’s	Wellington	office,	a	Chartered	Professional	Engineer,	and	a	Fellow	of	
both the Institution of Professional Engineers and the New Zealand Society for Earthquake Engineering 
(NZSEE), Rob is one of New Zealand’s most experienced earthquake engineers. He was a member of 
the committee that developed New Zealand’s current earthquake loadings standard, and chairman 
of the NZSEE’s Earthquake Risk Buildings study group that produced the current guidelines for the 
Assessment and Improvement of the Structural Performance of Buildings in Earthquakes. One of the 
many significant structures for which he has led the structural design is Auckland’s Sky Tower.

Peter Millar
Peter Millar is a leading geotechnical engineer, and was Managing Director of Tonkin and Taylor  
(New	Zealand’s	leading	geotechnical	consultancy	which	provided	services	to	EQC	on	liquefaction	
following the 4 September 2010 earthquake). He has brought to the Panel expertise in geotechnical 
issues and foundation design.

Stefano Pampanin
Stefano Pampanin is Associate Professor in Structural Design & Earthquake Engineering and Chair  
of the Structures/Geotechnical Cluster at the Department of Civil and Natural Resources Engineering at 
the	University	of	Canterbury.	He	received	a	Masters	in	Structural	Engineering	at	University	of	California	
at	San	Diego	and	a	PhD	in	Earthquake	Engineering	from	the	Technical	University	of	Milan.	His	research	
and professional activities (Chartered Professional Engineer in Italy and New Zealand) have focused 
on the development and implementation of innovative solutions for the design of low-damage 
earthquake-resistant systems and the retrofit of existing structures. He is the author of more than  
200 scientific publications and has received several national and international awards for his research 
and development achievements.

George	Skimming
George	Skimming	is	currently	Director	Special	Projects	at	Wellington	City	Council.	George	has	brought	
to the Panel expertise in the consenting practices at the time the buildings were constructed.

Adam Thornton
Adam Thornton is Managing Director of Dunning Thornton Consultants Ltd, a specialist structural/
seismic	engineering	consultancy	operating	from	Wellington,	New	Zealand.	He	is	a	Chartered	
Professional Engineer and a Fellow of the Institution of Professional Engineers of New Zealand.  
He has over 35 years’ structural engineering design experience and has specialised in high-rise seismic 
design, the seismic retrofit of heritage and earthquake-prone buildings and the relocation of concrete 
and	masonry	buildings.	He	led	the	structural	engineering	team	for	the	$350m	New	Wellington	
Regional Hospital. Adam is a Past-President of the Association of Consulting Engineers of New Zealand 
and a past member of the IPENZ Practice Board. He is currently a board member (and Treasurer) of 
FIDIC – The International Federation of Consulting Engineers. He has represented engineers in a 
number of forums and has presented widely.
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Consulting engineers involved in specific 
building investigations 
Beca
Beca Carter Hollings & Ferner Ltd is part of the Beca group (www.beca.com) which is a New Zealand-
headquartered professional services organisation specialising in the design and management of 
projects. Beca is owned by its senior staff, and has more than 2500 employees who have operated in 
more than 70 countries from its three key market hubs of New Zealand, Australia and Singapore.  
Beca has a long history of participation in the development of design codes for the earthquake 
resilience of structures. Its earthquake engineering specialists have written and/or reviewed the  
codes for countries as diverse as Indonesia, Nepal, Papua New Guinea, Turkey and Romania, as well  
as contributing to New Zealand’s codes over many years. Beca engineers have designed many of  
New Zealand’s major office buildings, industrial structures and bridges.

Dunning Thornton Consultants
Dunning Thornton Consultants [DTC] are a niche structural engineering consultancy specialising 
in complex structural and seismic projects. Founded in 1979 they have developed a reputation for 
innovative, award winning projects and the ability to solve complex problems. They have led the 
implementation of new, damage-limitation technologies in New Zealand and have become well known 
for their effective but sensitive seismic retrofit of heritage structures. They are respected by both clients 
and	builders	for	their	practical,	solution-based	approach	to	structural	engineering.	Based	in	Wellington	
they carry out work throughout the country and occasionally internationally.

Hyland Consultants Ltd/StructureSmith Limited
Hyland Consultants Ltd is a specialist consulting engineering firm based in Auckland that focuses on 
fatigue and earthquake engineering of structures.

StructureSmith Ltd is a specialist structural engineering consultancy with specialist expertise in analysis 
of complex structures; earthquake engineering design and evaluation; assessment and strengthening 
of existing buildings; forensic engineering and problem solving; and building failure investigation.
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Information obtained in the course of investigation includes:

General information

Source Information Obtained

University of Canterbury •	 Prelim	Report	April	2011	–	Seismic	Performance	of	Pre	Cast	Concrete	
Staircase Systems after 22 Feb earthquake (by Stefano Pampanin and 
Weng	Yuen	Kam)

•	 Prelim	Report	March	2011	–	The	Seismic	Performance	of	Reinforced	
Concrete Buildings Built 1930s – 1970s in the Christchurch CBD after  
the 22 Feb earthquake (by Stefano Pampanin et al)

•	 2011	PCEE	Paper	–	Considerations	on	the	seismic	performance	of	
pre-1970s RC buildings in the Christchurch CBD during the 4 Sept 10 
earthquake: was that really a big one? (by Stefano Pampanin et al)

•	 Prelim	Report	April	2011	–	Pyne	Gould	Corp	(PGC)	Building	233	
Cambridge Terrace post 22 Feb 2011 (by Stefano Pampanin and  
Weng	Yuen	Kam)

•	 Lateral	Spreading	Assessments	Feb	2011

Seismology/Earthquake	
Records

•	 GNS	Science	Earthquake	Records	4	Sept	10

•	 GNS	Science	Earthquake	Records	26	Dec	10

•	 GNS	Science	Earthquake	Records	22	Feb	11

•	 A	New	Seismic	Hazard	Model	for	New	Zealand	 
(by	Mark	W.	Stirling,	Graeme	H.	McVerry	and	Kelvin	R	Berryman)

•	 2003	PCEE	Paper	–	From	hazard	maps	to	code	spectra	for	New	Zealand	 
(by G. H. McVerry)

Ground Condition/
Borelogs

•	 Borelog	information

– Borelog Plan 3 – 20/4/60

– Borelog Plan 4 – 20/4/60

– Borelog Plan 5 – 20/4/60

– Borelog – 233 Cambridge Tce #1

– Borelog – 233 Cambridge Tce #2

– Borelog – 208 Cambridge Tce

– Borelog – 106 Gloucester St

– Borelog – 746 Colombo St

– Borelog – 253 Cambridge Tce

– Borelog – Manchester St – Cambridge Tce – Bank of River

– Borelog – 305 Manchester St Crown of Road

– Borelogs near PGC & Forsyth Barr

– Borelogs – CBD

– Borelogs – Medium zoom

– Borelogs – Large zoom

information obtainedB
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Building Specific information obtained

Source Information Obtained

CTV Building •	 Christchurch	City	Council	Building	Files,	CTV	Building	245	&	249	Madras	St.	 
Post 4 Sept 10 files received as available

•	 Complete	structural	drawings	set

•	 CTV	Building	1990	Structural	Report	by	engineers

•	 CTV	Sept	10	Earthquake	Damage	Report	and	photos	by	engineers

•	 Forensic	Site	Examination	and	Materials	Testing	after	22	Feb	earthquake

– Concrete Core Tests

– Finger Beam Inspection

– Reinforcing Steel Tests

– Schmidt Hammer Column Properties

•	 ETABS	Model

•	 NTHA/ITHA

•	 Geotechnical	evaluation

•	 Police	photos

•	 USAR	photos

•	 Interview	with	construction	company	personnel

•	 Interview	with	witnesses	of	the	CTV	Building	collapse	in	the	22	Feb	2011	
aftershock

•	 Interviews	with	USAR	Engineers

•	 CTV	Sept	10	Earthquake	Damage	Report	and	photos	by	engineers

•	 Public	evidence

– Accounts of the state of the building prior to 22 Feb

–	 Witness	accounts	of	building	collapse

– Tradespeople who worked on the building

– Photos received

- Prior to 22 Feb

- Showing damage to building following Sep 10 earthquake

- Immediately following 22 Feb earthquake showing collapsed building

- During construction in 1987

B inFormATion oBTAineD
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Building Specific information obtained

Source Information Obtained

PGC Building •	 Christchurch	City	Council	Building	Files,	PGC	Building	233	Cambridge	Tce.	 
Post 4 Sept 10 files received as available

•	 Complete	structural	drawings	set

•	 PGC	1997	Seismic	Evaluation	of	Building	by	engineers

•	 PGC	2007/08	Alterations	and	Options	by	engineers

•	 Prelim	Report	April	2011	–	Pyne	Gould	Corp	(PGC)	Building	233	Cambridge	
Terrace	post	22	Feb	2011	(by	Stefano	Pampanin	and	Weng	Yuen	Kam)

•	 Police	photos

•	 USAR	photos

•	 Forensic	Site	Examination	and	Materials	Testing	after	22	Feb	11	aftershock:

– Concrete Core Tests

– Reinforcing Steel Tests

•	 Public	evidence

– Accounts of the state of the building prior to 22 Feb 11

–	 Witness	accounts	of	building	collapse

– Tradespeople who worked on the building

– Photos received

- Prior to 22 Feb 11

- Showing damage to buildings following 4 Sep 10 earthquake

- Immediately following 22 Feb 11 aftershock showing collapsed building

- During construction in 1987

•	 Interviews	with	PGC	Building	tenants

•	 Interview	with	PGC	Building	owner

•	 Interviews	with	USAR	engineers
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Building Specific information obtained

Source Information Obtained

Hotel Grand 
Chancellor 
Building

•	 Christchurch	City	Council	Building	Files,	145	Cashel	St	and	161	Cashel	St.	 
Post 4 Sept 10 files as available also received for 161 Cashel St

•	 Complete	structural	drawings	set,	original	design	and	alterations

•	 Seismic	Inspection	Report	by	engineers	after	4	Sep	10	earthquake

•	 Hotel	Grand	Chancellor	1988	Development	Report	by	engineers

•	 USAR	photos

•	 Post	4	Sept	10	Earthquake	Damage	Report	by	engineers

•	 Post	26	Dec	10	Earthquake	Damage	Report	by	engineers

•	 Post	22	Feb	11	Earthquake	Damage	Report	by	engineers

•	 Public	evidence

– Accounts of the state of the building prior to 22 Feb 11

– Photos received

- Prior to 22 Feb 11

- Showing damage to building following 4 Sep 10 earthquake

- Showing damage to building following 22 Feb 11 earthquake

•	 Interview	with	USAR	engineers

Forsyth Barr 
Building

•	 Christchurch	City	Council	Building	Files,	Forsyth	Barr	Building	764	Colombo	St	
and 114 Armagh St. Post 4 Sept 10 files received for 764 Colombo St as available

•	 Structural	drawing	set

•	 Forsyth	Barr	Post	Sept	10	Earthquake	and	Repair	Reports	by	engineers

•	 Forensic	Site	Examination	and	Materials	Testing	after	22	Feb	11	aftershock:

– Concrete Core Tests

– Reinforcing Steel Tests

•	 USAR	photos

•	 Interview	with	Forsyth	Barr	Building	owner

•	 Interview	with	USAR	engineers

•	 Interviews	with	Forsyth	Barr	Building	tenants

•	 Public	evidence

– Accounts of the state of the building prior to 22 Feb 11

– Photos received

- Prior to 22 Feb 11

- Showing damage to building following 4 Sep 10 earthquake

•	 Showing	damage	to	building	following	22	Feb	11	aftershock

other information

Source Information Obtained

Media •	 Daily	Media	Monitor	Reports

•	 Footage	from	TVNZ

•	 Broadcast	summaries
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Acceleration response spectra – Plot (graph) showing peak building accelerations relative to the 
fundamental period of the building.

Axial loads – A pure tension or compression load acting along the long axis of a structural member  
(eg a beam or column).

Axial capacity – Maximum axial load that can be carried without failure.

Base shear – Base shear is an estimate of the maximum expected lateral force that will occur due to 
seismic ground motion at the base of a structure. [The base shear is a summation of the individual 
shears occurring at each floor level and is determined from a number of factors including the weight 
of the building, the site’s earthquake intensity, the ground conditions, and the building’s structural 
characteristics.]

Biaxial bending – Bending of a structural member about two perpendicular axes at the same time.

Cantilever structure – A structure that is supported at one end only and that support provides full fixity.

Capacity – Overall ability of a structure or structural member to withstand the imposed demand.

Capacity design – A design process which limits forces in some structural members in order to protect 
others. Eg the weak beam /strong column approach protects columns.

Catenary – A curve formed by a chain or rope hanging freely from two points.

Centre of rigidity – If load is applied at a building’s centre of rigidity, the building will not rotate or twist.

Compression failure – Failure of a structural member that occurs when its axial capacity in compression 
is exceeded.

Confined concrete – Concrete which is restrained by transverse reinforcement (ie reinforcement 
at right angles to the principal reinforcement eg stirrups around a column or beam’s longitudinal 
reinforcement) from bursting outwards (like hoops on a barrel).

Critical capacity ratios – The ratio of the building’s or structural member’s capacity to the demand 
placed on it, at which failure occurs.

Damped horizontal acceleration – Horizontal accelerations in a building subjected to the  
building’s damping. 

Damping – Damping is the process by which energy in a vibrating system is absorbed causing a decaying 
trend in the system’s response. Damping in buildings is caused by a variety of factors including internal 
material energy dissipation effects, friction between components and drag. 

Dead load – The self weight of the building exclusive of any applied load.  

Deflection – Displacement measured from an at-rest or agreed starting position.

Deformation – Deformation in a structural or other member is a change in the original shape of the 
member. Deformation in a building occurs when it deflects or otherwise reacts to applied load.

Demand – A generic term to describe structural actions caused by gravity, wind, earthquake and snow, 
acting on a structure.

Design capacity ratios – The ratio of estimated (load) capacity to the (load) demand as used for  
design purposes.

Design Features Report – A report that summarises key information about the design intentions, 
material properties, structural configuration and other important characteristics of a building.

Glossary of termsC
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Design (or response) spectra – Graphical relationship of maximum response of buildings to dynamic 
motion or forces. The most usual measures of response are maximum displacement, velocity and 
acceleration relative to the natural period of vibration of the building. 

Diaphragm – A structural element that transmits in-plane forces (diaphragm forces) to and between 
lateral force resisting elements. In buildings, floors usually act as, and are occasionally called, 
diaphragms.

Displacement – Displacement is the difference between the initial position of a reference point and  
any later position. The amount any point affected by an earthquake has moved from where it was 
before the earthquake.

Displacement response spectra – Plot (graph) showing peak building displacements of the centre  
of gravity of a building in response to a specified ground motion.

Double-tee – A structural member, normally of pre-cast concrete and used horizontally, that has the 
configuration of two adjacent capital ‘Ts’.

Drag bars – Structural members that transfer lateral loads from a floor slab to the building’s seismic 
resisting elements eg walls.

Ductile – See ‘Ductility’.

Ductility – The ability of the structure or element to undergo repeated and reversing inelastic 
deflections while maintaining a substantial proportion of its initial load carrying capacity. The benefits 
of ductile design are that the building can be designed for lateral forces less than those required for 
elastic response. Further, the building is likely to remain standing or at least not suffer a brittle and 
sudden failure if it is subjected to an earthquake larger than the design earthquake. 

Dynamic – Things that change with time eg dynamic loads.

Earthquake – A term used to describe both sudden slip on a fault and the resulting ground shaking  
and radiated seismic energy caused by the slip.

Earthquake-prone – The definition of an earthquake-prone building is given in section 122 of the 
Building Act 2004. In summary, an earthquake-prone building is one that if assessed against current 
(new)	building	standards	(NBS),	would	be	assessed	as	not	sustaining	more	than	33%	of	the	minimum	
design actions for strength and ductility for the ultimate limit state.

Earthquake	risk	buildings – A building is assessed as an earthquake risk building if when assessed 
against	the	minimum	requirements	in	current	buildings	standards,	it	sustains	between	33%	and	67%	 
of the minimum design actions for strength and ductility for the ultimate limit state.

Eccentricity – A measure of the distance from the point of load application to the centre of rigidity.  
The greater the eccentricity, the greater the rotation. 

Egress	–	Way	out	or	exit.

Elastic – Structural behaviour where an element or part springs back to its initial position when load  
is removed (no energy is absorbed in the process). 

Epicentre – The epicentre is the point on the Earth’s surface vertically above the focus point in the crust 
where a seismic rupture begins.

Fixity – Measure of the amount of rotation in a structural member allowed at the support point.  
A cantilever which by definition has full fixity has no rotation at the face of its support. A pin (or roller 
or hinged) support provides no fixity and allows the structural member to rotate freely at the face of 
the support under applied load.

Flexure – Bending under load.

Flexural	cracking – Cracking as a result of flexure.

C GloSSAry oF TermS
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Flexural-torsional	buckling – Failure of a structural member resulting from simultaneous torsion 
(twisting) and flexure (bending). 

Flexible soils – Soils which deflect more than usual under load.

Floor diaphragms – Broad horizontal structural floor members (eg concrete slabs) that carry horizontal 
load to the building’s seismic resisting elements (eg frame or shear wall).

Geotechnical – Referring to the use of scientific methods and engineering principles, to acquire, 
interpret, and apply knowledge of earth materials for solving engineering problems.

Ground motion – The movement of the Earth’s surface from earthquakes. Ground motion is produced 
by waves that are generated by a sudden slip on a fault and travel through the earth and along its surface.

Hinge zone – That portion of a structural member which undergoes inelastic deformations.

Hollow-core – A term that refers to a pre-cast concrete slab unit that has hollow cores along its length 
to reduce its weight.

Horizontal shear – Shear in a horizontal direction.

Inelastic – The member or element goes beyond its elastic limit (it does not return to initial position 
and energy is absorbed).

In-plane – Along the face of, or parallel to, the structural member under consideration. 

In-situ concrete – Concrete poured on site. 

Inter-storey drift – Horizontal displacement of a floor relative to the floor immediately below. 

Kilopascals	(kPa) – Measurement of pressure being equal to one thousand Pascals. A Pascal being  
the pressure resulting from the force of one Newton applied over an area of one square metre. 

Lap zone – Zone where reinforcement is overlapped so as to maintain its structural continuity.

Lateral displacement – Movement in a sideways or horizontal direction.

Lateral resilience – Ability of a structure to withstand lateral actions.

Lateral spreading – Horizontal movement of the ground as a result of liquefaction.

Liquefaction – Loss of resistance to shear stress of a water-saturated, silty-sandy soil as a consequence 
of earth shaking, to the extent that the ground behaves as a liquid rather than a solid.

Liquefaction	ejecta – Soil that has been pushed up and ejected at the ground surface as a result of 
liquefaction. 

Linear (refer to Elastic)

Linear static analysis – Another term for ‘equivalent static analysis’.

Live load – The applied load or weight borne by a structure.

Magnitude – A measure of the energy released by an earthquake at its source. Magnitude is commonly 
determined from the shaking recorded on a seismograph. Each unit of magnitude on the scale 
represents a substantial increase in energy, for example a Magnitude 5 releases 30 times more energy 
than a Magnitude 4.

Masonry infill wall – Infill panel between structural members made of masonry construction.

Mercalli Scale – A 10-degree scale that measures earthquake intensity by examining its effects on the 
Earth’s surface, humans, objects of nature, and man-made structures. Mercalli, an Italian seismologist, 
developed the scale in the early 20th century. Since that time it has been modified several times,  
and is known today as the Modified Mercalli Scale. Referred to as MM or MMI (Intensity).
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Modal analysis – Analysis of the building that considers and combines the various modes of vibration  
to determine the building’s total response.

Moment demands – The flexural demands on a structural member. 

Moment frame – A structural frame which resists applied loads, primarily in bending or flexure.

Moment-resisting – Able to resist the moment demands placed on it.

Non-ductile – Prone to sudden or brittle failure.

Non-linear – Describes behaviour beyond linear (or elastic).

NTHA/ITHA – Modelling techniques that measure the response of a building in a time history.

Out-of-plane – At right angles to the face of, or perpendicular to, the structural member under 
consideration. 

P-delta effects – Destabilizing effects due to (significant) horizontal displacement of the centre of 
gravity	of	a	structure	(eg	from	an	earthquake).	When	a	structure	is	displaced,	P-delta	effects	reduce	the	
resistance of the structure to further displacement in the same direction. P-delta effects are important 
considerations in ductile (flexible) structures. 

Performance-based design – Design that meets nominated building performance criteria.

Planar – In the plane of, or parallel to, the structural member.

Pounding – Effect of two objects (buildings) impacting against or striking each other.

Pre-cast concrete – Concrete poured at a location remote from the building site and later transported 
to and placed on the site.

Response spectra – The peak accelerations (or displacements) with the period of vibration of structures 
due to an earthquake or a design earthquake.

Retrofitting – Reinforcement or strengthening of existing structures to become more resistant and 
resilient to earthquakes.

Return period – The average time in years between earthquakes of a given magnitude on a fault or in 
a locality. The magnitude of the earthquake and the associated actions are assumed to increase with 
the return period. Hence the design actions for an earthquake with a return period of 2,500 years is 
assumed to be 1.5 (or 1.8) times the corresponding values for an earthquake with a return period of 
500 years.

Sand boil – A sand boil is sand and water that come out onto the ground surface during an earthquake 
as a result of liquefaction.

Section capacities – The limiting (maximum) actions (bending, shear and axial load) that a structural 
member (eg beam or column) can withstand without failure.

Seismic frame – A frame, comprising columns and beams, that contributes to the building’s lateral 
resistance enabling it to withstand earthquake actions.

Seismic gap – A separation between buildings or building elements which allows them to move  
during earthquakes.

Seismic response spectra – See Response spectra.

Seismicity – Refers to the geographic and historical distribution of earthquakes and their effects.

Shear – A force applied at right angles to a main axis of a building or structural member.

Shear wall – A wall that contributes to the building’s lateral resistance enabling it to withstand 
earthquake actions.
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Shear wave velocity – The velocity of a shear wave (being one type of ground wave generated by  
an earthquake). Shear waves are transverse waves with particle motion perpendicular to the direction  
of wave propagation. Shear waves can be destructive because of their larger amplitudes.

Spalling – The loss of cover concrete, being the concrete between the external face of a structural 
member (eg beam or column) and the main reinforcing steel. 

Spandrel panels – Panels on the external face of the building. Spandrel panels normally extend from 
ceiling level on one floor to window sill height on the floor above. Spandrel panels are often used  
to provide fire separation between floors but can also have a structural function or comprise part of 
the building’s cladding.

Tensile – Relates to tension in a structural member.

Tensile failure – Failure of a structural member as a result of tension.

Torsion – Twisting of a structural member or building as occurs when loads are applied other than 
through the member or building’s centre of rigidity.

Transfer beams – Structural members that transfer lateral loads at floor slab level to the building’s 
seismic resisting elements (eg to its seismic frame or shear wall).

Unreinforced masonry (URM) buildings – May consist of brick buildings, or buildings built using  
stone masonry.

Vertical acceleration – Earthquake acceleration measured in the vertical direction.

Wall fins – Structural members at right angles to a wall to provide lateral stability.

Yielding – Deforming under constant load. 
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Addenda to Forsyth Barr Building 
Consultant report
Addendum (1)
The following statement has been deleted from the second paragraph of section 5.2.2 on page 24  
of our (Beca) report dated 26 September 2011:

“The engineers have advised that they were told to exclude the stairs from consideration”.

Addendum (2)
Since the release of our (Beca) report on 26 September 2011, the following information has come  
to our attention:

In 2000, a report on the testing of a precast stair unit almost identical to those installed in the  
Forsyth	Barr	building	was	published	(Simmons,	P.W.,	The Safety of Single Storey Straight Stairflights 
with Mid-height Landings Under Simulated Seismic Displacements, Research Report 2000-09,  
Civil	Engineering,	University	of	Canterbury,	July	2000).

We	note	the	following	points	in	it:

The Abstract includes: “The importance of maintenance of existing seismic gaps cannot be overstressed”

The Introduction states that the purpose of the research was to:

•	 assess	the	performance	and	safety	of	existing	concrete	stair	designs

•	 produce	an	improved	detail	for	maintaining	the	structural	integrity	of	concrete	stairs	(if	warranted)

•	 suggest	a	means	of	retrofit,	etc.

The body of the report includes the following:

•	 The	precast	unit	that	collapsed	in	Wellington	in	1988	had	not	yet	been	cast	in	at	its	upper	end	 
– it might have lost its temporary top seating.

•	 It	was	known	that	refurbishment	of	stairwells	was	resulting	in	grouting	of	seismic	gaps.

•	 The	identification	of	whether	catastrophic	failure	of	the	stair’s	knee	joint	could	occur	was	the	
research thrust

•	 Permanent	shortening	of	the	stair	unit	(up	to	25	mm)	after	testing	was	recorded

•	 In	discussions	with	BRANZ	re	possible	buckling	of	top	steel	in	the	stair,	it	was	“reiterated	that	safe	
egress of people on the damaged stair was the major priority”.

The Conclusions included:

1. It is imperative that the design of stair systems in multi-storey buildings ensures the vertical egress 
route for the building occupiers is available in emergency situations.

2. This form of stair is “inherently robust”

3. “the future use of stairs of this configuration can eliminate the possibility of the stair becoming 
a brace by ensuring the design does not allow the stair to be supported into the side of a floor 
member. If the stair is supported on the top surface of the lower floor, horizontal loads cannot be 
transferred through the stair once the frictional resistance is overcome”.

Although this research did not specifically look at the adequacy of seats, it very much supports the 
findings and recommendations of our (Beca) investigation.
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1. Introduction 
The New Zealand Department of Building and Housing  (DBH)  initiated a  technical  investigation on 
the  structural  performance  of  the  four  large multi‐storey  buildings  in  the Christchurch CBD which 
failed during the 22 February 2011 Mw 6.2 earthquake. The buildings included in the investigation are 
the Canterbury Television Building (CTV), the Forsyth Barr Building, the Hotel Grand Chancellor and 
the Pyne Gould Corporation Building (PGC). 

Professional engineering consultants were appointed to carry out the technical investigation of each of 
the building. An Expert Panel was also established  to oversee  the  technical  investigation,  to provide 
guidance on the methodology of the investigations, to review and approve consultants’ reports and to 
report on their implications. 

DBH  has  commissioned  the  authors  to  provide  a  contextual  and  general  description  report  on  the 
seismic shaking, range of buildings affected, and  the structural performance of buildings of different 
types on the 2010‐2011 Canterbury earthquakes, with particular focus on the 22 February 2011 event.  

2. Scope and Objectives 
The  report  is  to  provide  a  general  description  of  the  following  in  relation  to  the  earthquake  of  22 
February 2011. 

• The nature and intensity of ground motions experienced in the CBD, and how these compare to those 
used in design of new buildings prior to 22 February. 

• The impact of the ground motions on the soils, particularly foundation soils, and how these compare 
with those expected in a design event prior to 22 February 

• The response of a range of buildings (types and ages) to the shaking / ground movement and how it 
compares, in a general sense, with expected response of new buildings. 

• The structural performance of a range of buildings (types and ages), including secondary structural 
elements such as stairs, ceilings and cladding. 

The content and presentation of  the  report  is  to be  in a  form  that allows  the Expert Panel members, 
consultants  and  Department  representatives  to  obtain  a  good  general  understanding  of  how  the 
earthquake  shaking,  the  impact  on  foundation  soils,  the  response  of  buildings  and  the  structural 
performance of buildings compare with expectations. 

See Appendix C for the DBH Terms of Reference for this work.  
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3. Limitations and Applicability of the Report 
This report has been prepared by the authors on the specific instructions of DBH. It is intended for the 
purpose for which it was intended in accordance with the agreed scope of work. Any use or reliance on 
the content of the report by any person or organization or for any other scope outside of the above, to 
which the authors has not given their prior written consent,  is at that person and organization’s own 
risk. 

This  report  has  not  yet  been  reviewed  for  conformity  with  University  of  Canterbury  editorial 
standards. Every effort has been made to ensure that the content of this research paper is accurate, but 
no ultimate guarantee of  accuracy  can be given.  In  addition,  this  report  is  at  a  final draft  state  and 
might be subjected to possible changes and amendments in future versions with new information and 
data. While  the report  is  factual  in  its nature, any conclusion and  inappropriate mistake  in reporting 
made in this contribution are nevertheless to be considered wholly of the authors.  

Any opinions, findings and conclusions or recommendations expressed on this report are those of the 
author(s) and do not necessarily reflect the views of DBH, University of Canterbury or other sponsors. 

All rights reserved by the authors.  
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4. Introduction to the 22 February Earthquake 
The Mw 6.2 Christchurch  (Lyttelton) earthquake occurred at 12.51pm on Tuesday 22nd February 2011, 
just    5 months  and  half  after  the  7.1 Mw  Darfield  (Canterbury)  earthquake.  The  epicentre  of  the 
earthquake  was  approximately  6‐10km  south‐east  of  the  Christchurch  (Ōtautahi)  Central  Business 
District (CBD), near Lyttelton, at a depth of around 5 km. Due to the proximity of the epicenter to the 
CBD,  its  shallow  depth  and  peculiar  directionality  effects  (steep  slope  angle  of  the  fault  rupture), 
significant  shaking was  experienced  in  the  city  centre,  the  eastern  suburbs, Lyttleton‐Sumner‐Porter 
Hills areas  resulting  in 182  fatalities,  the extensive damage and  collapse of numerous buildings and 
widespread liquefaction (Fig. 1).  

 

 

Hill shaking and rockfall 

Tall RC buildings 

Liquefaction  

URM buildings 

 

Figure 1: Overview of the 22nd Feb 2011 Christchurch earthquake effects on built environment  
(modified after NZCS/NZSEE/TDS Seminars on Performance of Buildings after 22 Feb Earthquake). 

  
This  contextual  report  summarizes  the  seismic  performance  and  observed  damage  for  all  building 
types within the Christchurch CBD. As the seismic risk, and thus the expected performance, of a single 
building or  class of building‐type,  is basically given by  the  combination of  its vulnerability  and  the 
actual shaking intensity, an overview and discussion is given on: 

a) the characteristics of the recorded ground motions in the vicinity of the buildings and  

b)  the  improvement  and  development  of  seismic  design  philosophy  and  associated  design  code 
standards in the past decades will be provided. 



General Building Performance in the Christchurch CBD: a contextual report – Kam W., Pampanin S. 
• • • 

Earthquake excitations   7 

5. Earthquake excitations 

5.1. 4 September 2010 7.1Mw main shock and aftershocks 
The magnitude Mw 7.1 Darfield (Canterbury) earthquake on the 4th September 2010 (4:35am NZST) had 
resulted  in  widespread  liquefaction,  land  damage,  buildings  and  infrastructures  damage  in  the 
Canterbury  region.  The  earthquake  epicenter  was  approximately  35km  west  of  the  Christchurch 
(Ōtautahi) Central Business District (CBD). While the earthquake impact was widespread and a number 
of unreinforced masonry buildings  suffered  significant damage  if not partial or  total collapse  ,  there 
were no loss of life.  

With no doubt,  the  time of occurrence of  the earthquake  (4:35am),  significantly helped  reducing  the 
risk of  fatalities and number of  injuries, considering  the  fact  that most unreinforced masonry  (URM) 
buildings which  partially  or  totally  collapsed were  used  for  shopping,  retails,  restaurant  and  thus 
closed at that time.  

The 4 Sept 2010 earthquake was triggered by a sequence of four faults’ rupture, resulting in the large 
magnitude earthquake (Holden, et al., 2011). The recorded peak ground horizontal accelerations were 
up to 1.25g at the Greendale recording station (close to the epicenter) and ranged between 0.2g to 0.3g 
in Christchurch CBD.  

However, preliminary post‐earthquake study (Pampanin, et al., 2011) has suggested that the relatively 
good performance of the inherently vulnerable classes of engineered buildings as those designed prior 
to the more modern seismic design codes can be attributed to the specific characteristics of that 4 Sept 
earthquake  shaking.  Analytical‐experimental  evidences  contained  in  that  contribution  have  for 
example  shown  that  similar  buildings  subjected  to  a  long  duration  high‐magnitude  event  at  long 
distance, (e.g. rupture of the Alpine Fault), or a moderate‐moderate‐magnitude and short‐duration, but 
impulsive‐type  (near‐field)  ground  motion,  would  result  in  a  significantly  higher  probability  of 
collapse and severe damage.  

Several thousand aftershocks, including several Mw 5.0+ aftershocks, followed in the months after the 4 
September 2010 earthquake,  including  the magnitude Mw 4.9 “aftershock” on 26 December 2010  that 
caused  further damage  in  the Christchurch CBD. The  latter event was very close  to  the Christchurch 
CBD, with  its  epicenter  located  near Barbadoes  Street,  thus  resulting  in  significant  ground  shaking 
despite the lower magnitude.   
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5.2. The 22 Feb 2011 Mw 6.2 ‘aftershock’ and its peculiarity 
In the early afternoon of the 22nd February 2011 (12.51pm), a Mw 6.2 Christchurch earthquake occurred 
with an epicenter approximately 6‐10km southeast of the Christchurch CBD. Figure 2 shows the fault 
rupture associated  to  the 4 Sept 4 and 22 Feb events and associated aftershocks as  recorded until 29 
August  2011.  The  22  Feb  ‘aftershock’  was  the  most  destructive  earthquake  of  the  Canterbury 
earthquakes  sequence. Due  to  the  combined effects of proximity,  shallowness and directionality,  the 
shaking intensity of the 22 Feb aftershocks recorded in the City of Christchurch was much greater than 
that of the main shock on 4 Sept 2010.  

 

Figure 2: Fault rupture length and aftershock sequence for the 4 Sept 2010, 22 Feb 2011 and 13 June 2011 events 
(Source: GNS Science). 

Figure 3 shows a comparison of Peak Ground Accelerations (both horizontal and vertical) recorded by 
the GeoNet Network  in  the Christchurch CBD. A wide  range  of  (medium  to  very  high)  horizontal 
accelerations were recorded, with peaks exceeding 1.6g at Heathcote Valley and between 0.4g‐0.7g  in 
the CBD recording stations. Early comparisons of actual recorded versus empirically derived shaking 
level (from attenuation relationships available  in  literature) have highlighted  the peculiarity of the 22 
Feb event, with the empirical predictions almost consistently providing underestimation of the actual 
shaking (Bradley, 2011).  

Preliminary  seismological  investigation  indicates  the  complex  seismic wave  interaction  at  the  deep 
alluvial soils underlying Christchurch (‘basin effect’), the shallowness of the rupture and the directivity 



General Building Performance in the Christchurch CBD: a contextual report – Kam W., Pampanin S. 
• • • 

Earthquake excitations   9 

effects from the oblique‐reverse fault rupture mechanism resulting in severe ground shaking within the 
Christchurch CBD.  

Another  significant  peculiarity  of  22  Feb  earthquake  when  compared  to  the  other  Canterbury 
earthquakes was  the  unexpectedly  high  level  of  vertical  acceleration.  The  recorded  values  of  peak 
vertical  accelerations,  in  the  range  of  1.8‐2.2g  on  the  hills, were  amongst  the  highest  ever  recorded 
worldwide (Berrill, 2011). In the CBD the highest value of peak ground vertical accelerations recorded 
were in between 0.5g and 0.8g.  

 

 

Figure 3: Recorded peak ground accelerations during Christchurch aftershocks: 
a) 4 Sept 2010 (left); b) 22 Feb 2011 (right) Christchurch aftershock. (Source: EQC‐GNS Geonet). 
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The significantly stronger ground shaking at  the densely‐built up CBD urban area would expectedly 
result in higher expected damage and losses (both in terms of fatalities and economical losses). Figure 4 
shows  the  almost  real  time  predictions  in  terms  of  shaking  intensity  (estimated Modified Mercalli 
Intensity, MMI,  scale),  expected  population  exposure,  damage  and  losses,  derived  by  the  USGS  ‐ 
PAGER Project (Prompt Assessment of Global Earthquake Response). It is worth noting the predicted 
MMI ranged from VII‐IX within the city centre with nearly 80000 population exposure.  

   

Figure 4: a) Christchurch Earthquake Population Exposure showing the extent of earthquake ground shaking 
(represented in colour) overlain on population density (represented as height of vertical bars) at a grid size of 
1 km2. The colour key  is based on  the Mercalli scale. b) Rapid estimation of  the seismic shaking effects  (in 
terms of Mercalli scale) and population exposure (Source: USGS). 

5.3. Seismic shaking intensity  

5.3.1. Seismic shaking intensity as response spectra 

The actual seismic shaking  intensity experienced by the building stock can be, with some  limitations,  
visualized and represented in the form of seismic spectra. They allow in simple terms to estimate the 
peak response of a building for a given earthquake shaking scenario. Acceleration spectra are used in 
structural design standards and building codes (e.g. New Zealand Loading Standards (NZS1170, 2004)) 
to set the minimum earthquake loads that a building must be designed for, accounting for the expected 
seismic hazard in the area, the local soil conditions  and the importance level of the structures. 

To  generate  a  response  spectrum,  a  range  of  simplified  building  (structures) models with  different 
‘fundamental  periods  of  vibration’  (T1,  expressed  in  seconds)  is  exposed  to  a  given  ground motion 
record.  The  corresponding  peak  building  responses  (in  term  of  acceleration,  in  fractions  of  g,  and 
displacement, in mm) plotted as a function of the building periods represent the response spectrum of 
a given ground motion.  
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An example of elastic response spectra (5%‐damped) from the 4 Sept earthquake (from  the recording 
stations  within  the  Christchurch  CBD)  is  shown  in  Figure  6.  The  vertical  axis  shows  the  level  of 
acceleration response for a given building period, T1, shown on the horizontal axis. As a rule‐of‐thumb, 
the  taller the building,  the more flexible  it  is expected to be and thus the  longer the structural period 
will  be.  This will  result  in  lower  accelerations  and  forces  (per  unit mass)  but  higher  displacement 
demands. Conversely  a  shorter building will be more  typically  expected  to  be  stiffer,  attract higher 
acceleration and forces (per unit mass) but move less.  

In the following paragraph both acceleration and displacement (elastic and pseudo‐inelastic or design) 
spectra  for  the  4  Sept,  26 Dec,  22  Feb  events will  be  presented  and  compared with New  Zealand 
Loading Standards (current and older codes). 

5.3.2. Seismic instrumentation within the Christchurch CBD  

The  EQC‐GNS  GeoNet  seismic  hazard  monitoring  network  comprises  more  than  50  seismic 
instrumentation stations within a 100km vicinity of Christchurch CBD, with four permanent recording 
stations  in  the CBD. Figure 5 shows  the  locations of  the four ground motion records within or  in  the 
proximity of the CBD. These stations and records will be used in the subsequent paragraphs to draw a 
comparison  between  shaking  levels  experienced  in  their  proximities under  the  series  of  earthquake 
events (from September to February).  

 

Figure 5: Location of four stations in the CBD used for the selected records. 

5.3.3. 4 Sept 2010 earthquake response spectra  

Elastic Response Spectra Discussion 

The elastic  response spectra  (5%‐damped)  from  four  recorded ground motions  (of both  the principal 
and  secondary  horizontal motions)  from  the Christchurch CBD  for  the  4  September  2010  event  are 
compared with  the  site  seismic  design  coefficient  in  Figure  6.  The NZS1170:5  (2004)  elastic  design 
spectra  for Christchurch  site  (Z  factor or Peak Ground acceleration, PGA,=0.22g), distance R = 35km 
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and soil class D (consistent with the four recording sites) is also plotted in Figure 6. The arrows shown 
on the insert map in Figure 6 indicate the corresponding direction of the seismic shaking. The principal 
(stronger) and secondary  (weaker) directions are orthogonal  to each other as recorded  in  the seismic 
instrumentation.  
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Figure  6:  4  September  2010   Mw  7.1  earthquake:  5%‐damped  elastic  acceleration  response  spectra  in  the 
Christchurch CBD and  the NZS1170:5  (2004) elastic design spectra  (red solid) for Christchurch  (soil class D, 
R=35km): a) Principal horizontal direction; and b) Secondary horizontal direction. Equivalent elastic NZS4203 
(1976 and 1984) and NZS1900 (1965) spectra are plotted, with assumed nominal ductility of 4.  

For comparison, the seismic loadings according to the 1984 and 1976 New Zealand Loading Standards 
(NZS 4203 (1976) and (1984)) and the 1965 New Zealand Loading Standards (NZS1900 (1964)) are also 
plotted.  It  is  important  to note here  (further discussion  in  the  following paragraph briefly describing 
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the  evolution of  code‐provisions  in New Zealand),  that  the older  (1965,  1976  and  1984)  code‐design 
coefficients  have  to  be  adjusted  to  become  equivalent  elastic  spectra  to  allow  for  a  reasonable 
comparison with the more recent NZS1170:5 (2004) elastic design spectra. In fact, a nominal ductility of 
four was assumed for those older codes. In reality, based on current knowledge, it could be argued that 
the actual ductility achievable by those structures (capacity) is likely to be half (approximately two) for 
buildings  designed  to  the  1965  standard  and  closer  to  the  assumed  ductility  of  four  for  buildings 
designed  to 1976 standard. This  is due  to  the structural detailing and  the design requirements of  the 
relevant materials (e.g. reinforced concrete or steel) codes. It is also noted public buildings prior to 1976 
revision of the New Zealand Loading Standard were designed to be 1.20‐1.33 times stronger. The use of 
working  stress  design  prior  to  the  1976  standard,  instead  of  the  ultimate  strength  approach  as  per 
modern seismic design, also resulted in approximately 1.2 to 1.3 times stronger albeit likely to be less 
ductile building elements. 

The comparison of Figure 6a and Figure 6b shows a strong polarization  in  the  long‐period excitation 
(T1>1.5s) in the North‐South (principal) direction, which is approximately normal to the surface trace of 
the Greendale Fault rupture. This could be associated with forward directivity effects of the principal 
horizontal motion in addition to complex interaction of the soft soil and underneath rock/gravel (basin 
effects) and site effects (e.g. soft soil amplification) (Berrill, 2011, Cousins and McVerry, 2010). Similarly 
the observed building damage also suggested that high‐rise buildings (and building contents) suffered 
higher damage in the North‐South direction.  

High acceleration demand (peaking around 2.5s period) is evident in the four records in the principal 
direction. According to Cousins and McVerry (2010), this long period pulse could corresponds (from a 
design point of view)  to an event with approximately 1000‐years  to 3000‐years return period. For the 
period  range of 0.3s  to 1.0s  (thus  for mid‐  to high‐rise Reinforced Concrete, RC, buildings),  the  four 
records  spectra  would  apparently  approximate  the  level  of  design  level motion  (500‐years  return 
period). However, the elastic spectra alone do not fully explain the relatively low (when compared to 
the  assumed  design‐level  intensity)  damage  observed  in  the  Darfield  earthquake.  Further 
considerations will be provided in the next paragraphs.  

Design Spectra and Pseudo-Inelastic Response Spectra Comparison 

In  a  typical  “force‐based”  seismic  design  in New  Zealand,  the  elastic  5%  damped  spectra will  be 
reduced  by  the Ductility  (kμ)  and  the  Structural  Performance  (Sp)  factors  following  the NZS1170.5 
specification. In order to compare the demand with the likely design‐level capacity of modern building, 
Figure  7  shows  the  “pseudo‐inelastic’  or  design  acceleration  spectra  generated  by  reducing  the 
individual  response  spectrum  by  an  inelastic  reduction  factor  corresponding  to  a ductile  reinforced 
concrete frame structure (μ=4 and Sp=0.7) as per (Clause 5.2.1.1) in the NZS1170:5.  
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For comparison, the seismic loadings according to the 1984 and 1976 New Zealand Loading Standards 
(NZS  4203  (1976)  and NZS4203  (1984),  respectively)  and  the  1965 New Zealand Loading  Standards 
(NZS1900 (1964)) are also plotted. For the sake of comparison it is assumed that building designed to 
these older codes will achieve  the  full‐code compliance ductility, which, as mentioned,  is unlikely  to 
happen due to the deficient (when compared to to‐date knowhow and code‐provisions) detailing. For 
example,  the  likely achievable ductility of pre‐1976  (e.g. pre‐capacity design principles) detailing  for 
reinforced concrete buildings can be more realistically assumed to be approximately two.  
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Figure 7. 4 September 2010 Mw 7.1  earthquake: pseudo‐inelastic acceleration response spectra (principal 
horizontal direction) in the Christchurch CBD and the NZS1170:5 design spectra (red solid)  

for Christchurch (soil class D, R=35km, μ=4 and Sp=0.7). 

Effectively, Figure 7 compares  the design  lateral capacity or  the  seismic design coefficient  (the  lateral 
load  capacity  can  be  obtained  by multiplying  this  coefficient  by  the weight  of  the  structure)  for  a 
ductile reinforced concrete frame with the implied ‘damped’ seismic action from the 4 Sept earthquake.  

Based on Figure 7,  the seismic demands  (in acceleration/forces) were close  to or below  the NZS1170:5 
(2004) design  level  (minimum  expected  capacity)  for very  recently designed  structures with periods 
between  0.5s  and  2.0s. At  lower  periods  (<0.5s),  the  seismic  demands  (in  acceleration/forces) were 
generally lesser than the NZS1170.5 (2004) design spectra but exceeded the older codes design spectra. 
In  the period range  (0.6s<T1<1.6s), corresponding  to  the  typical mid‐rise RC building  in  the CBD,  the 
NZS4203  (1976) and NZS1170:5  (2005) specify comparable seismic coefficients, while NZS4203  (1984) 
and NZS1900 (1965) requirements are approximately 33% lower. The higher spectral ordinate demands 
for  longer periods  (T1>2.0s)  suggests  that high  rise buildings designed  to  the NZS1170:5  (2004) may 
have sustained significant seismic demand.  
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Interestingly, the older NZS4203 (1976 and 1984) and NZS1900 seismic coefficients are generally lower 
in  the  short periods  (T1<0.6s) and higher  in  the  long periods  (T1>1.4s‐1.6s) when  compared with  the 
NZS1170.5 design  spectra  for  a  similarly  ductile  reinforced  concrete  frame.  It  should  be  noted  that 
while the seismic design acceleration/forces are discussed herein, the ductile detailing and other design 
aspects have significantly improved over time, resulting in a higher likelihood to achieve the assumed 
ductility (capacity to displace in the inelastic range) implied in the loading standards.  

Displacement Response Spectra 

The displacement  response  spectra give a better  representation on  the seismic displacement demand 
and thus further valuable when not, to some extent, more reliable information on the likely damage to 
the buildings (Priestley, et al., 2007). The 5%‐damped elastic displacement response spectra of the 4 Sept 
earthquake for the four CBD recording stations are plotted in Figure 8. 
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Figure 8. 4 September 2010  Mw 7.1 earthquake: Elastic displacement response spectra  

and 5‐% damped elastic design displacement spectra. 

As  the NZS1170:5: 2004 code does not yet  incorporate an explicit displacement design spectrum,  the 
following  pseudo‐displacement  spectra  ordinates  Sd(T)  have  been  generated  by  dividing  the 
acceleration spectral ordinates Sa(T) by ω2, being ω=2π/Τ the angular frequency: 
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The seismic displacement demand implied by the elastic displacement spectra shown in Figure 8, also 
suggests  that  the deformation demands at  lower building periods  (T1 < 1.5s‐2.0s) were generally  low. 
For instance, the displacement demand, Sd of 90mm at effective/elastic period of 1.0s, suggests an inter‐
storey drift (relative displacement between two consecutive storeys divided by the height of the storey 
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itself) demand of  less  than 1.0%  (e.g. 30mm  relative displacement  for a 3m  inter‐storey height)  for a 
mid‐rise 6‐storey reinforced concrete frame building.  

Significant displacement demand can be observed at the long period range (T1 > 2.5s), suggesting some 
higher  level  of  deformation  demands  for  high‐rise  buildings  with  relatively  flexible  system  (e.g. 
moment‐resisting  frames).  Incidentally,  from  a  displacement‐based  design  and  assessment  point  of 
view,  it  seems  that  the NZS1170:5  (2004)  design  spectra,  being  derived  as  a  pseudo‐displacement 
spectra generated by the acceleration spectra, do not adequately capture the long period demand.  

Figure 9 shows design  level versus demand within an Acceleration‐Displacement Response Spectrum 
(ADRS)  domain,  commonly  used  in  seismic  assessment  procedures  (as  capacity  spectrum  or  N2 
methods). Figure 9 and its interpretations are likely to be of interest to structural engineers, as the ADRS 
plot requires additional technical understanding and knowledge.  
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Figure  9.  4  September  2010   Mw  7.1  earthquake:  Inelastic  Acceleration‐Displacement  Response  Spectrum 
(ADRS)  (principal  horizontal  direction)  for  the  four Christchurch CBD  records  and  the NZS1170:5  design 
spectra (red solid) for Christchurch (soil class D, R=35km, μ=4 and Sp=0.7). 

Lastly, it should be noted that the seismic code design spectrum is a representation of an uniform hazard 
spectrum –i.e. the elastic site spectra is derived from a probabilistic seismic hazard model based on the 
aggregation of a series of expected earthquake sources and distributed seismicity sources– distant or 
near‐fault, high  frequency or  long period  excitation. As  such,  it appeared  inappropriate  to  conclude 
that the Mw 7.1 Darfield earthquake had generated the expected design level shaking (in Christchurch 
CBD) and that the pre‐1970s RC building stock, which in general passed through that earthquake event 
with relatively  low  level of damage, did not need any  further seismic retrofitting/strengthening. This 
conclusion, derived prior  to  the  22 Feb  event  (Pampanin,  et  al.,  2011)  is  confirmed  by  the  response 
spectra  recorded  during  the  26 Dec  2010  and  22  Feb  2011  aftershock  events,  presented  in  the  next 
paragraph. 
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5.3.4. 26 Dec 2010 earthquake response spectra  

The  “Boxing  Day  aftershock”  on  26  December  2010  was  a  relatively  lower  magnitude  (Mw  4.9) 
earthquake but at very  close proximity  to  the Christchurch CBD. The epicenter was estimated  to be 
close to the CCCC recording station at Barbadoes Street.  

The elastic  response spectra  (5%‐damped)  from  four  recorded ground motions  (of both  the principal 
and secondary horizontal motions) from the Christchurch CBD for the 26 December 2010 Boxing Day 
event are compared with the site seismic design coefficient in Figure 10. The NZS1170:5 (2004) elastic 
design  spectrum  for Christchurch site  (Z/PGA=0.22g), distance R = 20km and soil class D  (consistent 
with the four recording sites) is also plotted in Figure 10.  
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Figure  10:  26 December  2010   Mw  4.9  earthquake:    5%‐damped  elastic  acceleration  response  spectra  in  the 
Christchurch CBD and  the NZS1170:5 design  spectra  (red  solid)  for Christchurch  (soil  class D, R=20km): a) 
Principal horizontal direction; and b) Secondary horizontal direction. 
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In general, the level of seismic shaking of the 26 Dec earthquake appears from the spectra comparison 
to be limited to the short period structure (i.e. low rise stiff buildings). Severe shaking was likely to be 
experienced by buildings with less than 0.5s periods such as one to three storeys unreinforced masonry 
buildings.  This  is  consistent with  the  observed  damage  in  the  Christchurch  CBD.  In  other  period 
ranges,  the  seismic  shaking  intensity  decreased  significantly  at  higher  periods,  as  expected  for  a 
relatively  low magnitude earthquake. The seismic  intensity was also  significantly attenuated outside 
the CBD area, with limited ground shaking acceleration recorded outside a 30km radius.  

5.3.5. 22 Feb 2011 earthquake response spectra  

Elastic Response Spectra Discussion 

The elastic acceleration response spectra (5%‐damped) of the 22 Feb earthquake, from the four recorded 
ground motions (of both the principal and secondary horizontal motions) from the Christchurch CBD 
are compared with the site seismic design coefficient in Figure 11. The NZS1170:5 (2004) 500‐years and 
2500‐years  design  spectra  for Christchurch  site  (Z/PGA=0.22g),  distance R  =  20km  and  soil  class D 
(consistent with the four recording sites) are also plotted in Figure 11. The arrows shown on the insert 
map in Figure 11 indicate the corresponding direction of the seismic shaking. 

Key observations on the horizontal acceleration response spectra can be derived as follows: 

• In general, it can be noted that the seismic shaking in the Christchurch CBD significantly exceeded 
the 500‐years design spectra, which is the typical design level in New Zealand (as in the rest of the 
word)  for new buildings. The principal direction of shaking was of  the predominantly East‐West 
component. The East‐West components were approximately 15‐30% higher in the periods ranging 
from 0‐2.4s, except  for  the period range of 0.35s‐0.6s  in which  the North‐South components were 
stronger; 

• The East‐West components matched or exceeded the New Zealand loading standard NZS1170:2004 
(NZS1170, 2004) 2500‐year motion in the period range of 0.5s‐1.75s (approximately 5‐20 storeys RC 
buildings). 

It should furthermore be recalled that the existing NZS1170.5:2004 design spectra and the underlying 
probabilistic seismic hazard model do not  (currently) consider any near‐fault effects  for Christchurch 
CBD  as  there was  no  known  active  fault within  20km  of  Christchurch  CBD.  The  amplification  of 
spectra  acceleration  in  the  0.5s  to  1.5s  period  range  and  the  shift  of  the  peak  spectra  acceleration 
‘plateau’  is  typically observed  in ground motion records with  forward directivity effects  (Somerville, 
2003,  Somerville,  2005)  Such  features  are  included  in  the  acceleration  spectra  shape  in  some major 
seismic codes around the world  and could provide  valuable suggestions for similar implementation in 
the  next  revision  of  the  NZS1170:5  loading  standard.  In  addition,  the  soft‐soil  site  amplification 
observed  in  the  response  spectra  is  also  significantly  higher  than  typical measurement  for  similar 
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geological  site, which  indicates  further  urgent  research  is  required  to  quantify  such  site  effects  for 
incorporation in the design process.  
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Figure  11:  22  February  2011   Mw  6.2  earthquake:  Elastic  acceleration  response  spectra  (5%‐damped)  in  the 
Christchurch CBD, after  the Feb 22 event, and  the NZS1170:2004 design spectra  (red solid) for Christchurch 
(soil  class  D,  R=20km):  a)  Principal  horizontal  direction  (generally  East‐West  component);  b)  Secondary 
horizontal direction (generally South‐North component). 

Design Spectra and Pseudo-Inelastic Response Spectra Comparison 

Similar  to  the  approach  used  in  analyzing  the  4  Sept  2010  earthquake  (Section  5.3.3),  the  pseudo‐
inelastic response spectra of the four CBD records are compared with the design spectra for a ductile 
structure  (assuming  μ=4  and  Sp=0.7  for NZS1170.5  and  full‐code  compliance ductility  for  the  older 
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codes). The discussion on the comparison of the current NZS1170.5 loading standard and the previous 
loading  standards  (NZS4203:1976  and  Chapter  8  of  NZS1900.1965)  presented  in  Section  5.3.3  are 
relevant.  

An  immediate  observation  is  that  the  ‘pseudo‐inelastic’  acceleration  response  spectra  of  all  the 
principal horizontal records from the CBD recording station well exceeded the 500‐years return period 
design  spectra  for most period  range. As mentioned,  the 500‐years  return period design  level  is  the 
typical  seismic design  loading  for normal  structures as per NZS1170.5:2004. With a pseudo‐inelastic 
acceleration demand up to two to three times the design level for a ductile (μ=4 and Sp=0.7) structure, it 
is expected that many of the buildings in Christchurch CBD will suffer significant damage.   
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Figure  12.  22  February  2011   Mw  6.2  earthquake:  pseudo‐inelastic  acceleration  response  spectra  (principal 
horizontal direction) in the Christchurch CBD and the NZS1170:5 design spectra (red solid) for Christchurch 
(soil class D, R=35km, μ=4 and Sp=0.7). 

Displacement Response Spectra 

The 5%‐damped elastic displacement response spectra for the four CBD recording stations are plotted 
in Figure 13. Some preliminary observations: 

• At all period  ranges,  the principal direction horizontal  shaking was higher  than  the 500‐years design 
displacement spectra.  

• In the principal direction, there were significant displacement demands between 1.0s to 1.8s and 2.9s to 
3.8s. This  suggests  that  in‐elastically  responding RC  buildings  between  5  to  10  storeys  and  15  to  20 
storeys  would  have  had  significant  displacement  demands  and  by  extension,  possibly  significant 
damage.  The  principal  direction motion  far  exceeded  the  NZS1170:2004  (NZS1170,  2004)  2500‐year 
motion (Maximum Credible Event, MCE) design spectra at these two period ranges.  
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• The  two  ‘amplification  lumps’  observed  in  the  principal  direction motion were  not  apparent  in  the 
secondary horizontal direction motions.  

• The spectral displacement demands in the secondary direction were significantly lower when compared 
to  the  principal  direction.  However,  the  spectral  displacement  demand  in  the  weaker  secondary 
direction was still higher than the NZS1170:2004  500‐years motion pseudo‐displacement design spectra. 
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Figure  13:  22  February  2011 Mw  6.2  earthquake:  5%‐damped  elastic  displacement  response  spectra  of  four 
Christchurch CBD  records  and  the NZS1170:2004  design  spectra  (red  solid)  for Christchurch  (soil  class D, 
R=20km): a) Principal horizontal direction (generally East‐West component); b) Secondary horizontal direction 
(generally South‐North component). 
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Figure 9 shows design level versus demand within an Acceleration‐Displacement Response Spectrum 
(ADRS)  domain,  commonly  used  in  seismic  assessment  procedures).  In  such  domain,  the  building 
periods are plotted on radial lines.  

Same considerations as per the previous paragraphs can be derived, in a useful synoptic way albeit a 
bit less intuitive for some aspects.  

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0 50 100 150 200 250 300 350 400

Sp
ec

tra
 A

cc
el

er
at

io
n 

/ S
 a 

(g
 m

s-2
) .

Period (sec)

NZS1170:5 (2004) 
500−year motion
NZS4203 (1976)

EQ2:CHHC (S89W)
EQ1:CBGS (NS64E)

EQ3:REHS 
(S88E)

EQ1:CBGS

EQ4:CCCCEQ2:CHHC

EQ3:REHSPrincipal direction

NZS1170:5 (2004) 
2500−year motion

N

EQ4:CCCC (N89W)

Stiff Low 
Rise Building

Mid Rise 
Building

Flexible High 
Rise Building

Mean of 4 
CBD records

 

Figure  14.  22  February  2011 Mw  6.2  earthquake:  Inelastic  Acceleration‐Displacement  Response  Spectrum 
(ADRS)  (principal  horizontal  direction)  for  the  four Christchurch CBD  records  and  the NZS1170:5  design 
spectra (red solid) for Christchurch (soil class D, R=20km, μ=3 and Sp=0.7). 

5.4. Vertical acceleration  
The equivalent vertical spectra from the NZS1170:2004 (NZS1170, 2004) is plotted in Figure 15 with the 
vertical  response  spectra  from  the  four  CBD  recording  stations  for  the  22  February  earthquake 
NZS1170:2004  uses  a  multiple  factor  of  0.7  to  determine  the  vertical  design  spectrum    from  the 
horizontal design spectrum. At the short periods (T<0.3s) however, the vertical spectrum is assumed to 
be  the  same  as  the  horizontal  spectrum,  to  account  for  high‐frequency  content  of  vertical motions. 
While not shown herein, as indicated by Figure 3, the vertical acceleration in the Christchurch CBD was 
significantly higher in the 22 February event when compared to the 4 September event. 

As  it  is  difficult  to  determine  the  vertical  stiffness  of  structures,  it  is  hard  to  correlate  the  vertical 
acceleration demand to structural vertical response spectral demand. At very short period range (0.05s 
<  T  <  0.25s),  the  vertical  response  spectra  greatly  exceeded  the  expected  2500‐year motion  vertical 
spectra  (according  to  NZS1170:2004).  A  very  high  vertical  acceleration  can  potentially  amplify 
compression‐loading on columns and walls,  triggering axially dominated brittle  failure mechanisms, 
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induce  higher  gravity/seismic  load  on  transfer  elements  and  vertically  unrestrained  elements  (e.g. 
simply‐supported stair landing). Further research is required to quantify these effects.  
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Figure 15: 22 February 2011 Mw 6.2 earthquake: 5%‐damped elastic vertical acceleration response spectra in the 
Christchurch CBD and the NZS1170:2004 design spectra (red solid) for Christchurch (soil class D, R=10km).  

5.5. Duration of shaking and proximity to the source 
In spite of the recorded severe shaking intensity in terms of accelerations and displacements, both the 4 
September  and the 22 February recorded ground motion had a relatively short duration (10‐15 seconds 
of significant ground shaking, with the shaking of the structures clearly lasting longer due to the free 
oscillation require to  “dissipate”  completely the input energy from the earthquake).  

In general terms it is now well recognized that the level of damage that a structure is subjected to can 
depend on both  the amplitude of  the shaking as well as, albeit  to a  lesser extent,  its duration. This  is 
particularly  true when  referring  to older  type of  construction  (e.g. Unreinforced Masonry Buildings, 
older reinforced concrete buildings) designed by definition according  to older codes,  thus with older 
design  principles  and  less  adequate  structural  detailing.  These  buildings  are  likely  to  suffer  severe 
structural degradation due  to repetitive oscillatory cycles.   Hence, had older structures  (e.g. URM as 
well as RC older buildings) being subjected to a  longer duration of shaking,  the  level of damage and 
number  of  collapsed  buildings would  have  been  likely  to  be much  higher.  A  significantly  longer 
duration of shaking (e.g. estimated to be in the range of 90‐120 seconds) can be expected by the rupture 
of the Alpine fault, capable of generating a bigger magnitude (M8+) earthquake. 
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On the other hand, the proximity from the source of the Feb 22 event suggests that near‐source effects, 
causing  a  high  velocity  pulse  or  so‐called  “fling‐effects”,  could  have  resulted  to  a  very demanding 
shaking to most of the buildings in spite of the short duration (NZS1170, 2004, Somerville, 2005).  

It  is  important  to  remember  that  studies  on,  and  thus  better  understanding  of,  the  peculiarities  of 
forward directivity  and/or near  field  earthquakes  effects have provided  some useful  insights  of  the 
phenomenon with suggestions for design criteria only  in the  last ten‐fifteen years, following the field 
observation and recorded ground motion in Northridge, California, 1994, Kobe, Japan, 1995 and Izmit‐
Kocaeli, Turkey, 1999.  

In particular  it has been recognized  that  the capacity of a structure  to dissipate  the earthquake  input 
energy via hysteretic damping  (e.g.  through  the  formation of plastic hinges under  cyclic  loading)  is 
significantly  impaired by  impulse‐type of ground motion.   As a result, higher displacement demand, 
thus higher damage,  than predicted using standard approaches  (relying upon  the energy dissipation 
created by  the completion of a  full  slow‐ cycle of oscillation) would be expected,  for building  in  the 
CBD,  under the 22 Feb earthquake event  when compared to the 4 Sept.  

5.6. Liquefaction and lateral spreading  
In  the  4th  September  2010  7.1Mw  Darfield  earthquake,  severe  widespread  liquefaction  and  lateral 
spreading was  observed  in  the  eastern  Christchurch  suburbs  and  Kaiapoi  township.  In  particular, 
Northern Kaiapoi, Avonside/Darlington/Avondale and Bexley/Burwood were  severely affected, with 
thousands of residential homes and buried utilities damaged. Chrischurch City Council removed 54000 
tonnes of  silt  after  the  areas  affected by  liquefaction  (Cubrinovski, et al.,  2010). However,  limited or 
partial  liquefaction manifestation was observed within  the Christchurch CBD, where  scattered  sand 
boils and limited roads and footpaths were observed .  

In the 22nd Feb 2011 6.2Mw Christchurch earthquake, many of the eastern Christchurch suburbs again 
had severe liquefaction and lateral spreading land damage. Figure 16 shows a preliminary liquefaction‐
damage map  from  the  22nd February  2011  earthquake.  In  comparison  to  the  September  earthquake, 
Christchurch  City  Council  has  removed  322000  tonnes  of  silt  (as  of  10  March  2011). Within  the 
Christchurch  CBD,  severe  liquefaction  and  moderate  lateral  spreading  was  observed  in  several 
concentrated  zones:  a)  areas  along  the  Avon  riverbanks  e.g.  Oxford  and  Cambridge  Terraces;  b) 
segments of Kilmore Street; c) segments of Armagh Street; d) segments of  the North‐East of Madras, 
Manchester and Salisbury Streets and e) segments of Fitzgerald and Moorhouse Avenues. Interestingly, 
many of the liquefaction‐affected zones were former Avon River tributaries, as suggested by the 1850s 
Christchurch Map (Figure 17). Figure 18 and Figure 19 show severe liquefaction damage in the eastern 
suburbs and in the CBD area, respectively.  
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Figure 16: Liquefaction damage map around Christchurch city (courtesy of M. Cubrinovski and M. Taylor, 
source NZSEE Clearinghouse).  

 

Figure 17: 1850 map of Christchurch city centre showing the old tributary streams (courtesy of Di Lucas) 
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Figure 18: Widespread and severe liquefaction and temporary flooding in the eastern Christchurch suburbs  

     

Figure 19: Liquefaction damage within the Christchurch CBD:  
a) Kilmore Street ; b) Armagh Street ; c) Manchester Street 

5.7. Foundation damage to buildings 
Liquefaction land damage induced differential settlement of buildings resulting in foundation damage 
and  building.  There  are  clear  evidences  of  building  damage/tilting  as  consequences  of  liquefaction 
induced settlements and ground movement as shown  in Figure 20  . Variable soil profiles underneath 
these buildings with varying  foundation designs are some of  the complexities resulting mixed  (good 
and  bad) performance  of  various CBD  buildings within  the  same  segment  of  liquefaction‐damaged 
street.  Preliminary  observations  indicate  buildings  with  piles  foundations  generally  exhibit  less 
differential  settlement  and  liquefaction‐induced  tilt.  High‐rise  multi‐storey  buildings  founded  on 
shallow  foundations with  significant  liquefiable  soil depth generally  exhibits  substantial  settlements 
and  liquefaction‐induced  tilt.  The  soil‐damage‐foundation‐structure  interaction  is  a  complex  subject 
that remains in the forefront of earthquake‐engineering research.  
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Figure  20:  Liquefaction  induced  differential  settlement  resulting  in  significant  tilting  of mid‐  to  high‐rise 
buildings of various foundation and soil details: a) Four‐storey with shallow  foundation; b) Six‐storey with 
piled foundation; c) Three high‐rise buildings with substantial differential settlement and tilting. 

5.8. Final remarks on shaking intensity of 4 Sept 2010 and 22 February 2011  
Figure 21 shows a direct comparison of  the seismic response spectra of  the 4 September 2010 and 22 
February  2011  earthquakes.  It  can  be  directly  observed  that  the  seismic  shaking  intensity  in  the  22 
February event greatly exceeded  the 4 September event  for building periods up  to 2.0s and building 
periods between 3.0s to 4.0s.  
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Figure 21: Principal horizontal direction elastic acceleration response spectra (5%‐damped) in the Christchurch 
CBD and the NZS1170:2004 design spectra (red solid) for Christchurch (soil class D, R=20km): a) 4 September 
2010 Mw 7.1 earthquake; b) 22 February 2011 Mw 6.2 earthquake. 
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As discussed in the previous paragraphs, the shaking intensity recorded in the CBD caused by the 22 
February 2011 event exceeded by  far,  in  terms of spectral ordinates,  the code‐design  level prescribed 
for a 500‐years event, with peak demand for a wide range of periods (0.5s‐2s) exceeding also the 2500‐
years design  level  (typically  referred  to  as Maximum Credible Earthquake, MCE).  Stronger  shaking 
level was experienced in the North‐South direction. Furthermore the near source characteristics of the 
earthquake  (higher velocity, with  reduced  capacity of  the  structure  to dissipate  the  energy)  and  the 
very high level of vertical acceleration might have had a detrimental impact on the structural response. 

By  similar  considerations,  the  shaking  intensity  recorded  in  the CBD after  the  4 Sept  earthquake,  is 
deemed  to  be  almost  comparable,  in  terms  of  spectral  ordinate, with  a  400‐500  years  design‐level. 
Stronger shaking  level was experienced  in  this case  in  the East‐West direction. However, as reported 
prior  to  the  22  Feb  Earthquake,  a  series  of  numerical  (analysis  on  a  case‐study  building)  and 
experimental  (shake  table  tests)  evidences  conducted  by  the  authors  had  suggested  that  the 
characteristics of  the recorded ground motions  (signal  itself)  in  the CBD after  the 4 Sept event might 
have  not  be  as  demanding  as  the  compatibility  with  the  design  spectra  (itself  an  approximate 
approach) would suggest (Pampanin, et al., 2011). Also  it was reminded  that a  longer duration event 
(as  the one  to‐be‐triggered by  the Alpine  fault) or a near‐source  type  could have  caused  substantial 
more damage. 

Actually, when  considering only  the  information provided by  spectral ordinates,  it  could be argued 
that  in  both  events,  the  associated  level  of  damage  and  number  of  building  collapsed  (including 
modern ones) could have been expected to be even higher. 

A full understanding of the actual dynamics of the seismic response of a real (3‐dimensional) structure 
sitting on  foundation and non‐uniform soil  stratigraphy and subject  to a  real ground motion  indeed 
represents a very complex and only partially solved (up to today’s knowledge) problem. Towards this 
goal,  the whole  earthquake  engineering  community will  have  to  continue working  for many  other 
decades  

Some key lessons from the observed seismic shaking: 

• In  both  events,  the  duration  of  the  shaking  (important  aspects  not  included  in  the  spectra 
representation) was relatively low (few seconds), which had certainly some positive effects on 
the  somehow  lower‐than‐expected  level  of  damage  observed  (for  both  events)  on  the  built 
environment, as a function of their “assumed” (spectra‐based) shaking intensity. 

• On the other hand, the extensive non‐linear response of the soil, to the extreme of experiencing 
liquefaction,  could  have  acted  as  a  “fuse”  or  “base  isolation”  for  the  superstructure,  thus 
preventing for further damage if not collapse a number of older poorly detailed buildings. 
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• Each  building  is  a  different  and  one‐off  structure  with  very  particular  characteristic  and 
different level of redundancy or “extra‐reserves” (even when built for the same code) in terms 
of both conceptual design and structural detailing.  

• The  site‐response  or  actual  seismic  input  under  the  structure  can  vary  quite  significantly  at 
distance  of  few  tenths  of  a  meter,  in  particular  when  basin  effects  and  variation  in  soil 
characteristics as in the case of the CBD are present. 

• When dealing with older buildings prone to response in a brittle manner, it is useful to visualize 
their  potential  response  as  a  switch  on  or  off mechanism. Minor  differences  in  the  energy 
content and characteristic of the seismic ground motion can either maintain the structure in the 
elastic  range  (thus  no  apparent  major  damage)  or  trigger  the  “inherent”  brittle‐failure 
mechanism and cause a sudden and catastrophic collapse.  

For all  the above  considerations, as observed  in past earthquake events overseas,  it  should not be a 
surprise if: 

a) two buildings, of not  too  (apparently) dissimilar  characteristics, would experience a different 
response and thus level of damage under the same earthquake motion or  

b) the  same  building  would  experience  a  different  response  or  damage  under  two  different 
earthquake events.  
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6. Background of New Zealand seismic design codes 

6.1. Evolution of building codes up to early seismic codes (1960s) 
The  first  known New Zealand  publication  on  earthquake  design was written  by C. Reginald  Ford 
(Ford, 1926)  in 1926,  thus  several years before  the deadly Napier Hawke’s Bay 1931 earthquake  that 
would dramatically change New Zealand construction practice. Ford’s description drew heavily from 
the  state‐of‐knowledge  and  lessons  following  the  Kanto,  Japan  1923  and  San  Francisco  1906 
earthquakes. The  significant  loss  of  lives  and devastation  following  the  1931 magnitude  7.8 Napier 
earthquake  (Dewell,  1931), however, provided  the government  the  impetus  to  legislate  the building 
construction  in  relation  to earthquake  resistance. A Building Regulations Committee was  set up and 
reported on a draft earthquake building by‐law, which was presented to the New Zealand Parliament 
in June 1931 (Cull, 1931). This draft building by‐law subsequently was published by the New Zealand 
Standards  to be  the 1935 New Zealand Standard  (NZS) Model Building By‐Law  (NZS95:1935, 1935) 
(Figure 22a) and the 1939 NZS Code of Building By‐Laws (NZS95:1939, 1939). 

        

Figure 22: Early New Zealand building  codes and design guidelines: a) 1935 New Zealand Standard  (NZS) 
Model  Building  By‐Law  (NZS95:1935,  1935)  ;  b)  NZS  Standard  Model  Building  By‐Law  (NZS95:1955) 
(Hamann, 1953, NZS95:1955, 1955); c) Ministry of Work’s Code of Practice for Design of Public Buildings (PW 
81/10/1:1970)  (MOW‐NZ,  1970);  and  d)  New  Zealand’s  design  loadings  for  building  NZS4203:1976 
(NZS3101:2006, 2006). 

The  early  building  codes  specified  a  seismic  coefficient  of  0.08g  and  0.10g  of  building weight  for 
ordinary  and public buildings  respectively, which were  consistent with  the  international practice  at 
that time. This lateral force was applied as a constant force up the building height (Figure 24a). There 
were  requirements  of  tying  the  building  together  and  designing  for  induced  torsional  moment. 
Unreinforced masonry buildings were discouraged and masonry walls were required to be tied to the 
floor  diaphragms.  The  1935  By‐law  (NZS95:1935,  1935) was  not  compulsory  and  depended  on  the 
adoption by local territorial authorities. 
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The  1955  revision  of  the  NZS  Standard  Model  Building  By‐Law  (NZS95:1955)  (Hamann,  1953, 
NZS95:1955, 1955) (Figure 24b) introduced an inverted triangular distribution of horizontal load as an 
alternative  loading  pattern  with  seismic  coefficients  of  0.12g  and  0  at  the  top  and  bottom  of  the 
structure  respectively. While  this  reflected better understanding of  the 1st mode dynamic  loading on 
multi‐storey  structures,  NZS95:1955  lacked  significant  improvement  in  terms  of  seismic  structural 
detailing. For example, while explicit definitions of deformed and plain round bars were given, only 
10%  higher  allowable  bond  stresses  was  specified  for  deformed  bars.  The  provisions  for  shear 
resistance of concrete elements were tightened and the requirement of 135° anchorage for stirrups was 
included.  

The NZS1900:1964 code (NZS1900.8‐64, 1964, NZS1900.9‐64, 1964) was a significant evolution from its 
predecessors,  proving  increased  understanding  of  seismic  hazards  and  reinforced  concrete  (RC) 
seismic design, also based on best  international practice and know‐how  (ACI318‐63, 1963, CEB‐1964, 
1964). In particular, when referring to the calculation of the seismic coefficient calculation, three seismic 
zones  with  the  maximum  seismic  coefficient  ranging  from  8%  (zone  C)  to  12%  (zone  A)  were 
introduced to better represent the regional seismicity of New Zealand (see Figure 23). The magnitude of 
seismic force was formed as a function of the building natural period and the inverted triangular force 
distribution  up  the  building  was  modified  to  account  for  higher  mode  dynamic  effects.  More 
importantly, the concept of structural ductility was introduced with the stated assumption of 5‐10% of 
damping  for  structural  ductility  of  four  for  RC  structures.  However,  no  provision  for  ductile  RC 
detailing or modern capacity design considerations (yet to be developed) was included. NZS1900:1964 
was based on the working stress concept for member design while the international trend, in particular 
in RC design provisions or Model Codes, was  just moving  towards  the  introduction of ultimate  limit 
states design concepts  (ACI318‐63, 1963, CEB‐1964, 1964).  

 

Figure 23: Map of seismic zones according to the NZS1900:1965 (NZS1900.8‐64, 1964) 
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6.2. Development of building codes for seismic resistance (1960-70s) 
In  the United States  , significant development  in earthquake engineering was made  in  the 1960s and 
1970s, as summarised in the 1966‐1973 SEAOC recommendations (SEAOC, 1966, SEAOC, 1973) and in 
the 1971 ACI‐318  code  (ACI318‐71, 1971). The needs  for beam‐column  joint  seismic design, different 
ductility  coefficient  for different  lateral‐resisting  systems and ductile RC detailing were  identified  in 
these documents. The work by Blume, Newmark and Corning  in 1961  (Blume, et al., 1961) pioneered 
the concept of ductile RC buildings and  introduced detailing  for ductile RC elements. However,  the 
1971 ACI‐318 concrete code (ACI318‐71, 1971) did not have any capacity design provisions developed 
in New Zealand in the late 1960s‐1970s (Park and Paulay, 1975).  

Without  explicit  design  for  lateral‐force  resistance,  for  example,  buildings  constructed  prior  to 
NZS95:1955 provisions, or more generally pre‐1970s RC frames are likely to possess insufficient lateral 
strength capacity and inadequate lateral stiffness owing to small columns dimensions (designed mostly 
for gravity‐loads). Figure 24 shows the evolution of the seismic coefficient for the lateral system design 
up to the 1976 NZS4203 (NZS4203:1976, 1976). Brunsdon and Priestley (1984) have shown that for short 
period RC frames (T ≤ 0.45sec), pre‐1970s buildings were under‐designed by 40% to 60% (depending on 
the site seismicity) when compared with the NZS4203:1976 (NZS4203:1976, 1976). Fenwick and MacRae 
(2009) have shown that the pre‐1970s RC frames were generally flexible, with 25%‐50% of modern code 
stiffness  requirements.  By  comparing  the  pre‐1970s  design  base  shear  with  the  current  loading 
standard  (NZS1170,  2004),  the  required  structural  ductility  demands  to  satisfy  the  current  loading 
standard  ranged  between  2.0  for  low  seismicity  region  and  long period  and  9.8  for  high  seismicity 
region and short period.  

 

 

 

Figure 24: Seismic coefficient for the lateral system design: a) NZS95:1939 (NZS95:1939, 1939), b) NZS95:1955 
(NZS95:1955, 1955), c) NZS1900:1965 (NZS1900.8‐64, 1964), and d) NZS4203:1976 (NZS4203:1976, 1976). 

 

a)  b)  c) d) 
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6.3. Development of ‘modern’ seismic codes (1976 onwards) 
In  1969,  JP Hollings  (Hollings,  1969)  introduced  a  step‐by‐step  design  procedure  to  achieve  beam‐
hinging  inelastic mechanism  in  RC  frames  under  seismic  loading, which  preluded  the  concept  of 
capacity design. The 1970 Ministry of Work’s Code of Practice for Design of Public Buildings (Fenwick 
and  MacRae,  2009,  Megget,  2006,  MOW‐NZ,  1970)  (Figure  22c)  adopted  many  ductile  detailing 
recommendations from the 1966 SEAOC recommendations (SEAOC, 1966) and the 1971 ACI‐318 code 
(ACI318‐71,  1971).  Park  and  Paulay  in  their  seminal  publication  in  1975  (Park  and  Paulay,  1975), 
outlined many  concepts  of modern  seismic  RC  design  and  detailing,  including  a  rigorous  design 
procedure  of  RC  frames  under  the  capacity  design  philosophy  and  quantification  of  the  ductility 
capacity of RC beam, column, wall and  joints elements. These innovations were quickly disseminated 
into  the New Zealand  engineering practice  and building  codes  (NZS3101:2006,  2006)  from  the mid‐
1970s onwards.  

The introduction of the NZS4203:1976 (NZS3101:2006, 2006) loading standards represented a quantum 
change of the seismic  load requirements. NZS4203:1976 quantified  the soil amplification  factors, with 
higher seismic coefficients specified for softer soils. The ultimate strength design approach was codified 
as  the  preferred  design method. A  structural  type  factor  (Structural  Performance  factor,  Sp)  and  a 
material factor were incorporated to reflect the available ductility capacity in different lateral‐resisting 
systems  (as  per  the  1966  SEAOC  recommendations).  Structures without  any  ductile  detailing were 
required  to be designed  for higher  seismic  loading. There  is  currently an open debate on  the actual 
basis  and  validity  of  the  Sp  factor  (itself  a  reduction  factor  of  required  design  base  shear), which 
historically was, somehow, meant to account for the observed overdesigned capacity of buildings. 

The provisional NZS3101 code, published  in 1972 (NZS3101:1970P, 1970), also adopted many parts of 
the  1971  ACI‐318  code  (ACI318‐71,  1971)  and  some  of  the  recommendations  were  from  the  draft 
version of  ref  (Park  and Paulay, 1975). However, not until  the  revamp of  the New Zealand  loading 
code NZS4203  in  1976  (NZS3101:2006,  2006),  the update of  the ACI‐318  code  in  1977  as well  as  the 
various drafts of the 1982 edition of the NZS3101 concrete design standard (NZS3101:1982, 1982), that 
modern seismic design  for RC buildings was  fully codified  in New Zealand. The NZS3101:1982 was 
reviewed and updated  in 1995 and 2006,  in reflection of  the added state‐of‐knowledge  from research 
and the revisions of the NZS4203 loading standards (NZS4203:1976, 1992) in 1992 and the introduction 
of the NZS1170 loading standards (NZS1170, 2004) in 2004.  

There was concurrent development in the other material standards in the late 1970s and early 1980s. An 
interim  issue  of  the  steel  code  in  1977  (NZS3404:1977,  1977)  adopted  required  seismic  loading 
provisions introduced by the NZS4203:1976. The NZS3404:1977 was based predominantly on gravity‐
dominated  working  (“permissible”  or  “allowable”)  stress  design  approach.  NZS3404:1989 
(NZS3404:1989, 1989) was the first steel standards in New Zealand which fully incorporated ultimate‐
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strength  design  approach,  and  various  ductility  and  capacity  design  considerations. NZS3404:1992 
(NZS3404:1992,  1992)  updated  the  code  with  respect  to  the  1992  NZS4203  loading  standards 
(NZS4203:1976, 1992). Steel fatigue and steel fire design sections as well as improvements to the steel 
seismic design provisions were added to the steel code.  

The NZS3603:1981  for  timber  structures  had no  seismic provision.  In  the  1993  revision  of NZS3603 
(NZS3603:1993, 1993), modern seismic design concepts (limit states design, capacity design principles 
etc.) were included. For light‐timber‐framed houses, NZS3604:1978 (NZS3604:1978, 1978) was the first 
seismic design code which used rational engineering principles and the seismic loads standard (instead 
of rule‐of‐thumbs and conventional design). Bracing demands were based on building weight and site 
seismicity. The NZS3604 standard, revised in 1984, 1990, 1999 and recently in 2006, remains the leading 
design code for light‐timber framed construction for residential buildings.  

6.4. Performance based design: expected level of damage vs. seismic 
intensity 

In more  recent  years  (since  the mid‐1990s),  Performance‐Based  Seismic Design  concepts  have  been 
introduced,  specifying  correlations    between  the  expected  or  desired  performance  levels  (thus 
acceptable damage) and the levels of seismic hazard (earthquake intensity).  

As shown in the Performance Design Objective Matrix of Figure 25, the higher the earthquake intensity 
(typically expressed as a return period, e.g. approximately 50,100, 500, 2500 years), the higher the level 
of damage  that should be expected and  thus somehow “accepted”  (if minimum standards have been 
adopted).    Four  Performance  Levels  are  typically  adopted  at  international  level,  namely:  Fully 
Operational, Operational, Life  Safety, Near Collapse.   Three  (or more) Performance Objectives,  also 
referred  to  as  Importance  Levels,  are  typically  used,  namely:  Basic  Objective  for  residential  and 
“ordinary” commercial buildings;  Essential/Hazardous Objective for buildings with people in crowds;  
Safety Critical Objective  for critical post‐earthquake facilities. 

In  practical  terms  for  an  ordinary  Importance  level  building  (e.g.  residential‐commercial)  the  Basic 
Objective curve should be followed on the matrix indicating that: 

• under a design level earthquake (500 years return period, or 10% probability of occurrence in 50 
years), a Life Safety performance level would be targeted, which would imply an extensive level 
of  expected  damage,  possibly  beyond  the  repairability  (from  a  cost‐effective  point  of  view) 
threshold; 

• under a stronger than design level earthquake (up to 2500 years return period, or 2% probability 
of occurrence in 50 years, a Near Collapse Performance level would be targeted, which would 
imply a very severe level of expected damage, close to the collapse of the structure  
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When dealing with older un‐strengthened buildings their performance would be in general expected to 
be  (possibly  significantly)  lower  than  that of newly designed  structures,  implying  that  for  the  same 
level of seismic  intensity  they would be expected  to suffer  (much) higher  level of damage as well as 
(much) higher probability of collapse.  

In  retrospective,  considering  a)  on  one  hand,  the  shaking  intensity  of  the  Feb  22  event  (which, 
depending on the period of the building and referring for simplicity to the spectral ordinates reached 
more than twice the 500‐years level required for a newly‐designed building following the New Zealand 
building codes, thus in line with a 2500years event) and b) on the other hand, the inherent vulnerability 
of  the  building  inventory  (comprising many  “older”  structures),  it  could  be  argued  that  the  total 
number of heavily damaged and collapsed buildings was not surprising and could have been instead 
much higher.  

IrreparableRepairable

 

Figure 25: SEAOC Vision 2000 (SEAOC, 1999) seismic performance‐based design matrix – a function of 
performance level versus earthquake design level (Modified from the original version to show tentative 
correlation with expected post‐earthquake observed level of damage, or building tagging colours, and 

expected scale of repairability or irrepairability, based on cost‐effectiveness considerations) 
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7. Building Inventory in the CBD and observed damage: an 
Overview 

Christchurch  (Ōtautahi)  Central  Business  District  (CBD)  was  the  foundation  site  of  the  European 
settlement  in  the  early  1850s.  The CBD  is  defined  by  the  grid  road  network  bounded  by  the  four 
avenues  (Deans,  Bealey,  Fitzgerald  and Moorhouse).  Christchurch  CBD  consists  of  predominantly 
commercial and  light‐industrial  (58%) but also  contained  significant number of  residential buildings 
(42%), particularly towards the north and east edges of the CBD. Majority (~81%) of the buildings were 
of one to two storeys buildings. There are 127 buildings with at least six‐storey, with the tallest building 
being 22‐storey  (86 metres). Figure 26  illustrates some of  the notable mid‐ and high‐rise buildings  in 
Christchurch CBD in two different periods (1978 and 1990).  
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Figure 26: Notable mid‐ and high‐rise buildings in Christchurch CBD in 1978 and 1990. Photo sketch courtesy 
of CCC  

There are at least 3000 buildings within the Christchurch CBD (based on the 12 June 2011 CCC Building 
Safety Evaluation  (BSE)  statistics).  Figure  27  and  Figure  28  summarise  the  key  statistics  and  findings 
from the processed BSE building database. 

Slightly over half the buildings  inspected within the Christchurch CBD were given the “Green – Safe 
for Occupation” placard, with about 70% was only assessed with Level 1 rapid assessment. As there is 
no  current  legislative  requirement  for  Level  2  assessments  or  detailed  post‐earthquake  seismic 
assessment  for  all  the  building  stock  (especially  for  green‐tagged  buildings),  it  is  hard  to  ascertain 
whether  the  damage  statistic  is  completely  accurate.  Canterbury  Earthquake  Recovery  Authority 
(CERA)  and  CCC  are  currently  developing  requirements  for  detailed  post‐earthquake  seismic 
assessment ((EAG), 2011). 
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Figure 27: Distribution of buildings tagging statistics in Christchurch CBD. Building tagging is based on the 
CCC/Civil Defence Building Safety Evaluation procedure. (Statistics data is updated to 12 June 2011) 
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Figure 28: Building stock distribution in terms of construction year and number of storey in Christchurch CBD 

Several key observations from the general building stock and BSE tagging statistics data: 

• 24% of all CBD buildings are Red‐tagged and 23% are yellow‐tagged. This  represents over 1400 
buildings out of approximately 3000 building stock  in the CBD (in the available record). In recent 
CERA estimation, up to 1300 buildings may be demolished (Heather, 2011). 

• Reinforced  concrete  (RC)  frames  and  RC walls  are  the most  common multi‐storey  construction 
types. Out of 183 buildings with more than 5‐storeys, 49% are RC frame buildings, 22% are RC wall 
buildings, 7.7% are reinforced concrete masonry (RCM) and 5.5% are RC frame with infills. Only 9 
steel structures with more than 5‐storeys were recorded.  
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• There are 1028 residential and commercial  timber  frame buildings within  the  four avenues, more 
than 50% were built prior to 1930s and more than 94% are one and two‐storey structures.  

• The use  of masonry  infill  in RC  structures had  significantly decreased  since  the  introduction  of 
modern seismic design  in  the 1970s. Majority of  the RC  frame with  infill walls are one‐ and  two‐
storey buildings, built prior to the 1970s.  

• Buildings  constructed  prior  to  the  introduction  of modern  seismic  codes  in mid‐1970s  are  still 
prevalent  in  the Christchurch CBD. Approximately 45% of  the  total CBD building stock are built 
prior to the 1970s. Of this, 13.8% or 188 pre‐1970s buildings are with 3‐storey and more, resulting in 
significant life safety risk in the event of collapse. Addressing these potentially significant collapse 
buildings is a key priority in seismic risk mitigation.  



General Building Performance in the Christchurch CBD: a contextual report – Kam W., Pampanin S. 
• • • 

Unreinforced Masonry (URM) buildings   40 

8. Unreinforced Masonry (URM) buildings 
Until the early 1930s, unreinforced masonry (URMs) was the dominant structural type for Christchurch 
commercial  buildings,  consistent with  the  trend  elsewhere  in New Zealand. After  the  1931 Napier 
earthquake,  URM  construction  almost  ceased  immediately  and  the  500+  URM  buildings  in 
Christchurch CBD were mostly legacy from the pre‐1930s era.  

In general, URM buildings without seismic retrofit interventions performed very poorly in the 4th Sept 
2010 and 22nd Feb 2011 earthquakes. 68% and 22% of all URM buildings were red‐ and yellow‐tagged 
respectively. The  structural  inadequacies  of URM  buildings  are well‐recognised  and  identified  (NZ, 
1968, NZSEE, 2006). The most common failure mechanisms were either a mixed of out‐of‐plane and in‐
lane failures or out‐of‐plane failures of the load‐bearing URM walls, as illustrated in Figure 29.  

    

Figure 29: Unreinforced masonry buildings collapse/damage patterns: 
Mixed of in‐plane and out‐of‐plane failure modes 

      

Figure 30: Unreinforced masonry buildings collapse/damage patterns: Mixed of in‐plane and out‐of‐plane failure modes 
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Figure 31: Good performance of seismic retrofitted unreinforced masonry and brick buildings: a) Public Trust 
Building:  additional  external  steel  braces  and  internal RC walls;  b) Art Centre’s Old Chemistry Building: 
external horizontal and vertical post‐tensioning, with closely spaced tie‐in rose anchors 
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Figure 32: Damage statistics of unreinforced masonry buildings 

9. Reinforced Concrete Masonry (RCM) buildings  
Reinforced Concrete Masonry  (RCM)  is a construction material/technique  that was  introduced  in  the 
early  1950s  and  popularized  in  the  1960s  to  the  early  1970s  for  low‐  to  mid‐rise  residential  and 
commercial buildings. In particular, Christchurch pioneered the use of RCM walls as seismic resisting 
system for mid‐rise buildings. RCM buildings can be categorized  into fully‐grouted RCM or partially 
grouted RCM. Typical deficiencies of RCM buildings: a) Un‐grouted reinforcements, b) Poor anchorage 
of  reinforcement  and  foundation/bond  beams,  c)  Lack  of  or  inadequate  horizontal  (shear) 
reinforcements, and d) poor concrete block material.  
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Figure 33: Reinforced concrete masonry buildings collapse/damage patterns: a) two‐storey residential building 
with complete soft‐storey collapse of the first floor; b‐c) Shear failure of the 2nd floor RCM walls of a six‐storey 
residential apartment built in the 1960s 
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Figure 34: Damage statistics of reinforced concrete masonry buildings 

10. Reinforced Concrete Frame buildings  
Reinforced  concrete  frame  construction  was  first  used  in  the  early  1920s  in  conjunction  with 
unreinforced masonry or concrete façade walls. From the 1930‐40s onwards, reinforced concrete frames 
buildings were  used  for  two‐storey  and  up  commercial  buildings,  particularly  in  the  CBD.  In  the 
construction boom of  the post‐war  1950s  and  1970‐80s,  reinforced  concrete  frame was  the preferred 
construction type for mid‐ to high‐rise buildings.  

A large number of reinforced concrete frame buildings were moderately and severely damaged in the 
22  February  2011  earthquake.  It  should  be  noted  that  a  number  of  these  buildings  had minor  to 
moderate  level of damage  in  the 4 Sept 2010  earthquake. Based on  the  tagging  statistics  (at 12  June 
2011, day before  the 13  June 2011 aftershock) up  to 50% of reinforced concrete  frame buildings were 
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either yellow or red‐tagged. Many of the mid‐ to high‐rise buildings were considered too expensive to 
be repaired, even though they have performed in a good ductile behavior in a severe earthquake (e.g. 
Figure 36), exactly as they were designed to.  

For the older reinforced concrete frame buildings, the observed performance is generally poor and the 
observed inelastic damage pattern is typically brittle mechanism such as beam lap‐splice/shear, column 
shear  and  beam‐column  joint  shear  failures  (e.g.  Figure  35).  For pre‐1970s  buildings with  significant 
strength redundancy, such as buildings with a large numbers of frames and walls, the overall observed 
behavior was  in general satisfactory. 

Few pre‐1970s reinforced concrete buildings were strengthened in Christchurch. In the several known 
examples,  the  seismic  retrofit work had  a mixed performance  in  achieving  their design  intention of 
collapse prevention and life‐safety. Piece‐meal strengthening work for multi‐storey reinforced concrete 
buildings, without  considering  the global  load‐path and  the  critical  structural weaknesses, appeared 
not to be very effective.  

     

Figure 35: Pre‐1970s reinforced concrete moment‐resisting frame buildings collapse/damage patterns 

   

Figure 36: Post‐1970s reinforced concrete moment‐resisting frame buildings collapse/damage patterns: a) Two‐
way plastic hinging on  5th  floor of  a  22‐storey office  tower; b) 2nd  floor beam‐column  connection  in a  five‐
storey office building 
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Figure 37: Damage statistics of reinforced concrete moment‐resisting frame buildings 

11. Reinforced Concrete/ Steel Frames with Infills buildings 
Reinforced concrete or steel frames with masonry infill buildings can be a particularly vulnerably class 
of buildings, evident from the experience of overseas earthquakes. These buildings are also relatively 
common in New Zealand from the early 1920s to the mid‐1960s, owing to the masonry infill perceived 
function as acoustic and fire boundaries. Therefore, the masonry infill panels along the building length 
usually have no  openings, while  the  building  frontage  and  rear  elevation  infill walls will  generally 
have extensive windows penetrations. 

Masonry  infill walls  prior  to  the  1950s were  generally  unreinforced masonry  clay  bricks, with  no 
seismic separation provided between the frames and the infill bricks. From the mid‐1960s, seismic gaps 
between  the  infill walls  and  frames were  started  to  be  provided.  The  choice  of  infill masonry  also 
gradually switched from unreinforced clay bricks to lightly reinforced concrete block masonry.  

The seismic behavior of moment‐resisting frames with masonry infill is very complex. If the walls are 
not  separated  from  the  frames,  the  infilled  frames will  behave  like  a whole  shear walls  up  to  the 
premature brittle failure of the infill material. From there onwards brittle mechanisms can develop both 
at  local (captive columns) or global  level (soft‐storey). Several cases of severe damage of  infill  frames 
were observed  in Christchurch after  the 22 Feb earthquake. Notably, one  three‐storey RC frame with 
masonry infill building collapsed after the 13th June Mw 6.2 aftershock (Figure 38a). 
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Figure 38: Reinforced concrete frame buildings collapse/damage patterns: a) 1930s three‐storey RC frame with 
masonry  infill collapsed after  the 13th  June Mw 6.2 aftershock; b) 1935 seven‐storey RC  frame with masonry 
infill and veneers; c) 1970s two‐storey RC frame with reinforced concrete masonry blocks 
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Figure 39: Damage statistics of reinforced concrete frame with infill buildings 

12. Reinforced Concrete Wall buildings  
Reinforced  concrete  structural walls,  or  shear walls  buildings were  a  relatively  popular  structural 
system for mid to high‐rise buildings since the 1970s.  

Prior to the NZS3101:1982, walls were not detailed for ductility with inadequate horizontal and vertical 
reinforcements, particularly at critical regions of the walls. In particular, the older type walls generally 
have no adequate reinforcement to prevent brittle confinement or buckling failure. Nevertheless, these 
older  reinforced  concrete  walls,  singly  cantilevered  or  coupled  with  coupling  beams,  generally 
performed  satisfactorily  possibly  due  to  the  presence  of  structural  redundancy  overall  and  use  of 
thicker wall sections.  
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Perhaps due to the apparent increase in sophistication in design and structural analysis in recent years, 
large percentage of  the recently constructed reinforced concrete walls were consisting of  thinner and 
more slender walls with minimum level of reinforcing and higher level of axial load ratio. These walls, 
while  well  detailed  for  ductility,  failed  in  brittle  shear‐compression  or  premature  reinforcing 
tensile/compressive fracture, leading to irreparable state of the buildings.  

The high number of severely damaged reasonably new reinforced concrete wall buildings (see Figure 
42)  has  indicated  that  the  current  design  for  slender  reinforced  concrete  walls  with  inadequate 
confinement  steel  outside  the  boundary  zone  and with  inter‐panel  grouted  lap‐splice  (often  poorly 
confined)  is  inadequate. In addition, many reinforced concrete walls suffered premature compression 
failure (e.g. Figure 41), particularly for L‐, T‐ and V‐ shaped walls, in some cases likely to be excerbated 
by the high level of vertical acceleration.   The lack of a well distributed cracking pattern in the plastic 
hinge zone of  the reinforced concrete walls was also an unexpected observation  that requires  further 
research and investigation.  

     

Figure 40: Pre‐1970s reinforced concrete structural wall buildings collapse/damage patterns: a‐b) Seven‐storey 
1960s  coupled‐RC walls building with  significant damage on  the  coupling beams. Plain bars and diagonal 
reinforcements  were  used  on  the  coupling  beams;  c)  Six‐storey  1950s  RC  walls  building  with  moderate 
damage to the coupling beams 
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Figure 41: Post‐1970s  reinforced  concrete  structural wall buildings  collapse/damage patterns:  a) Nine‐storey 
residential apartment built in 2000‐2010 with severe shear failure of the long slender wall (photo courtesy of 
Ken Elwood); b) 14‐storey residential apartment built in 2007 with buckling of the boundary reinforcements; 
c) Seven‐storey 1980s office block with significant compression failure of the V‐shaped RC shear wall 
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Figure 42: Damage statistics of reinforced concrete structural wall buildings (as per 12 June 2011) 

13. Tilt-up Concrete Panel buildings  
Tilt‐up precast  concrete panel  is  a popular  construction  form  for  low‐rise  industrial/commercial use 
buildings since the mid‐1980s. The fast erection speed and off‐site fabrication of the panels are some of 
the advantages of tilt‐up concrete construction. The precast concrete panels are generally cantilevered 
at the base and  joined together by steelwork at the top and  in‐between the panels. Steel roof on steel 
trusses or steel pinned portal frames are common roofing solutions.  
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Figure 43: Tilt‐up concrete wall buildings collapse/damage patterns: a) Failure of the spliced‐connection of the 
tilt‐up panel walls  (photo  courtesy of  John Marshall); b) Tilt‐up panels with  encased  steel portal  frame;  c) 
Steel angle connection damaged in the 4th Sept earthquake, repaired with a supplementary bolted steel angle  

Within the CBD, most tilt‐up concrete buildings were relatively new (>85% were built post‐1980s). Only 
16 tilt‐up concrete buildings within the CBD were red‐tagged (as per 12 June 2011). However, there was 
more damage to tilt‐up concrete buildings outside the CBD region (e.g. Figure 43a), particularly at the 
light‐industrial zone east of  the Christchurch CBD. Typical damage  included  fracture/failure of  steel 
connectors  and diagonal bracing,  cracking of  inter‐panel  connections and  several  reported  complete 
failure of the panel walls (e.g. Figure 43a).  
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Figure 44: Damage statistics of tilt‐up concrete wall buildings (as per 12 June 2011) 

14. Steel frame and steel-braced buildings  
High  imported‐steel cost prior  to  the 1950s and  industrial relationship disputes  in  the 1970s crippled 
the  heavy  steel  construction  in New  Zealand  until  the  1990s.  Out  of  the  139  buildings with  steel 
construction,  120  buildings  were  of  one  or  two‐storey.  These  were  generally  steel  portal  frame 
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structures with diagonal steel ties/bracing. Most of these low‐rise steel structures had limited noticeable 
earthquake damage. 

In recent years, following also the introduction of modern‐steel seismic design codes (NZS3404:1992), 
steel  systems  for multi‐storey  buildings,  particularly  eccentrically‐braced  frames,  diagonally‐braced 
frames and moment‐resisting bolted steel frames, were gradually used in new developments. As there 
were only several multi‐storey steel structures, limited damaged steel buildings were observed. Figure 
45 illustrates some typical observed damage (a ‐ yielding of shear links of the eccentric‐braced frames; b 
‐ buckling/fracture of diagonal steel braces; c‐ beam yielding of moment‐resisting steel frame).  

     

Figure 45: Steel  frame and  steel‐braced buildings. collapse/damage patterns: a) Yielding and  fracture of  the 
shear‐link of eccentric‐braced frame with composite gravity frame; b) buckling and fracture of diagonal steel 
braces; c) Yield lines on steel‐frame 
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Figure 46: Damage statistics of steel frame and steel‐braced buildings (as per 12 June 2011) 
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15. Timber frame buildings.  
As the Christchurch CBD covers a large area of residential zones in the peripheral of the CBD, a large 
number of timber frame buildings are present in the CBD. 94% of the 1029 timber buildings are of one 
or two‐storey while 47% were built prior to 1939.  

The NZS3603:1981  for  timber  structures  had no  seismic provision.  In  the  1993  revision  of NZS3603 
(NZS3603:1993, 1993), modern seismic design concepts (limit states design, capacity design principles 
etc.) were included. For light‐timber‐framed houses, NZS3604:1978 (NZS3604:1978, 1978) was the first 
seismic design code which used rational engineering principles and the seismic loads standard (instead 
of rule‐of‐thumbs and conventional design). Bracing demands were based on building weight and site 
seismicity. The NZS3604 standard, revised in 1984, 1990, 1999 and recently in 2006, remains the leading 
design code for light‐timber framed construction for residential buildings 

   

Figure  47:  Timber  buildings  collapse/damage  patterns:  a)  Soft‐storey  collapse  of  a  relatively  modern 
residential apartment; b) Soft‐storey collapse of a four‐storey residential apartment (Photo courtesy of Julian 
Ramsay) 
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Figure 48: Damage statistics of timber frame buildings (as per 12 June 2011). 
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16. Specific Issues 

16.1. Staircase performance in multi-storey buildings 
Staircase collapse and severe damage have been observed  in many  instances  in  the 22 February 2011 
earthquake.  In  general,  there were  some  levels  of  damage  and  deformation  in  staircases  for multi‐
storey  buildings  subject  to  significant  deformation  demands  (e.g.  damaged  non‐structural  and 
structural elements etc.). In many other buildings, staircases exhibited significant damage in buildings 
where the inter‐storey movements of the staircases have been restrained. Complete or partial  internal 
precast concrete staircases collapses have been reported for four multi‐storey high‐rise buildings (e.g. 
Figure  49a‐b). Minor  to moderate  level  of movement/damages  (e.g.  Figure  49c  and  Figure  50)  of  the 
staircase were observed in many other mid‐ to high‐rise buildings.  

     

Figure 49: Collapse (a‐b) and top landing damage (c) of precast concrete staircase in multi‐storey buildings 

   

Figure 50: Bottom landing damage of precast concrete staircase in multi‐storey buildings 
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While  the  principles  behind  the  staircase  details  and  design  are  generally  similar  across  various 
construction  ages,  builder/designer  and  construction  type,  the  connection  detailing  used  in  the 
staircases differs, depending mostly on the designers’ best practice and  ‘typical staircase detail’. Most 
of the staircase detailing observed fall into one of the following two categories:  

• Type A: Pinned/Fixed top connection with sliding bottom connection, or  
• Type B: Pinned/Fixed top and bottom connections.  

The landing may be free or supported on steel/concrete corbels, support beams or core walls. 

Type A aims to isolate the staircases from the lateral system, thus preventing or minimizing interaction 
between stairwell system and the surrounding structure. The Type A details require sufficient sliding 
gap at the free landing  in order to allow for the displacement demand  imposed by the earthquake. If 
this  gap  is  insufficient  or  accidentally  or  erroneously  grouted,  the  staircases  are  subjected  to  un‐
expected  compression  forces  (that  it  is  likely not designed  for) or  the  staircase might be  completely 
unseated  (pulled away  from  the support). The damage observed  in  the earthquake  indicates  that  the 
design displacement limits for the staircases were generally inadequate, when compared to the seismic 
demand of the 22 Feb earthquake, to prevent such compression to occur.  

Type B (no sliding detailing) allows the staircases to act as a compression strut and thus the staircases 
are  anticipated  to  interact with  the  surrounding. This  is generally only  allowed  if  the  staircases  are 
located within a very stiff core walls system. Type B is not typically used in modern post‐1976‐designed 
buildings. Figure 51 shows a fixed‐slide support (Type A) with a free mid‐landing. The partially‐fixed 
support is provided by starter longitudinal bars from the precast stair units, casted in‐situ with stairs 
landing on  support beams. Figure 52shows an alternative pinned‐slide  support,  in which  the precast 
stair units are supported on two RHS casted integrally with the precast units. 
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] 

Figure 51: Typical detailing of staircase‐ Type A ‐ Partially pinned‐slide bottom connection; cast‐in‐situ connection at top 
with longitudinal starter bars lapped at landing. (Photo is courtesy of Umut Akguzel). 

     

 

Figure 52: Alternative typical detailing of staircase‐ Type A  ‐ Pinned‐slide connections with RHS shear keys 
on both ends and observed failures. (Damage photographs are courtesy of USAR teams) 
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16.2. Non-structural damage and façade  
Non‐structural element damage and repair and replacement cost is without a doubt a major component 
of  the  recovery process. There  is a mixed performance of non‐structural elements, with much severe 
damage  of  non‐structural  elements  such  as  ceiling,  lining,  facades  and  glazing  observed  in  the  22 
February  earthquake. Figure  53 and Figure 54 presents  some  examples of non‐structural damage  that 
would have resulted in life safety and injury risks.  

     

Figure 53: Damage and collapse of vertical “non‐structural elements”: a) Collapse of heavy precast concrete 
panels due to failure of the connecting bolted‐plates; b) The failure of the inter‐panel shear connection of an 
external  lift‐shaft  located next  to  the only  safety egress  for  the building;  c) Shattered glass  façade at  street 
retail level 

   

Figure 54: Damage and collapse of horizontal “non‐structural elements”: a) Collapse of heavy ceiling tiles and 
services b) Near collapse of a HVAC unit due to anchorage failure 
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16.3. Displacement-incompatibility (Floors and gravity elements) 
Displacement‐incompatibility of lateral load resisting systems and the “gravity” elements such as floor, 
gravity bearing elements  (columns and walls) and  transfer beams have been  recognized as a  critical 
structural weakness in recent research.  

When  referring  to  flooring  system,  the  effects  of  “beam  elongation”  in  traditional  ductile moment 
resisting frames have been shown to on the structural integrity of the diaphragm of the precast flooring 
elements  (Fenwick,  et  al.,  2010, Matthews,  et  al.,  2003).  Figure  55  illustrates  an  extreme  example  in 
which extensive floor diaphragm damage, with almost loss of precast flooring unit supports, occurred 
due  to  the beam elongation effect. The use of brittle wire mesh  for  the diaphragm shear  transfer has 
resulted in uncertainty over the remaining diaphragm structural life.  It is important to note that such 
“beam elongation” effects of a traditional plastic hinge can cumulate under subsequent inelastic cycles. 
A  longer  duration  of  the  earthquake  shaking,  as  expected  from  a  far  field  higher  magnitude 
earthquake, could have thus caused significantly higher consequences in terms of damage and collapse 
of diaphragms/floors due to this effect.   

       

Figure 55: Extensive damage of floor diaphragm and loss of floor support due to the beam‐elongation effects 
of concrete frame inelastic response   

 

As  shown  in  the  other  earthquake  events  in  the  past  and  confirmed  by more  recent  experimental 
investigations under uni‐directional  (Elwood and Moehle, 1995) or bidirectional  loading  (Boys et al., 
2008), internal columns belonging to the ‘gravity’ load system might have been designed, according to 
older code provisions, without adequate considerations to the displacement compatibility requirements 
with  the  lateral  force  resisting  system.  In  fact, while not  specifically  considered  to  contribute  to  the 
lateral force resisting mechanism, these gravity load carrying elements are still required to undergo the 
same displacement demands as  the moment  resisting  columns or  shear walls, whilst  trying  to  carry 
their  full  gravity  load  capacity. As  a  result  of  this  obsolete  conceptual  design,  these  columns  have 
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insufficient transverse reinforcement, lap‐splices in the plastic hinge region, and longitudinal bars that 
are  ‘cranked’ at  the end of  the  lap‐splice. Columns with such details  (e.g. designed according  to pre‐
1995 NZ concrete standards) have been shown  to perform poorly when subjected  to seismic actions, 
losing  shear  and  axial  load  carrying  capacity  at  low  levels  of  drift,  thus  potentially  leading  to  the 
collapse  of  the  structures.  Figure  55  (centre  and  left)  shows  the  example  of  two  internal  columns 
belonging to a parking structure (seismic resisting system consisting of steel K‐braces in both direction) 
extensively damaged after  the 4 September earthquake. The  loss of axial  load capacity due  to  lack of 
adequate displacement compatibility capacity required immediate and urgent propping. On the same 
figure (right) is shown the level of damage observed in the structural laboratory for a column subjected 
to bi‐directional cyclic loading regime as part of an experimental campaign carried out in 2007‐2008 on 
internal gravity columns designed according to pre‐1995 NZ standards. In many cases, failure with loss 
of axial  load  capacity occurred at  lateral drift  levels  lower  than  that assigned  to  the  lateral  resisting 
system for a design level earthquake. 

     

Figure  56: Severe damage with  loss of vertical  load‐bearing  capacity  in  columns with  inadequate  trasverse 
reinforcement as part of  the “gravity‐load systems” due  to displacement compatibility with  the  lateral  load 
resisting  systems  (Left: damage observed  after  the  4 Sept  earthquake; Right:  experimental  tests  carried out 
years before on typical pre‐1995 gravity‐load columns subjected to bidirectional cyclic loading  

 



Appendix A: Christchurch CBD Building Stock Data 
 

pre-1930s 1940s 1950s 1960s 1970s 1980s 1990s-
2010s

unknown/
various

Total 30 3 8 37 37 68 46 127
1 storey 1 2 0 11 5 5 4 26
2 storey 12 1 3 14 5 18 9 57

3-4 storey 14 0 3 6 9 12 21 28
5-8 storey 3 0 2 4 12 21 6 12
9+ storey 1 0 0 2 6 11 6 4

Total 5 1 3 5 13 19 28 17
1 storey 1 0 1 0 2 3 2 0
2 storey 2 0 1 1 0 2 4 9

3-4 storey 1 1 0 1 1 4 8 7
5-8 storey 1 0 1 2 9 7 5 1
9+ storey 0 0 0 1 1 3 9 0

Total 16 1 35 39 20 8 7 82
1 storey 2 1 14 12 3 0 2 29
2 storey 11 0 21 22 14 3 2 33

3-4 storey 3 0 0 1 2 4 0 19
5-8 storey 0 0 0 4 1 1 3 1
9+ storey 0 0 0 0 0 0 0 0

Total 19 4 10 27 49 36 27 56
1 storey 3 1 9 17 17 13 2 18
2 storey 10 3 1 7 21 18 11 23

3-4 storey 5 0 0 1 6 4 14 12
5-8 storey 1 0 0 2 5 1 0 3
9+ storey 0 0 0 0 0 0 0 2

Total 7 0 4 10 34 14 21 49
1 storey 2 0 3 6 28 5 9 30
2 storey 5 0 1 4 4 6 7 10

3-4 storey 0 0 0 0 0 1 4 5
5-8 storey 0 0 0 0 2 2 0 2
9+ storey 0 0 0 0 0 0 1 2

Total 5 0 3 4 8 30 92 34
1 storey 0 0 2 2 7 6 18 15
2 storey 4 0 1 2 1 21 49 16

3-4 storey 1 0 0 0 0 1 23 3
5-8 storey 0 0 0 0 0 1 1 0
9+ storey 0 0 0 0 0 1 1 0

Total 483 17 24 47 30 61 201 166
1 storey 303 8 15 36 11 45 40 65
2 storey 177 9 9 9 19 15 118 90

3-4 storey 3 0 0 0 0 1 43 10
5-8 storey 0 0 0 0 0 0 0 0
9+ storey 0 0 0 0 0 0 0 0

Total 295 6 7 11 4 17 8 157
1 storey 61 3 5 5 2 4 1 52
2 storey 167 2 2 4 2 9 4 83

3-4 storey 63 1 0 1 0 4 3 19
5-8 storey 4 0 0 1 0 0 0 3
9+ storey 0 0 0 0 0 0 0 0

2- Concrete Shear Wall & Others (Steel, Frame, etc)

1- Concrete Frame & Others (Walls, RCM, URM, etc)

years built description
Number Floors

9- Un-reinforced Masonry & 3- Confined Masonry

8- Timber Frame

7- Tilt-up Concrete

6- Steel Frame

4- RC Frame with Masonry Infill

5- Reinforced Masonry
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Appendix C: Terms of Reference from DBH (version  28 April 2011) 
 

 Technical Investigation into the Performance of Buildings in the Christchurch 
CBD in the 22 February Christchurch Aftershock 

 

Report on General Building Performance       
in the Christchurch CBD 

 

Terms of Reference  

1 Background 
The Department is responsible for an investigation into the collapses and structura
performance of four buildings, CTV, PCG, Grand Chancellor and Forsyth Barr, in the
earthquake of 22 February. 

The Department has appointed: 

• Engineering consultants to investigate the subject buildings 

• A panel of experts to assist in achieving the the overall objectives of
the investigation 

The main outputs of the investigation will be: 

• Consultant technical investigation reports on each building  

• A report prepared by the Expert Panel to the Department 

• A Department report to the Minister on the outcome of the
investigation.  

The investigating consultants will be responsible for their own work and for
determining the inputs they use to reach their conclusions.   

The consultant reports will be attachments to the Expert Panel Report.   

The Department Report will be based on material in the consultant reports and the
Expert Panel Report.  
 

2 Objectives 
The focus of the investigation is the structural performance of the four buildings.  The 
purpose of this Report on General Building Performance in the CBD is to give a 
general description of the ground shaking, the range of buildings affected, and the 
structural performance of buildings of different types. 

This will give a frame of reference to the consultants responsible for the 
investigations, the Expert Panel and the Department when assessing the 
performance of the four buildings.  
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3 Scope 
The Report is to provide a general description of the following in relation to the
earthquake of 22 February 2011. 

• The nature and intensity of ground motions experienced in the CBD, and
how these compare to those used in design of new buildings prior to 22
February. 

• The impact of the ground motions on the soils, particularly foundation
soils, and how these compare with those expected in a design event
prior to 22 February 

• The response of a range of buildings (types and ages) to the shaking /
ground movement and how it compares, in a general sense, with
expected response of new buildings. 

• The structural performance of a range of buildings (types and ages),
including secondary structural elements such as stairs, ceilings and
cladding. 

It is envisaged that the report would need to contain examples to illustrate aspects of
performance to support the general statements made.  

The content and presentation of the report must be in a form that allows the Expert
Panel members, consultants and Department representatives to obtain a good
general understanding of how the earthquake shaking, the impact on foundation
soils, the response of buildings and the structural performance of buildings compare
with expectations. 

4 Timeframe 
A draft report is required by 27 May 2011 and a final report by 8 June 2011 
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Following the Magnitude 6.3 earthquake on  
22 February 2011 that caused severe damage  
to Christchurch city, the Department of Building  
and Housing decided to undertake a detailed 
investigation into the performance of four relatively 
modern multi-storey buildings in the central business 
district (CBD) that had serious structural failures.

These were the:

•	 Canterbury	Television	(CTV)	Building	
•	 Pyne	Gould	Corporation	(PGC)	Building
•	 Hotel	Grand	Chancellor	Building
•	 Forsyth	Barr	Building.

The Department appointed engineering consultants 
to investigate each of the buildings.  The Department 
also	appointed	an	independent	Expert	Panel	to	
oversee and review the findings of these investigations.  
On	30	September	2011,	the	Expert	Panel	issued	an	
interim	report	covering	three	buildings	(the	PGC,	
Forsyth	Barr	and	Hotel	Grand	Chancellor	buildings),	
along with the technical investigation reports for 
each building.  The investigation into the Canterbury 
Television	(CTV)	Building	took	longer	because	 
it was more complex.

This summary covers the main points of the 
investigation	into	the	collapse	of	the	CTV	Building, 
drawing	on	the	consultants’	CTV	Building	Collapse	
Investigation Report and the summary in the final 
Expert	Panel	report.		This	document	summarises	the	
recommendations that have resulted from the 
investigations into all four buildings, and the 
Department’s response to them.

ExPERT PANEL

The Department appointed professional engineering 
consultants to investigate the issues with each 
building	and	established	an	Expert	Panel	to	oversee	
their work, provide guidance on the methodology  
of the investigations, and review and approve 
consultants’ reports and report on their implications.

Expert	Panel	members	were	chosen	to	provide	
experience across the range of matters related  
to the planning, design, approval and construction  
of buildings.

For further information on the membership of the 
Expert Panel and its Terms of Reference turn to 
section 3.1 of the final Expert Panel report.

ExTREME EARTHQUAKE

The Magnitude 6.3 earthquake on 22 February 2011  
was an extreme event and caused horizontal ground 
shaking which was much stronger than that used  
as the basis for the design of modern buildings in 
Christchurch.  Exceptionally high vertical ground 
shaking and the proximity of the event to the central 
business district (CBD) were also factors. The peak 
vertical accelerations in this earthquake were among 
the highest ever recorded internationally in an urban 
environment. The intense ground shaking was a 
severe test for all buildings in the Christchurch CBD 
and was the fundamental contributing factor to all 
building collapses.

For further information turn to sections 4.1-4.3.2  
of the final Expert Panel report.
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SUMMARY: CANTERBURY TELEVISION 
BUILDING INVESTIGATION

The technical investigation into the reasons for  
the	collapse	of	the	Canterbury	Television	(CTV)	
Building was commissioned by the Department  
of Building and Housing and undertaken by Hyland 
Consultants Ltd and StructureSmith Limited.   
A separate report covering the Site Examination  
and Materials Testing undertaken for the investigation 
was prepared by Hyland Consultants Ltd.

Evaluating the collapse

The	evaluation	of	the	CTV	Building	was	aimed	 
at finding the most likely collapse scenario.   
To achieve this, structural analyses were undertaken 
to develop an understanding of the building’s likely 
response to earthquake ground motions, and the 
demands placed on the key components in the 
building’s structure.

These analyses were considered, along with 
information from eye-witness accounts, photographs, 
physical examinations and selective sampling and 
testing of building remnants.

For further information turn to section 5.9 of the final 
Expert Panel report.

Number of possible collapse scenarios

A number of possible scenarios for the building’s 
collapse were identified.  They ranged from collapse 
initiated by the failure of one or more columns on the 
east or south faces at a high level of the building, to 
collapse initiated by failure of a more heavily loaded 
internal column at a low level.  

For further information turn to section 5.9 of the final 
Expert Panel report.

Likely collapse scenario

The common factor in all the possible scenarios  
was that one or more columns failed because of  
the forces placed on them by horizontal movement 
between floors.

The precise sequence of events in the collapse could 
not be determined because of the range of factors 
involved.  However, a likely scenario identified in the 
investigation is that the collapse was initiated by 
failure of one or more columns in the mid-to-upper 
levels of the east face.  Once one column failed,  
the building’s load shifted to adjacent interior columns 
which were already heavily loaded at ground floor 
level, causing them to fail at the ground level.   
This was consistent with eye-witness accounts  
of an initial tilt to the east.

Once the interior columns began to collapse,  
the beams and slabs above fell down and broke away 
from the north core and the south wall, which then 
fell northwards onto the collapsed floors and roof.

The asymmetry of the stabilising walls meant  
the building would have twisted during the 
earthquake, placing extra strain on the columns. 
Further strain may have come from failure of the 
connection between the floor slabs and the  
north core.

For more information and diagrams explaining this 
scenario, turn to sections 5.9 and 9.2.1 of the final 
Expert Panel report.
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Previous damage

Damage	to	the	CTV	Building	structure	was	observed	
and reported after the 4 September 2010 earthquake.  
This reported damage appeared to be relatively minor 
and not indicative of a building under immediate 
stress or having a significantly impaired resistance  
to earthquake shaking.

Demolition of the building to the west of the  
CTV	Building	began	almost	immediately	after	 
the 4 September 2010 earthquake and continued 
until a week before the 22 February 2011 earthquake.  
The demolition work caused noticeable vibrations 
and	shuddering	in	the	CTV	Building,	which	was	a	
significant concern to the tenants.

The	Expert	Panel	said	that,	based	on	a	general	
description of the demolition operation and photos  
of the demolition process, the demolition would have 
been unlikely to have caused significant structural 
damage	to	the	CTV	Building.

There are no reports available on the condition  
of the building after the 26 December 2010 
earthquake but no further significant damage  
was reported.

For further information turn to section 5.5 of  
the final Expert Panel report.

Range of factors that contributed to the CTV 
Building collapse

The	Expert	Panel	identified	a	range	of	factors	that	
may	have	contributed	to	the	CTV	Building’s	collapse.	

Three critical factors were identified:

•	 intensity	of	horizontal	ground	shaking
•	 lack	of	ductility	in	the	columns
•	 asymmetrical	shear	wall	layout.

The following factors added to or may have added  
to the effects of the critical factors:

•	 low	concrete	strengths
•	 vertical	ground	accelerations
•	 interaction	between	the	columns	and	the	spandrels
•	 separation	of	the	floor	slabs	from	the	north	core
•	 structural	influence	of	masonry	walls.	

The limited robustness and integrity of the tying 
together of building components was not the cause 
of the collapse, but was not sufficient to hold the 
building together when the collapse started.

Aspects for which standards of the day were  
not met

There were three factors where standards of  
the day (1986) were not met. These were:

•	 column	ductility
•	 asymmetrical	wall	layout	of	shear	walls
•	 column	shear	strength.

Tests on 26 columns (21% of all columns in the  
CTV	Building)	after	the	collapse	found	that	the	
concrete in many columns was significantly  
weaker than expected.
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GLOSSARY

A	full	Glossary	is	provided	in	Appendix	C	of	the	
report. Some terms used in this summary are 
explained below.

Asymmetrical A shape which is not like the 
opposite side if you flip or turn it.

Axial load Tension or compression force 
pushing on the long axis of a 
structural element of a structure 
such as a beam or column.

Cantilever 
(structure)

A structure that is supported at  
one end only.

Columns A slender, upright structure, 
supporting the structure in a 
building.

Confinement 
steel

Reinforcing steel, usually in the 
form of rectangular hoops or spirals, 
that are used to hold the concrete 
inside the core of a reinforced 
concrete column or beam.

Cover 
concrete

Concrete on the outside of a 
reinforced concrete column or 
beam, which is used as protection 
from corrosion and fire, and is not 
normally relied on to carry loads  
in columns.

Diaphragm A diaphragm is a structural element 
that transmits earthquake loads 
stabilising walls and frames.   
In buildings, floors usually act  
as diaphragms.

Displacement The amount of movement of  
the building or building element.

Drift The amount of lateral (sideways) 
movement of any point in the 
building due to earthquake 
effects. ‘Inter-storey drift’ is the 
displacement of one floor relative  
to the one below or above.

Ductile Bends like wire. The ability to 
sustain additional load capacity 
when subject to movement.

Flexible-frame 
buildings

Buildings stabilised by structural 
frames (beams and columns).   
They are flexible in comparison  
to buildings stabilised by walls.

Floor slabs A broad flat thick piece of material 
forming the floor of a building, 
usually a concrete reinforced 
structure.

Horizontal 
ground 
shaking

Horizontal ground shaking is 
sideways (rather than up and down) 
ground motion produced by sudden 
pressure or force.

Non-ductile Brittle – snaps like a piece of chalk. 

Redundancy An alternative load path or paths in 
the event of failure of one or more 
structural component such as a 
column or beam and is aimed at 
limiting the extent of collapse.

Shear walls Walls that support the building’s 
structure and are capable of 
withstanding lateral movement.

Spandrel 
panels

Panels	on	the	external	face	of	the	
building.  Spandrel panels can be 
used to provide fire separation 
between floors and are used as 
architectural features.

Vertical	
acceleration

Acceleration of the ground or 
building measured in the vertical 
(up and down) direction.

Expert Panel recommendations relating to the  
CTV investigation

The	Expert	Panel	made	a	series	of	recommendations 
resulting from its investigations into the failure  
of	the	four	buildings	including	the	CTV	Building.	

The full list of these recommendations can be found 
in section 9.3 of the final Expert Panel report.
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ExPERT PANEL RECOMMENDATIONS  
AND DEPARTMENT RESPONSES FOR  
THE FOUR INVESTIGATED BUILDINGS  

The Department of Building and Housing accepts  
all	of	the	Expert	Panel’s	recommendations.		 
It has already taken action on some, and plans  
have been made to implement the other 
recommendations. 

The	Expert	Panel’s	recommendations	are	summarised 
below, and the Department’s responses are indicated 
as ‘Action’.

1. Ground-shaking building response

Bring together a range of studies that examine the 
seismic response and performance of buildings  
in the Canterbury earthquakes, aimed at improving 
the effectiveness and efficiency of earthquake-
resistant design in New Zealand and elsewhere.

ACTION
The Department will lead a multi-disciplinary 
research programme to learn from the building 
performance in the Canterbury earthquakes 
and follow through on any necessary changes 
to the Building Act, Building Code, education, 
training and professional practices. 

2. Geotechnical

Review geotechnical information standards required 
for development in urban areas in New Zealand and 
promote consistency through the development of 
national guidelines for minimum standards of 
information.

ACTION
The Department is leading a programme with 
the New	Zealand	Geotechnical	Society	and	its	
members to review geotechnical information 
standards.  Minimum geotechnical information 
requirements and standards for commercial 
buildings will be developed.

3. Post-earthquake inspections

Review current methods for inspecting and reporting 
information on the structural condition of buildings 
following an earthquake.

ACTION
The Department, working with the Ministry of 
Civil Defence and Emergency Management and 
other experts, will lead a review of methods  
for post-earthquake inspection of buildings.   
In consultation with relevant industry groups, 
the Department will decide on and action 
practical measures to ensure that there is a 
common approach and understanding across 
New Zealand.

4. General structural design issues

Reassess approaches to and general requirements 
for earthquake resistance in buildings and see that 
necessary changes are made.

ACTION 
The Department will lead a programme of work  
to help practitioners keep up to date with the 
latest developments and requirements for 
seismic design of buildings, including the 
changes that will be made as a result of the 
learning from the Canterbury earthquakes.   
The Department already has underway a 
review	of	the	Earthquake	Prone	Buildings policy 
settings.  This includes considering the need for 
changes to current legislation to require a 
higher level of structural strengthening when 
buildings are altered or their use is changed.
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5. Specific structural design issues

Review detailed design requirements for structural 
design and amend them as necessary to resolve 
concerns identified in relation to: 

•	 strength	and	resilience	(‘ductility’)	of	walls	 
and columns

•	 vulnerability	of	lightly	reinforced	concrete	 
shear walls

•	 limits	on	axial	load	levels	in	columns
•	 vulnerability	of	buildings	with	cantilevers
•	 strength	and	integrity	of	diaphragm	connections.

ACTION 
The Department will drive the development of  
the strategically important building standards  
by working with researchers and practitioners 
to make revisions to the current standards.   
This will be followed by training and continuing 
professional development for practitioners.

6. Stair design

Issue	a	Practice	Advisory	to	warn	owners	of	
buildings, especially those in flexible-frame  
buildings, to check that the stairs are designed  
to accommodate appropriate levels of earthquake-
induced displacements.  Develop revised criteria  
for stair support and protection of egress ways  
and incorporate them into the requirements for 
 new designs and retrofits. 

ACTION 
On 30 September 2011 the Department issued  
a	Practice	Advisory	under	section	175	of	the	
Building Act 2004 to provide guidance to 
structural engineers and territorial authorities.  

7. Construction quality and compliance

Review quality assurance processes in all phases  
of building design and construction.  Implement 
tighter controls and enable more designer 
involvement to provide confidence that design 
intentions are achieved and that the work complies 
with the requirements of the approved design 
documents.

ACTION 
The Department will work with industry groups  
and implement necessary changes in the 
sector to bring about the greater involvement  
of designers throughout construction. This will 
be reinforced by the introduction of Design 
Features Reports and a stronger focus on 
quality assurance in building consenting 
processes. 

8. Concrete quality

Work with the concrete industry to review in-situ 
strength of concrete in a representative range of 
buildings around New Zealand and recommend  
any measures required to provide confidence that 
specified concrete strengths have been used  
and achieved. 

ACTION 
The Department has already agreed to work  
with the Cement and Concrete Association of 
New Zealand and leading building contractors 
to review the level of in-situ concrete strength 
and agree on changes to practice if required. 
The Department will also draw the issue  
of concrete strength to the attention of  
building owners.
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9. Earthquake-prone buildings

Promote	and	implement	measures,	and	associated	
enforcements and incentives, that would result in 
improvements to earthquake-prone buildings.

ACTION 
The Department is leading a comprehensive 
review of the policy settings for earthquake-
prone buildings, and in October 2012 will be 
providing options to change the settings having 
had regard to cost and benefits. 

The Department’s report (Technical Investigation  
into the Structural Performance of Buildings in 
Christchurch – Final Report) notes the Expert Panel’s 
findings and recommendations and provides the 
Department’s response to each recommendation.  

Further information

If you have any questions about the technical 
investigation, please contact the Department  
of Building and Housing:

Phone:	+64 4 238 6362 
www.dbh.govt.nz
Email: ChChInvestigations@dbh.govt.nz

National Office
Department of Building and Housing
PO	Box	10-729
Wellington 6143

ISBN	978-0-478-38155-9	print 
ISBN	978-0-478-38156-6	electronic
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