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Welcome 

It gives me great pleasure to welcome you to Christchurch for the 2012 New 
Zealand Society for Earthquake Engineering (NZSEE) Annual Conference. The 
Society chose to hold this conference in Christchurch to provide an opportunity for 
you to witness first-hand the damage incurred to the region and its infrastructure. 

There are challenges holding a convention of this scale in Christchurch at this time. 
We closed registrations at 400 delegates – 80 more than at the four-yearly Pacific 
Conference on Earthquake Engineering held in Auckland in April 2011. 

With the two high profile keynote speakers speaking on very contemporary topics, 
a large number of high quality papers to be presented with oral and poster 
presentations, and the investigative tour around the earthquake affected city, I am 
sure that you will return home from the Conference with a sense of fulfillment. 

I would also like to welcome you to our prestigious University, that until the last 
decade was home to the Legends of Earthquake Engineering: Park and Paulay. Our 
campus was also significantly affected by the recent earthquakes. The University’s 
emergency management planning was tested to the extreme, with distress for the 
students and staff as well as the more obvious physical damage to buildings and 
contents. Nevertheless, the University managed to deliver its regular academic 
programs with minimal compromise to the curricula; which in itself is a prime 
example of organisational preparedness and resilience. 

I hope that you take the opportunity to look around our facilities, and talk to our 
staff and graduate students about the research they present during the course of the 
conference. Above all, I hope you are able to make the most of the opportunity to 
discuss issues that are of mutual interest and potentially beneficial to both 
Canterbury and the nation in the aftermath of recent series of earthquakes.  

Associate Professor Rajesh Dhakal 
Convener, NZSEE Annual Conference 2012 

The NZSEE gratefully acknowledges significant contributions from the conference 
sponsors, particularly the sustained support by the principal sponsor: 
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Conference Program 
NZSEE Annual Conference 2012, Christchurch 

Venue: Central Lecture Theatre, University of Canterbury 
 

Friday 13 April 

08:00-12:00 Investigative Tour around Christchurch City (Limited capacity, only for those 
whose tour registration has been confirmed) 

09:30-13:00 Conference Registration (Concourse) 

12:00-13:00 Light Lunch (Concourse) 

13:00-13:15 Conference Opening (C1) 
Dr Hamish Cochrane, Assistant Vice-Chancellor, University of Canterbury 

Session 1 Keynote Session (C1) (Chair: Peter Wood) 

13:15-14:00 
“Recovering Canterbury”     
Roger Sutton, Chief Executive, CERA (Canterbury Earthquake Recovery 
Authority)

Session 2 Plenary Session (C1) (Chair: Rajesh Dhakal) 

14:00-14:20 “Lessons to be drawn from managing NZ's first National State of Emergency”   
John Hamilton, Director, Ministry of Civil Defence and Emergency 
Management

14:20-14:40 "Building Stock Vulnerability in Christchurch"      
Dr Sjoerd van Ballegooy, Tonkin and Taylor

14:40-15:00 “Regulatory challenges and future direction in response to Canterbury”               
Mike Stannard, Chief Engineer, Department of Building and Housing 

15.00-15:30 “Navigating the Challenges for Land and Buildings in Canterbury”                      
Department of Building and Housing Engineering Advisory Group

15:30-15:55 Afternoon Tea (Concourse) 

 

 

 

 

 

 

Friday 13 April 

Session 3 
3a. Reinforced Concrete (C1)
Chair: Carl Ashby

3b. Structural Engineering (C2)
Chair: Jitendra Bothara 

16:00-16:15 Paper 24: Biaxial seismic performance 
of a two-storey, two-by-one bay, 
reinforced concrete slotted beam 
super-assembly 

Craig Muir, Des Bull, Stefano 
Pampanin 

Paper 76: Assessment and repair of a 
two storey perforated unreinforced 
masonry wall  
Charlotte L.Knox, Jonathan Watkins, 
Jason M. Ingham 

16:15-16:30 Paper 72: Wall-to-floor interaction in 
concrete buildings with rocking wall 
systems 
Richard Henry, Sri Sritharan, Jason 
M. Ingham

Paper 83: NEES Integrated Seismic 
Risk Assessment Framework 
(NISRAF)   
Sheng-Lin Lin, Jian Li, Amr S 
Elnashai, Billie F. Spencer, Jr. 

16:30-16:45 Paper 58: A parametric study of R.C. 
slab in beam-column connection 
Saddam M. Ahmed, Umarani 
Gunasekaran, Gregory A. MacRae 

Paper 111: Structural efficiency by 
analysis - The Fonterra Dryer Plant, 
Darfield 

Nicholas Brooke, Barry Davidson, 
Scott Blain, Peter Clark 

16:45-17:00 Paper 116: Shake table tests of non-
ductile RC frames retrofitted with 
GFRP laminates in beam column 
joints and selective-weakening in floor 
slabs 
Patricio Quintana Gallo, Umut 
Akguzel, Stefano Pampanin, Athol J. 
Carr, Patricio Bonelli 

Paper 121: Understanding cladding 
damage: An experimental and 
numerical investigation into a 
Christchurch earthquake case study 

Andrew Baird, Alessandro  Palermo, 
Stefano Pampanin

17:00-17:15 Paper 85: Experiment of reinforced 
concrete frame with masonry infill 

Tsung-Chih Chiou, Shyh-Jiann, 
Hwang 

Paper 64: Improving the seismic 
resilience of lifeline tunnels 

Victor S. Romero, R. John Caulfield

17:15-17:30 Paper 128: European research on 
seismic behaviour of precast structures 

Giandomenico Toniolo 

Paper 66: Experimental modal 
identification of structures under 
earthquake excitation  
Sherif Beskhyroun, Quincy T. Ma 

17:45-18:15 NZSEE Annual General Meeting (C1) 

18:30-21:30 Welcome Reception (Concourse) 



Saturday 14 April 

08:00-08:45 Registration (Concourse) 

Session 4 Keynote Session (C1) Chair: Rajesh Dhakal 

08:45-09:30 
“What can we do about earthquakes?- Towards a systematic approach to 
seismic risk mitigation”                                                                Prof David 
Alexander, Switzerland

Session 5 Plenary Session (C1) Chair: Stefano Pampanin 

09:30-09:50 Paper 136: A time-dependent update of the national seismic hazard model for 
the Canterbury earthquake sequence                    M . Gerstenberger, K.  
Berryman, A. Christophersen, B. Fry, G. McVerry, A. Nicol, J. Pettinga, M. 
Reyners, D. Rhoades, S. Steacy, M. Stirling, T. Webb,   C. Williams 

09:50-10:10 Paper 36: A review of post-earthquake building control policies with respect to 
the recovery of the Christchurch CBD                                                    Bruce 
Galloway, John Hare

10:10-10:30 Paper 45: “Low risk does not equal no risk”: understanding barriers to 
earthquake risk-reduction in low seismic hazard zones            David Johnston, 
Caroline Orchiston, Craig Weaver, Julia Becker, Douglas Paton, John 
McClure, Tom M. Wilson

10:30-10:55 Morning Tea (Concourse) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Saturday 14 April

Session 6 
6a. Engineering Seismology (C1)
Chair: Caroline Holden 

6b. Performance of Bridges (C2)
Chair: Les Megget 

11:00-11:15 Paper 37: A summary of strong 
ground motions observed in the 2010-
2011 Canterbury earthquakes 
Brendon A. Bradley 

Paper 18: Detailed Analyses of State 
Highway Bridges Damaged in the 
Darfield and Christchurch 
Earthquakes

John H Wood 

11:15-11:30 Paper 49: Lessons from the 
Canterbury earthquakes: preliminary 
improvements on the internet felt 
earthquake reports 
T. Goded, K.F. Fenaughty, R. J. 
Michell 

Paper 102: Seismic Improvement of 
the SH 5 Mohaka River Bridge   
Donald Kirkcaldie, P. Brabhaharan, 
Chuanbo Wang, Ted Blaikie, Gavin 
Gregg 

11:30-11:45 Paper 61: Kinematic source studies of 
the ongoing (2010-2011) sequence of 
recent large earthquakes in Canterbury 

Caroline Holden, John Beavan 

Paper 59: Post Earthquake 
Transportation Network Performance: 
Transportation of Injured to Medical 
Facilities 
Sekine Rahimian, Sue McNeil 

11:45-12:00 Paper 115: Spectra and PGAs for the 
assessment and reconstruction of 
Christchurch 
Graeme H. McVerry, Matthew C. 
Gerstenberger, David Rhoades, Mark 
Stirling 

Paper 104: Critically Damaged 
Bridges & Concepts for Earthquake 
Recovery 
J.D. Waldin, J.B. Jennings, P.J. 
Routledge 

12:00-12:15 Paper 48: New National Seismic 
Hazard Model for New Zealand: 
Changes to Estimated Long-Term 
Hazard 

Mark Stirling, Graeme H. McVerry, 
Matthew C. Gerstenberger 

Paper 101: Detailed seismic 
assessment of Christchurch bridges in 
non-liquefiable soil during 
Canterbury earthquakes 

Alessandro  Palermo, Maria Brando, 
Elena Camnasio

12:15-12:30 Paper 134: Construction Cost 
Implications of the Increased Seismic 
Coefficient Z for Christchurch: A Case 
Study 

A.D. Amaris, K. Hoglund 

Paper 32: A simple theoretical 
investigation into better ways of 
understanding and interpreting data 
from a financial earthquake loss 
analysis                          
Matthew R. Cutfield, Quincy Ma

12:30-13:15 Lunch (Concourse) 



Session 7 
7a. Geotechnical Engineering (C1)
Chair: P Brabhaharan 

7b. Analysis/Design of Buildings 
(C2) 
Chair: Clark Hyland 

13:15-13:30 Paper 7: Soil liquefaction and slope 
failures during the 2011 Tohoku, 
Japan Earthquake   
R.P. Orense 

Paper 35: Performance objectives for 
the low damage seismic design of 
buildings  
John Hare, Bruce Galloway, Stuart 
Oliver 

13:30-13:45 Paper 123: Application of new ‘gel-
push’ sampling technique to obtain 
high quality laboratory test data for 
advanced geotechnical analyses   
Merrick L. Taylor, Misko Cubrinovski, 
Iain Haycock 

Paper 42: Nonlinear analysis 
acceptance criteria for the seismic 
performance of existing Reinforced 
Concrete buildings in Christchurch  
Stuart Oliver, Alistair Boys, Dion 
Marriott 

13:45-14:00 Paper 95: Field testing of ground 
improvement techniques for 
liquefaction mitigation  

Hayden Bowen, Peter Millar 

Paper 11: Interstorey drift limits for 
buildings at ultimate limit states 
SR Uma

14:00-14:15 Paper 31: Earthquake geotechnical 
engineering issues associated with 
design of Waikato Expressway   

Alexei Murashev, Campbell Keepa, 
Gemma Hayes 

Paper 26: The influence of pounding 
on member demands in low rise 
buildings  

Gregory Cole, Rajesh P. Dhakal, 
Athol J. Carr, Des K Bull 

14:15-14:30 Paper 10: Progressive simulation and 
performance assessment of soil-
foundation-structure systems due to 
main shocks and successive 
aftershocks  
H. Benjamin Mason, ZhiQiang Chen 

Paper 133: Estimated seismic 
performance of a standard 
NZS3101:2006 RC office building 
during the 22 February 2011 
Christchurch Earthquake   
Y. Ishikawa, B. Bradley 

14:30-14:45 Paper 22: Pre and post-earthquake 
dynamic analysis of an RC building 
including soil-structure interaction 
Faheem Butt, Piotr Omenzetter 

Paper 113: Influence of stiffness 
variation on the performance of 
houses in earthquakes  
Graeme Beattie, Aizhen Liu

14:45-15:00 Paper 21: Detailed seismic assessment 
and seismic improvements of Market 
Road underpass   
Dejan Novakov, David Ashby, Tek 
Chin, Aaron George 

Paper 5: Observations on waffle slab 
buildings   

Colin Ashby

15:00-15:30 Afternoon Tea (Concourse) 

Session 8 Poster Session (Concourse) 

15:00-16:30 Paper 6: Dynamic deformation characteristics of pumice sand                               
R.P. Orense, M. Hyodo, T. Kaneko

Paper 27: Assessment of dynamic performance of a multi-storey timber 
building via long-term monitoring and model updating      Andrew Gaul, Simon 
Jager, Piotr Omenzetter, Hugh Morris

Paper 38: Probabilistic seismic hazard analysis (PSHA), design ground 
motions, and the Christchurch earthquakes                                                            
Brendon A. Bradley

Paper 39: A comparison of ground motions from the 2011 Mw6.3 Christchurch 
earthquake with those in Tokyo during the 11 March 2011 Mw9.0 Tohoku, 
Japan earthquake, and implications for future large events in New Zealand          
Brendon A. Bradley

Paper 44: Estimating post-earthquake welfare and sheltering needs following a 
Wellington earthquake                                                                                            
David Johnston, Kim Wright, Jim Cousins, Sara McBride, Sarb Johal, 
Maureen Coomer

Paper 50: Quantifying building engineering demand parameters in seismic 
events           Heshan Dantanarayana, Gregory A. MacRae, Rajesh P. Dhakal, 
Trevor Z. Yeow 

Paper 54: Comparison of actual and predicted measurements of liquefaction-
induced lateral displacements during 2010 Darfield and 2011 Christchurch 
Earthquakes                             Kelly Robinson, Misko Cubrinovski, Brendon A. 
Bradley

Paper 55: Torsional considerations in building seismic design                               
Brett Miranda, Gregory A. MacRae, Katrin Beyer, Trevor Z. Yeow 

Paper 56: Content sliding mechanics in earthquakes                                              
Richard English, Gregory A. MacRae, Rajesh P. Dhakal, Trevor Z. Yeow 

Paper 63: Contents sliding response spectra                                                           
Sheng-Lin Lin, Gregory A. MacRae, Richard English, Trevor Z. Yeow, Rajesh 
P. Dhakal 

Paper 65: Longitudinal beam reinforcement bond demand in a reinforced 
concrete interior beam-column joint with slotted beam detail                                 
Joe Byrne, Des K Bull

Paper 82: Loss estimation in Christchurch CBD based on recent earthquakes: 
Validation and refinement of current procedures                                                   
Sheng-Lin Lin, Sonia Giovinazzi, Stefano Pampanin 

Paper 87: Impact mechanics, damage and building pounding: The effect of co-
efficient of restitution, structural yielding and gap ratio                                         
F. Boyer, G. Labrosse, J.G. Chase, G.W. Rodgers, G.A. MacRae 



Paper 92: Performance Based Design, would it have made a difference in 
Christchurch?      Will Parker, Josiah Thompson, John Meyer, Paul Cordova, 
Ken Tam

Paper 94: Development and implementation of buckling restrained braces in 
Taiwan       Sheng-Lin Lin, An-Chien Wu, Pao-Chun Lin, Keh-Chyuan Tsai, 
Gregory A. MacRae 

Paper 99: Velocity dependence of high-force-to-volume (HF2V) lead dampers 
using different shaft configurations.                                                                       
Jose Chanchi, Gregory A MacRae, J Geoffrey Chase, Charles Clifton, 
Geoffrey W. Rodgers

Paper 100: Behaviour of asymmetrical friction connections using different 
shim materials    Jose Chanchi, Gregory A MacRae, J Geoffrey Chase, Charles 
Clifton, Geoffrey W. Rodgers

Paper 106: Quantification of seismic performance factors for buildings 
incorporating three-dimensional construction system                                            
Mustafa Mashal

Paper 117: Improvements for the seismic design of reinforced concrete walls in 
Chile and suggestions for the refinement of ACI318 seismic provisions                
Patricio Bonelli, Patricio Quintana Gallo, Jose Restrepo, Stefano Pampanin, 
Athol J. Carr 

Paper 125: Temporary housing issues following the 22nd Christchurch 
Earthquake, NZ    Sonia Giovinazzi, Anna Mason 

Paper 129: Problems of seismic design of the connections of cladding panels of 
precast buildings                                                                Antonella Colombo, 
Giandomenico Toniolo

Paper 131: The cost of cleanup – Liquefaction ejecta cleanup in Christchurch     
D. Bristow, M. Gallagher, M. Villemure, T.M. Wilson, S. Giovinazzi, C. Brown

Paper 135: The effects of soil-foundation interface nonlinearity on seismic soil-
structure interaction analysis                                                                                   
M Masoud, A. Carr, M. Cubrinovski, S. Pampanin, J.G. Chase, C.T. 
Chatzigogos & A. Pecker

18:30-19:00 Pre-dinner Drink, Addington Event Centre 

19:00-22:30 Conference Dinner, Addington Event Centre 

Sunday 15 April 

08:30-09:00 Registration (Concourse) 

Session 9 
9a. Steel and Timber Structures (C1) 

Chair: Quincy Ma 
9b. Canterbury Earthquakes (C2)

Chair: Luke Allen 

09:00-09:15 Paper 23: Experimental testing of the 
self-centring sliding hinge joint 

Hsen-Han Khoo, Charles Clifton, 
John Butterworth, Gregory A. MacRae

Paper 132: Survey of damage extent 
and severity of Christchurch 
earthquakes for regional risk 
assessment 

T. Lai, A. Nasseri, F. Turner 

09:15-09:30 Paper 89: Spectral design analysis of 
sliding hinge joints and HF2V devices 
for seismic dissipation 

F. Kato, G.W. Rodgers, G.A. MacRae, 
J.G. Chase 

Paper 112: Performance of house 
lining and cladding systems in the 22 
February Lyttleton earthquake 

Geoff Thomas, Roger Shelton  

09:30-09:45 Paper 43: Measuring the effectiveness 
of seismic control of steel frames 
using braces with bilinear and flag-
shaped hysteretic characteristics 

James McInerney, John C Wilson 

Paper 84: Christchurch City Council 
lifelines – Performance of concrete 
potable water reservoirs in the 
February 2011 Christchurch 
earthquake 
Nicholas Charman, Ian Billings

09:45-10:00 Paper 20: Forced vibration testing and 
finite element model updating of a 
full-scale post-tensioned Laminated 
Veneer Lumber building 

Margaret Worth, Piotr Omenzetter, 
Hugh Morris 

Paper 90: "Recovery of lifelines" 
following the 22nd February 2011 
Christchurch earthquake: successes 
and issues 

Sonia Giovinazzi, Tom M. Wilson, 
Helen Grant 

10:00-10:15 Paper 53: Carterton Events Centre 
Auditorium Pres-Lam wall design and 
construction 

David Dekker, Alessandro  Palermo, 
Stanley Chung 

Paper 124: Impact of the 22nd 
February 2011 earthquake on 
Christchurch Hospital  

Judith Mitrani-Reiser, Tom Kirsch, 
Caitlin Jacques, Sonia Giovinazzi, 
Jason McIntosh, Tom M. Wilson

10:15-10:30 Paper 126: Seismic performance of a 
post-tensioned LVL building subjected 
to the Canterbury earthquake sequence 

Tobias Smith, Rocco Ditomasso, 
David Carradine, Felice Ponzo, 
Stefano Pampanin

Paper 78: Christchurch Cathedral of 
the blessed sacrament:  Lessons learnt 
on the stabilisation of a significant 
heritage building   
Jamie Lester, Andrew Brown, Jason 
M. Ingham 



10:30-10:55 Morning Tea (Concourse) 

Session 10 Plenary Session (C1) Chair: Peter Wood 

11:00-11:20 Paper 16: Damage, death and downtime risk attenuation in the 2011 
Christchurch earthquake                                                
John B Mander, Yinghui Huang 

11:20-11:40 Paper 41: Base-isolation and earthquake insurance             
Andrew W Charleson, Nabil Allaf

11:40-12:00 Paper 93: Using seismic isolation and energy dissipation to create earthquake-
resilient buildings                                                                
Ronald Mayes, Dario Pietra, Andrew Brown

12:00-12:20 Building resilience theme on Natural Hazards Research Platform                
Richard Sharpe

12:20-12:40 Conference Closure (C1) 

12:40-13:30 Light Lunch (Concourse) 

Technical Session 3.a.1 

Preliminary observations from biaxial testing of a two-storey, 
two-by-one bay, reinforced concrete slotted beam 

superassembly 

C.A. Muir1, S. Pampanin1 & D.K. Bull2 

Displacement incompatibility between reinforced concrete moment frames and 
precast flooring systems has been shown experimentally, and in historical 
earthquakes, to be an area of concern. Plastic hinge formation necessitates beam 
damage and the resulting elongation of the beam reduces the seating length of the 
floor, exacerbates the floor damage and induces unanticipated force distributions 
in the system. In severe cases this can lead to collapse. The slotted beam is a detail 
that protects the integrity of the floor diaphragm, respects the hierarchy of 
strengths intended by the designer and sustains less damage. The detail provides 
the same ductility and moment resistance as traditional details, whilst exhibiting 
improved structural performance. This is achieved with only a subtle change in the 
detailing and no increase in build cost. 

This paper briefly presents the development of the slotted beam in reinforced 
concrete. The design and construction of a large scale reinforced concrete slotted 
beam superassembly is described. The experimental method used to undertake 
biaxial quasi-static testing in introduced. 

Preliminary observations from the experiment are presented. It is shown that the 
reinforced concrete slotted beam is a viable replacement for the traditional 
monolithic detail. Extremely promising structural performance and significantly 
reduced damage compared to monolithic reinforced concrete details is presented. 

1 University of Canterbury, Christchurch, New Zealand. 
2 University of Canterbury and Holmes Consulting Group, Christchurch, 

New Zealand. 

Paper 24 

Technical Session 3.a.2 

Wall-to-floor interaction in concrete buildings with rocking wall 
systems 

R.S. Henry1, J.M. Ingham1 & S. Sritharan2 

Previous research has shown that rocking or self-centering precast concrete walls 
provides superior seismic resistance when compared to traditional concrete 
construction. However, uplift at the base of the wall causes a vertical displacement 
incompatibility between the wall and floor diaphragms. The type of wall-to-floor 
connection and the floor diaphragm's resistance to wall uplift can have a 
significant influence on the seismic behaviour of both the wall and the building. 
Finite element modelling indicated that the lateral strength of a building is 
significantly increased when the floor diaphragms are rigidly restrained to the 
rocking wall. Additionally, reparable damage is caused to the floor slab when a 
cast-in-place connection is detailed. An alternative to a rigid cast-in-place 
connection is to use a wall-to-floor connection that will isolate the floor from the 
vertical displacement and rotation of the wall, preventing any significant floor 
damage. The influence of the wall-to-floor interaction on the seismic response of a 
building is not limited to rocking walls, and has the potential to be more severe for 
traditional reinforced concrete walls, increasing the vulnerability of the wall to 
shear or axial failure. 

1 Department of Civil and Environmental Engineering, University of 
Auckland, New Zealand. 

2 Department of Civil, Construction and Environmental Engineering, Iowa 
State University, Ames, IA, USA. 

Paper 72 
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1 Department of Civil and Environmental Engineering, University of 
Auckland, New Zealand. 

2 Department of Civil, Construction and Environmental Engineering, Iowa 
State University, Ames, IA, USA. 

Paper 72 

Technical Session 3.a.3 

A Parametric Study of R.C. Slab in Beam-Column Connection 
under Cyclic Loading 

Saddam M. Ahmed1, Umarani  Gunasekaran1 & Gregory A. MacRae2 

The slab effect on the beam flexural strength at the beam ends in buildings 
subjected to lateral loading, such as earthquake, is not fully understood and 
therefore it is not explicitly addressed in some of the design codes. As a result, 
designers often ignore the contribution of floor slabs to the lateral load resistance, 
or include it in a very approximate way. A simple and rational model to assess the 
slab contribution to beam strength for analysis and design has recently been 
developed for analysis and design. The model considers the effect of beam 
growth, bending effects and also the slab effect. 

General expressions developed for the strength and stiffness contributions of the 
slab element depend on the reinforcement spacing, yield strength, and area, as well 
as the span length. In the present paper, the experimental results of four identical 
half-scaled beam-column joints are described. One is without a slab and remaining 
three have slabs of varied thickness and area of reinforcement. The slab-beam-
column joints were tested under static displacement controlled cyclic loading and 
the experimental results are compared with the analytical results. It was found that 
the model is capable of capturing the key aspects of the experimental inelastic 
response of the beam-column connections very well. 

1 Anna University, Chennai, India 
2 University of Canterbury, New Zealand 

Paper 58 

Technical Session 3.a.4 

Shake table tests of non-ductile RC frames retrofitted with 
GFRP laminates in beam column joints and selective 

weakening in floor slabs 

P.Quintana  Gallo1, U. Akguzel1, S. Pampanin1, A.J. Carr1 & P. Bonelli2 

As part of extensive experimental work done in the context of the project 'Retrofit 
Solutions for New Zealand Multi-Storey Buildings', a non-ductile RC frame model 
structure was tested on the shake table of the University of Canterbury. The 2/5 
scale model was designed according to New Zealand's pre-1970's practice, 
comprising of two frames, one external, one internal, connected by means of 
transverse beams and floor slabs. The tests of the as-built specimen revealed a 
brittle inelastic mechanism with severe damage in first floor exterior beam column 
joints, under a specific ground motion. 

In a following stage, Glass-Fibre Reinforced Polymer (GFRP) layers were 
implemented in beam column joints in order to strengthen and confine specific 
zones. Slabs were weakened in a configuration that reduces the negative flexural 
capacity of the longitudinal beam outside the GFRP, neutralizes transverse beam 
torsion effects, and allows for anchorage of GFRP layers. The retrofitted specimen 
tested under the same ground motions used for the as-built specimen, developed 
ductile flexural rotations in beams and bottom columns, proving the ability of this 
particular retrofit configuration of relocating brittle shear damage in exterior 
joints. In this paper the final retrofit intervention implemented and preliminary 
tests results are presented. 

1 University of Canterbury, Christchurch, New Zealand. 
2 Universidad Técnica Federico Santa María, Valparaíso, Chile. 
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Technical Session 3.a.3 

A Parametric Study of R.C. Slab in Beam-Column Connection 
under Cyclic Loading 

Saddam M. Ahmed1, Umarani  Gunasekaran1 & Gregory A. MacRae2 
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Technical Session 3.a.5 

Experiments on Reinforced Concrete Frames with Brick Infill 

Tsung-Chih  Chiou1, Shyh-Jiann  Hwang1 & Fu-Pei  Hsiao2 

Brick walls constrained by a reinforced concrete (RC) frame on all four sides are 
quite often used in low-rise RC buildings. According to earthquake 
reconnaissance, a brick infilled wall is one of the major resistances of preventing 
building collapse. Therefore, understanding the seismic behavior of a brick infilled 
wall is essential in evaluating the seismic resistance of existing low-rise RC 
buildings. This research is aimed at examining the seismic behavior of brick 
infilled walls. Four full-scale RC frames with 200mm thickness brick walls were 
tested under cyclic loading. The main variables were the brick infilled walls with 
and without an inner-tied column, and the compression strength of mortar. The 
testing results indicated that the boundary columns and the inner-tied column of 
RC frame with brick infill were in shear failure. As well as, the ultimate lateral 
strength of brick infilled walls with an inner-tied column was 1.7 times of that of 
brick infilled wall without an inner-tied column. The increased compression 
strength of mortar was also beneficial to the seismic behavior of brick infilled 
walls. Test results showed that the RC frame could still have a mild negative slope 
of strength degradation for its post-strength behavior. 

1 Department of Civil Engineering, National Taiwan University, Taipei 
City, Taiwan. 

2 National Centre for Research on Earthquake Engineering, Taipei City, 
Taiwan. 
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Technical Session 3.a.6 

European research on seismic behaviour of precast structures 

G. Toniolo1 

During the last two decades an extensive experimental and theoretical research 
activity has been carried out at European scale with the aim to investigate the 
seismic behaviour of precast structures. The attention has been addressed to frame 
systems for one-storey industrial buildings and multi-storey low-rise commercial 
buildings that have a very large diffusion in most European countries. The 
research campaigns accompanied the drafting and the publication of Eurocode 8 
on Design of structures for earthquake resistance, leading to an organic set of 
specific principles and rules. Presently the research is still going on, again with a 
"co-normative" aim for next up-dating and revision of the same Eurocode. 

The paper goes through this activity, describing the most important tests 
performed on full scale prototypes in the laboratories of Lisbon, Milan, Ljubljana, 
Athens, Istanbul and in the Joint Research Centre of the European Commission of 
Ispra. The results obtained are presented showing the state of the art and the 
innovative contributions that give to precast construction full reliability also in 
seismic regions. 

1 Politecnico di Milano, Italy 
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Session 3.b - Structural Engineering 
Technical Session 3.b.1 

Non-linear equivalent frame modelling - Assessment of a two 
storey perforated unreinforced masonry wall 

C.L. Knox1 & J.M. Ingham2 

The highly non-linear behaviour of unreinforced masonry walls makes linear static 
analysis methods inadequate and inaccurate and therefore for both academics and 
practicing engineers non-linear analysis of masonry buildings is required. 
Although accurate predictions of the structural response and cracking pattern can 
be generated by complex finite element (FE) meso models, the computational skill 
and high time cost often discounts this approach for everyday use. Alternatively, 
Equivalent Frame models are able to represent the essential characteristics of 
perforated wall response with minimal computational expense and can evaluate 
the key design parameters of ultimate strength, maximum displacement and failure 
mode. 

The main features of the Equivalent Frame model used to represent the non-linear 
behaviour of unreinforced masonry perforated walls in SAP2000 are detailed. 
Closed-form solving of sectional equilibrium equations to evaluate the flexural 
strength of pier and spandrel components using a stress-strain relationship specific 
to New Zealand URM material behaviour which incorporates strain softening, is 
presented and used to define the coupled axial-moment hinge. Spandrel failure 
modes are developed and equations to capture the shear strength for each mode are 
presented. Finally the comparison between the modelled force-displacement 
response, and experimentally obtained force-displacement response for full scale 
sub-structures and a two storey perforated wall previously experimentally tested is 
discussed. 

1 Holmes Consulting Group, Auckland, New Zealand. 
2 University of Auckland, Auckland, New Zealand. 
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Technical Session 3.b.2 

NEES Integrated Seismic Risk Assessment 
Framework(NISRAF) 

S.L. Lin1, J. Li2, A.S. Elnashai2 & B.F. Spencer2 

The paper presents an integrated and extensible framework for assessment of the 
impact of earthquakes on the civil infrastructure systems, particularly buildings 
and bridges. The framework, referred to as NEES Integrated Seismic Risk 
Assessment Framework (NISRAF), is developed with a focus on improving the 
reliability of earthquake assessment results. The components are structural 
fragility assessment using measured data and hybrid simulation, hazard 
characterization by free-field site response analysis, and integrated impact 
assessment. The hazard and fragility components are refined by employing 
nonlinear site response tools and model updating techniques, respectively. 
Components are tailored to achieve seamless integration and to arrive at an 
operational system. The novelty of the developed framework is primarily the 
integration of the various components of earthquake impact assessment, which 
have not been deployed in such an application before. The framework has been 
built and demonstrated via applications to a test bed in California. Earthquake 
impact assessment results using the generated hazard map and fragility curves 
correlate well with field reports, indicating the efficacy of the approach. 

1 University of Canterbury, Christchurch, New Zealand. 
2 University of Illinois, Urbana, United States 
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Technical Session 3.b.3 

Structural efficiency by analysis: The Fonterra Dryer Plant, 
Darfield 

N.J. Brooke1, T.J. Stuart1, B.J. Davidson1, S. Blain2 & P. Clark2 

The Fonterra Darfield Dryer Plant is a large reinforced concrete industrial facility 
located near the town of Darfield in central Canterbury. The structure consists of 
precast concrete walls and columns supporting heavily penetrated, irregularly 
located concrete floor plates. 

Dairy dryer buildings are typically founded on shallow foundation beams. Initial 
elastic analyses indicated that this was not feasible for the Darfield Dryer building 
due to the large size of the structure, and in particular due to its relatively high 
aspect ratio. It was thus initially concluded that piled foundations would have to 
be provided, adding significantly to the cost of the structure. 

As an alternative it was suggested that the dryer building should be allowed to 
rock, thus removing the need for piled foundations. Adoption of the rocking 
solution required non-linear pushover and time history analyses to be undertaken, 
which showed that rocking was a viable mechanism for the structure. Despite the 
relative complexity of these analyses significant cost benefits were obtained, in 
addition to a superior structural solution being provided. 

Design of the Darfield dryer plant occurred in the period after the September 2010 
and February 2011 earthquakes but before the revision to zone factors for the 
Canterbury region. Comment is made regarding the effects of loading changes on 
the design of the structure. This paper also includes comments comparing the 
results obtained from the time history analyses with results obtained for the same 
structure using a recently proposed simplified design approach for rocking 
structures (Kelly 2009, 2011). 

1 Compusoft Engineering Limited, Auckland, New Zealand. 
2 Sylvester Clark Consulting Engineers, New Zealand. 
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Technical Session 3.b.4 

Understanding cladding damage: A numerical investigation 
into a Christchurch earthquake case study 

A. Baird1, A. Palermo1 & S. Pampanin1 

In order to better understand the damage sustained by cladding systems in the 
earthquake that struck Christchurch on the 22nd of February 2011, a numerical 
investigation of the effects of cladding-structure interaction has been undertaken. 

The numerical investigation focuses on a typical reinforced concrete multi-storey 
building located within the Christchurch CBD and analyses its seismic 
performance with and without the interaction due to cladding panels. The cladding 
panels are precast concrete panels that are attached to the frame using two fixed 
connections at the base and two flexible tie-back connections at the top. Static 
push-over analyses are used to determine the change in strength and stiffness of 
the system. Results show that when cladding interaction is taken into account, the 
frame has a higher stiffness, strength and earlier onset of collapse. Dynamic 
analyses are performed which involve subjecting each system to fifteen earthquake 
records, each scaled to both design basis and maximum credible earthquake 
intensities. The maximum inter-storey drift and subsequent cladding connection 
damage is inferred. Results confirm the high influence of cladding systems upon 
the seismic behaviour of multi-storey buildings. Also revealed is the significant 
variation in possible levels of cladding damage throughout a building. 

1 University of Canterbury, Christchurch, New Zealand 

Paper 121 

Technical Session 3.b.5 

Improving the Seismic Resilience of Lifeline Tunnels 

V.S. Romero1 & R.J. Caulfield2 

Earthquakes subject tunnel linings to transient strains due to ground shaking, and 
can cause localized permanent strains in zones of fault rupture. These issues are 
discussed with respect to seismic analyses and design strategies. Most 
underground structures are flexible in relation to the ground, and these structures 
will be subject to the same strains as the ground in which they are embedded, yet 
such strains often do not drive structural design. However, without design 
detailing to create strain compatibility, large changes in structural flexibility can 
create undesirable changes in strain due to seismic shaking. Similarly, while it is 
impossible to design a tunnel lining to resist discrete fault movement, measures 
can be taken to minimize damage and facilitate repair following a major 
earthquake. Two case histories illustrate these concepts: (1) the Bay Tunnel in 
Santa Clara County, California, a new water supply tunnel in soft ground near 
active faults and subject to severe seismic shaking; and (2) the Claremont Tunnel 
Seismic Upgrade in Berkeley, California, retrofit of a water supply tunnel crossing 
an active fault. 

1 Jacobs Associates, Auckland, New Zealand. 
2 Jacobs Associates, San Francisco, California, USA. 
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Technical Session 3.b.6 

Experimental Modal Identification of Structures under 
Earthquake Excitation 

Sherif  Beskhyroun1, Quincy T. Ma1, Liam  Wotherspoon1 & Barry J. 
Davidson2 

Micro-electro-mechanical system (MEMS) based accelerometers are now 
frequently used in many different parts of our day-to-day lives. It is also 
increasingly being used for structural testing applications. Researchers have had 
reservation of using these devices as they are relatively untested, but now with the 
wider adoption, it provides a much cheaper and more versatile tool for structural 
engineering researchers. A number of damaged buildings in the Christchurch 
Central Business District (CBD) were instrumented with a number of low-cost 
MEMS accelerometers after the major Christchurch earthquakes. The 
accelerometers captured extremely high quality building response data as the 
buildings experienced thousands of aftershocks. This data set was amongst one of 
only a handful of data sets available around the world which provides building 
response data subjected to real ground motion. Furthermore, due to technological 
advances, a much larger than usual number of accelerometers has been deployed 
making the data set one of the most comprehensive available. This data set is 
utilised to extract modal parameters of the buildings. This paper summarises the 
operating requirements and preference for using such accelerometers for 
experimental modal analysis. The challenges for adapting MEMS based devices 
for successful modal parameters identification are also discussed. 

1 The University of Auckland, Auckland, New Zealand. 
2 Compusoft Engineering Ltd., Auckland, New Zealand. 
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Technical Session .1 

What can we do about earthquakes? Towards a systematic 
approach to seismic risk mitigation 

David  Alexander1 

This paper discusses the possible means of achieving risk reduction and resilience 
against earthquake disasters. It begins with an enquiry into the evolving nature of 
the resilience concept, which has at its root the concepts of participatory 
governance and livelihood protection. It then discusses the potential for saving 
human lives by greater utilisation of the evidence base derived from studies of 
earthquake epidemiology. For example, there may be an opportunity to improve 
self-protective behaviour as a means of reducing casualties, especially in 
combination with knowledge of typical modes of building performance during 
earthquakes. There follows a discussion of the particular seismic vulnerability of 
critical infrastructure, hospitals and schools, and the means of reducing it by 
planning and well-calculated intervention. Seismic risk management needs to be 
comprehensive and often neglects some important factors. Hence, the next section 
discusses three of them: the plight of minorities, the protection of cultural heritage, 
and the management of veterinary emergencies. Next there is a discussion of the 
requirements for viable recovery from earthquake disasters. These include the 
need to make reconstruction, risk reduction and emergency intervention 
sustainable in their own right and part of the general sustainability against all of 
the major risks that society faces. The paper concludes with some brief reflections 
on the processes of learning lessons, as seen in the light of organisational learning 
theory. The use of evidence-based practice to achieve seismic disaster risk 
reduction has much further to go. To be accepted, it needs to be assimilated 
permanently into prevailing social and organisational cultures. 

1 Global Risk Forum GRF Davos, Switzerland 
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Technical Session 5.1 

A Time-dependent Update of the National Seismic Hazard 
Model for the Canterbury Earthquake Sequence 

M.C. Gerstenberger1, K. Berryman1, A. Christophersen1, B. Fry1, G.H. 
McVerry1, A. Nicol1, J. Pettinga2, M. Reyners1, D. Rhoades1, S. Steacy3, 

M.W. Stirling1, T. Webb1 & C. Williams1 

In November 2011, a three day expert panel workshop was held to consider a 
time-dependent update of the National Seismic Hazard Model (NSHM) for the 
Canterbury earthquake sequence. The ongoing sequence is in what is a moderate 
hazard area in the NSHM. With significant rebuilding effort required, a re-
investigation of the NSHM was requested in terms of the NZ building code and 
other needs. Initially a time frame on the order of weeks was given for the update. 
On this schedule, modifications were made to both the ground motion prediction 
equation and to the source models. To re-investigate some of these decisions, a 
later expert panel workshop was convened. 

The panel, made up of international and NZ-based scientists, was presented with 
50 questions for which they were expected to provide weights. The questions were 
divided into five categories: 1) Time-dependent seismicity models, 1 and 50 year 
forecast; 2) Long-term seismicity models, 50 year forecasts; 3) Min and max 
magnitude of forecast models; 4) Depth distribution of forecast models; and 5) 
Variability in predicted ground motions. The experts were presented existing work 
done in response to the Canterbury sequence; the goal of the workshop was not to 
develop new ideas for immediate consideration in the NSHM. Understanding the 
uncertainty in the hazard was a primary goal of the workshop. To this end, the 
expert panel followed the methodology of Cooke where the responses of each 
expert were weighted based on answers to questions which targeted how well 
experts estimate the uncertainties in their own knowledge. Here we will present 
the model and forecasts that resulted from the workshop. 
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Technical Session 5.2 

A review of post-earthquake building control policies with 
respect to the recovery of the Christchurch CBD 

B.D. Galloway1 & H.J. Hare1 

The Canterbury earthquake sequence was particularly disruptive for building 
owners and businesses located within the CBD. The initial damage to buildings in 
the relatively moderate September 2010 earthquake was surpassed by the 
significantly more damaging February 2011 event, challenging the way in which 
engineers have traditionally considered earthquake recovery. 

Internationally, re-occupation of buildings following an earthquake has been based 
on the need to get businesses operating from buildings that are rapidly identified 
as having suffered minor structural damage. However, following the February 
2011 earthquake, the shift in risk profile was reflected by limiting re-occupation 
unless it could be shown that the building also had a minimum capacity to resist 
earthquakes. This challenges the balance between continuing function and safety 
in the traditional post-earthquake evaluation process. 

The timeframe for commencement of repairs has a significant impact on the speed 
of recovery. The importance of well defined regulations was highlighted in the 
well insured Christchurch building market, where legal arguments halted repairs in 
many instances. There is also a clear need for a modified, streamlined building 
consent process for the repair of earthquake damaged buildings. 

This paper looks at the various building control policies enacted during the 
Canterbury earthquakes, and their effectiveness in aiding the recovery of the 
Christchurch CBD. 
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Technical Session 5.3 

"Low risk does not equal no risk": understanding barriers to 
earthquake risk reduction in low seismic hazard areas 

D.M. Johnston1, C. Orchiston2, C. Weaver3, J. Becker1, S. McBride1, D. 
Paton4, J. McClure5 & T.M. Wilson6 

Over the past few decades considerable effort has been devoted to improving our 
knowledge of seismic risk. Much of this work has resulted in improved seismic 
risk models and hazard maps, delineating variations in relative risk. However, 
disparities still are common between these expert assessments and the manner in 
which the public and authorities interpret and act on seismic risk information. 
Public understanding of and response to earthquake risk is determined by a range 
of factors, including scientific information, direct past experience of earthquakes, 
as well as the interaction of social, cultural, institutional and political processes. 
Many people in lower seismic hazard regions falsely interpret their relatively low 
seismic risk as a reason not to prepare. This phenomenon is common in many 
parts of the world, and it is a theme that will be explored in this paper within the 
context of Canterbury, New Zealand and eastern Washington, USA. 
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Technical Session 6.a.1 

Observed Ground Motions in the 4 September 2010 Darfield 
and 22 February 2011 Christchurch Earthquakes 

B.A. Bradley1 

This paper provides an overview of the salient aspects of the dense array of 
ground motions observed in the 4 September 2010 Darfield and 22 February 2011 
Christchurch earthquakes. Particular attention is given to inferred physical reasons 
for the observed ground motions, which include: (i) source features such as 
forward directivity effects; (ii) The effects of the Canterbury Plains sedimentary 
basin on basin-generated surface waves, and waveguide effects through the region; 
and (iii) the importance of local site response as evidenced by observations of 
large long period amplification and liquefaction. The significance of vertical 
ground motion intensity is also examined. 

1 University of Canterbury, Christchurch, New Zealand 
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Technical Session 6.a.2 

Lessons from the Canterbury events: preliminary 
improvements to the online felt reports 

T. Goded1, K.F. Fenaughty1 & R.J. Michell1 

In 2004, the GeoNet project operated by GNS Science implemented an internet-
based questionnaire. Its aim was to provide an automatic intensity assignment in 
New Zealand's Modified Mercalli (MM) intensity scale based on answers to a set 
of standardized questions. The devastating Darfield (4 September 2010, Mw=7.1) 
earthquake and its two main aftershocks (22 February 2011, Mw=6.2 and 13 June 
2011, Mw=6.0) have shown how well-known these reports have been to the public, 
with nearly 15,000 reports completed. For these shocks, nearly 600 reports have 
been assigned with MM intensity values of 8 or above, indicating major 
earthquake damage and the need for a detailed analysis of the damage, building by 
building. This huge amount of invaluable information has served as a way of 
testing the methodology and provided a check for any further required 
information. The usability of the web interface is also being reviewed to remedy 
common mistakes and to adopt concepts common in other online questionnaires. 
New improvements are proposed for the algorithm, including new questions to 
take account of all types of damage and other relevant issues. These changes could 
provide an improved algorithm to assign intensities in a more reliable way in 
future New Zealand events. 
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Technical Session 6.a.3 

Kinematic source studies of the ongoing (2010-2011) 
sequence of recent large earthquakes in Canterbury 

C. Holden1 & J. Beavan1 

On 4 September 2010, a surface rupturing earthquake (Mw 7.1) struck the 
Canterbury Plains region in New Zealand's South Island. The Canterbury Plains is 
a region of relatively low seismicity, and the structure that ruptured was a 
previously unmapped fault. The earthquake has been followed by more than 
10,000 catalogued aftershocks, including two of magnitude 6.0 and one of 
magnitude 6.2. On 22 February 2011 a destructive Mw 6.2 aftershock with 
shallow depth struck approximately 8 km southeast of downtown Christchurch, 
causing extensive damage in the central city and its eastern suburbs and 185 
fatalities. This earthquake was very energetic, with recorded maximum vertical 
accelerations of 2.2 g near the epicentre. On 13 June 2011 a further aftershock of 
magnitude (Mw) 6.0 struck Christchurch. It was located only a few km east of the 
previous event, and again caused extensive damage, landslides, rock falls and 
liquefaction. Accelerations over 2g were also recorded. On 23 December 2011 
Christchurch was again struck by two large aftershocks, 2 hours apart, of 
magnitude (Ml) 5.8 and 6.0. These were located offshore, about 10 km east of the 
central city. Unlike the Mw 7.1 event no surface rupture has been found for any of 
the large aftershocks. The source process of all of these events have been well 
constrained by geodetic and seismological data. We present a preliminary 
earthquake sequence based on kinematic source models of the earthquakes. 

1 GNS Science, Lower Hutt, New Zealand. 
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Technical Session 6.a.4 

Spectra and PGAs for the Assessment and Reconstruction of 
Christchurch 

G.H. McVerry1, M.C. Gerstenberger1, D.A. Rhoades1 & M.W. Stirling1 

Spectra and peak ground accelerations for the assessment and rebuilding of 
structures in Christchurch were revised rapidly following the magnitude 6.2 
earthquake on 22 February 2011. The NZS1170.5:2004 hazard factor Z for 
Christchurch was quickly raised from 0.22 to 0.3. There have been different 
requirements for different purposes: spectra for the design of new structures and 
the assessment of existing ones, and peak ground accelerations for liquefaction 
assessments and for evaluating the probabilities of rock falls in the Port Hills. 
Particularly challenging has been the need to take into account the time-varying 
nature of a productive on-going earthquake sequence. The increased design levels 
recognise that the motions in Christchurch were abnormally strong, the strongest 
that have been recorded in any New Zealand earthquake. Ground motions around 
the CBD were enhanced by factors of about 2 or more from median values given 
by local and US ground-motion prediction equations for the magnitude and 
distance of the earthquake. The recorded CBD motions were generally about 
double the 500-year design motions for Christchurch. Systematic effects such as 
enhanced stress-drop, rupture-directivity, site-effects and basin effects are being 
modelled. 
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Paper 115 

Technical Session 6.a.3 

Kinematic source studies of the ongoing (2010-2011) 
sequence of recent large earthquakes in Canterbury 

C. Holden1 & J. Beavan1 

On 4 September 2010, a surface rupturing earthquake (Mw 7.1) struck the 
Canterbury Plains region in New Zealand's South Island. The Canterbury Plains is 
a region of relatively low seismicity, and the structure that ruptured was a 
previously unmapped fault. The earthquake has been followed by more than 
10,000 catalogued aftershocks, including two of magnitude 6.0 and one of 
magnitude 6.2. On 22 February 2011 a destructive Mw 6.2 aftershock with 
shallow depth struck approximately 8 km southeast of downtown Christchurch, 
causing extensive damage in the central city and its eastern suburbs and 185 
fatalities. This earthquake was very energetic, with recorded maximum vertical 
accelerations of 2.2 g near the epicentre. On 13 June 2011 a further aftershock of 
magnitude (Mw) 6.0 struck Christchurch. It was located only a few km east of the 
previous event, and again caused extensive damage, landslides, rock falls and 
liquefaction. Accelerations over 2g were also recorded. On 23 December 2011 
Christchurch was again struck by two large aftershocks, 2 hours apart, of 
magnitude (Ml) 5.8 and 6.0. These were located offshore, about 10 km east of the 
central city. Unlike the Mw 7.1 event no surface rupture has been found for any of 
the large aftershocks. The source process of all of these events have been well 
constrained by geodetic and seismological data. We present a preliminary 
earthquake sequence based on kinematic source models of the earthquakes. 

1 GNS Science, Lower Hutt, New Zealand. 

Paper 61 

Technical Session 6.a.4 

Spectra and PGAs for the Assessment and Reconstruction of 
Christchurch 

G.H. McVerry1, M.C. Gerstenberger1, D.A. Rhoades1 & M.W. Stirling1 

Spectra and peak ground accelerations for the assessment and rebuilding of 
structures in Christchurch were revised rapidly following the magnitude 6.2 
earthquake on 22 February 2011. The NZS1170.5:2004 hazard factor Z for 
Christchurch was quickly raised from 0.22 to 0.3. There have been different 
requirements for different purposes: spectra for the design of new structures and 
the assessment of existing ones, and peak ground accelerations for liquefaction 
assessments and for evaluating the probabilities of rock falls in the Port Hills. 
Particularly challenging has been the need to take into account the time-varying 
nature of a productive on-going earthquake sequence. The increased design levels 
recognise that the motions in Christchurch were abnormally strong, the strongest 
that have been recorded in any New Zealand earthquake. Ground motions around 
the CBD were enhanced by factors of about 2 or more from median values given 
by local and US ground-motion prediction equations for the magnitude and 
distance of the earthquake. The recorded CBD motions were generally about 
double the 500-year design motions for Christchurch. Systematic effects such as 
enhanced stress-drop, rupture-directivity, site-effects and basin effects are being 
modelled. 

1 GNS Science, Lower Hutt, New Zealand. 

Paper 115 



Technical Session 6.a.5 

New National Seismic Hazard Model for New Zealand: 
Changes to Estimated Long-Term Hazard 

M.W. Stirling1, G.H. McVerry1 & M.C. Gerstenberger1 

We compare site-specific response spectra and hazard maps from the recently-
updated national seismic hazard model (2010 NSHM) and predecessor NSHM of 
2002. The new model incorporates over 200 new onshore and offshore fault 
sources, and utilises newly-developed New Zealand-based scaling relationships 
and methods for the parameterisation of the fault and subduction interface sources. 
The distributed seismicity model has also been updated to include new seismicity 
data, a new seismicity regionalisation, and improved methodology for calculation 
of the seismicity parameters. The new spectra and maps show some significant 
reductions to estimated hazard in areas dominated by the distributed seismicity 
model (e.g. Auckland and Northland), increases in the Wellington region due to 
the new Hikurangi subduction zone model, and some reductions along some major 
faults in the South Island. Future improvements to the NSHM will include the 
treatment of epistemic uncertainties (source models and ground motion prediction 
equations), incorporation of GPS data into the distributed seismicity model, 
nationally-based integration of time-dependent seismicity modelling 
methodologies, and inclusion of formal testing methodologies in the model. 
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Technical Session 6.a.6 

Construction Cost Implications of the Increased Seismic 
Coefficient Z for Christchurch: A Case Study 

A.D. Amaris1 & K. Hoglund1 

Following the magnitude 7.1 Greendale earthquake on 4 September, 2010 and the 
magnitude 6.3 Lyttelton aftershock on 22 February, 2011 (which caused severe 
damage to the Christchurch CBD, the Eastern and Southern suburbs, the Port Hills 
and Lyttelton), the Department of Building and Housing (DBH) have imposed 
modifications to increase the seismic coefficient from Z=0.22 to Z=0.3 and the 
Return Period Factor at Serviceability Limit State (SLS) from Rs = 0.21 to 
Rs=0.33. 

While these changes to the seismic coefficient were put into effect the 
Christchurch City Council (CCC), Capital Programme Group (CPG) were in the 
process of tendering a new Council facility; the Aranui Library. This change led to 
a redesign of the foundations under the different performance criteria and a review 
of the structural capacities with consideration to the additional seismic forces. 

This paper will present the Aranui Library as a case study showing changes to the 
construction methodology to meet the new DBH modifications and identify the 
increase in cost that these changes imply. It also investigates different foundation 
options designed with performance levels to maintain the life cost of a building 
through high performance structural design for specific seismic conditions. 

1 Christchurch City Council, Christchurch, New Zealand 
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Session 6.b - Performance of Bridges 
Technical Session 6.b.1 

Analyses of State Highway Bridges Damaged in the Darfield 
and Christchurch Earthquakes 

J.H. Wood1 

Twelve State Highway (SH) bridges subjected to strong shaking in the 4 
September 2010, Mw 7.1, Darfield and the 22 February 2011, Mw 6.2, Christchurch 
Earthquakes received significant structural damage. The damage varied from light 
to moderate but did not require closing the bridges to traffic. The type of damage 
experienced by several bridges indicated that longer duration shaking than 
occurred in the Christchurch Earthquake would have caused more serious damage 
and major traffic disruption. The paper describes the structural damage, and 
compares the results from detailed structural analyses of one of the damaged 
bridges with its observed performance. 

1 John Wood Consulting, Lower Hutt. 

Paper 18 



Session 6.b - Performance of Bridges 
Technical Session 6.b.1 

Analyses of State Highway Bridges Damaged in the Darfield 
and Christchurch Earthquakes 

J.H. Wood1 

Twelve State Highway (SH) bridges subjected to strong shaking in the 4 
September 2010, Mw 7.1, Darfield and the 22 February 2011, Mw 6.2, Christchurch 
Earthquakes received significant structural damage. The damage varied from light 
to moderate but did not require closing the bridges to traffic. The type of damage 
experienced by several bridges indicated that longer duration shaking than 
occurred in the Christchurch Earthquake would have caused more serious damage 
and major traffic disruption. The paper describes the structural damage, and 
compares the results from detailed structural analyses of one of the damaged 
bridges with its observed performance. 

1 John Wood Consulting, Lower Hutt. 

Paper 18 

Technical Session 6.b.2 

Seismic Improvement of the SH 5 Mohaka River Bridge 

D.K. Kirkcaldie1, P. Brabhaharan1, C. Wang1, E. Blaikie1 & G. Gregg2 

The Mohaka River Bridge, constructed in 1962, is a 216 m long steel truss bridge 
located on the Napier to Taupo section of State Highway 5, 56 km from Napier. 
The bridge comprises 3 spans of continuous steel trusses plus short land spans at 
each abutment supported on tall piers up to 39.6 m in height. 

Following a detailed seismic assessment, completed in 2004, which identified a 
range of vulnerabilities to seismic response and recommended strengthening of the 
bridge, detailed design and construction of strengthening works was undertaken 
through 2008-09. The adopted performance objectives were for the bridge to: 

• Withstand a 1000 year return period earthquake event as the design 
earthquake event, and  

• To avoid collapse of the bridge in a 2500 year return period event. 

Structural elements strengthened have included: 

• The main spans southern abutment, which provides longitudinal restraint 
to the bridge as a whole 

• The truss transverse bracing system, particularly in the vicinity of the 
supports 

• The connection of the concrete deck to the trusses, and 
• The shear keys providing transverse restraint of the superstructure at the 

main supports 

The slope between the southern main abutment and the landspan abutment was 
also modified to avoid loading the main abutment and stabilised as well the slope 
below the southern pier being strengthened. 

Maintaining the stability and security of the bridge during the truss strengthening 
works was also a significant consideration. 

1 Opus International Consultants Limited, Wellington. 
2 New Zealand Transport Agency, Wellington. 
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Technical Session 6.b.3 

Post Earthquake Transportation Network Performance: 
Transportation of Injured to Medical Facilities 

S. Rahimian1 & S. McNeil1 

Understanding and modelling both the supply of and demand for transportation 
services after an earthquake event are vitally important for emergency managers, 
and government agencies to mitigate, prepare for, respond to, and recover from the 
potential impacts effectively. The changes in the supply side of transportation 
networks includes failure of and capacity reduction for bridges and roadways, as 
discussed in several studies; while the demand side, capturing changes in travel 
patterns, has drawn less attention. Models to estimate travel demand after an 
earthquake are necessary to estimate the performance of the whole system. The 
purposes of trips after an earthquake are completely different from the normal 
situation. This paper analyzes the performance of the transportation system for the 
purpose of transferring injured to medical facilities. 

Using a simple demand model the number of trips are estimated and then assigned 
to the disrupted network with reduced capacity. Performance measures are 
computed including the network total delay for medical trips, and potential human 
loss due to delays. Moreover, to be able to use this study for mitigation planning, 
probabilistic performance measures based on earthquake scenarios can be 
developed. 

1 University of Delaware, Newark, DE, United States of America. 
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to the bridge as a whole 

• The truss transverse bracing system, particularly in the vicinity of the 
supports 

• The connection of the concrete deck to the trusses, and 
• The shear keys providing transverse restraint of the superstructure at the 

main supports 

The slope between the southern main abutment and the landspan abutment was 
also modified to avoid loading the main abutment and stabilised as well the slope 
below the southern pier being strengthened. 

Maintaining the stability and security of the bridge during the truss strengthening 
works was also a significant consideration. 

1 Opus International Consultants Limited, Wellington. 
2 New Zealand Transport Agency, Wellington. 
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Technical Session 6.b.3 

Post Earthquake Transportation Network Performance: 
Transportation of Injured to Medical Facilities 

S. Rahimian1 & S. McNeil1 

Understanding and modelling both the supply of and demand for transportation 
services after an earthquake event are vitally important for emergency managers, 
and government agencies to mitigate, prepare for, respond to, and recover from the 
potential impacts effectively. The changes in the supply side of transportation 
networks includes failure of and capacity reduction for bridges and roadways, as 
discussed in several studies; while the demand side, capturing changes in travel 
patterns, has drawn less attention. Models to estimate travel demand after an 
earthquake are necessary to estimate the performance of the whole system. The 
purposes of trips after an earthquake are completely different from the normal 
situation. This paper analyzes the performance of the transportation system for the 
purpose of transferring injured to medical facilities. 

Using a simple demand model the number of trips are estimated and then assigned 
to the disrupted network with reduced capacity. Performance measures are 
computed including the network total delay for medical trips, and potential human 
loss due to delays. Moreover, to be able to use this study for mitigation planning, 
probabilistic performance measures based on earthquake scenarios can be 
developed. 

1 University of Delaware, Newark, DE, United States of America. 
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Technical Session 6.b.4 

Critically damaged bridges & concepts for earthquake 
recovery 

J. Waldin1, J. Jennings1 & P. Routledge1 

This paper outlines some of the more significant damage observed to road and foot 
bridges following the recent series of earthquakes in Canterbury during 2010-11 
and offers an explanation of the likely underlying causes of the damage. In 
particular, the paper considers the effects of liquefaction and lateral spreading, 
differential settlement and seismic inertia loads on a variety of bridge forms 
including simply supported, continuous and integral bridges and also bridges on 
slender piles. The paper highlights some issues addressed when developing 
temporary and long term remedial options, including those for heritage structures. 
The main conclusions are that the designer needs to understand how different 
structural forms behave in earthquakes and detail the structure to account for this. 
In particular, areas susceptible to liquefaction should have ground improvement to 
prevent approach damage and severe loading to abutments, or the abutments 
should be detailed to resist the loads from lateral spreading. Geotechnical 
investigation needs to be more extensive and accurate for continuous bridges than 
for simply supported construction and simply supported construction may be more 
appropriate where differential settlement is likely. 

Finally, care should be taken not to introduce unintentional non-symmetric 
behaviour in the design of new or retrofit bridges. 

1 Opus International Consultants Ltd, Christchurch, New Zealand 

Paper 104 

Technical Session 6.b.5 

Damage assessment, analysis and modelling of bridgesin 
non-liquefiable soil during Canterbury earthquakes 

A. Palermo1, M. Brando1 & E. Camnasio2 

On February 22, 2011 a moment magnitude Mw 6.2 earthquake occurred with an 
epicentre near the town of Lyttelton, 10 km South of the Christchurch Central 
Business District (CBD). Though the majority of the observed damage was due to 
liquefaction and lateral spreading of the river banks, examples of significant 
damage occurred to bridges on non-liquefiable sites as well. A brief summary of 
field observations is presented herein, highlighting the main damage typologies 
shown by the bridges with respect to each structural component. The paper 
focuses on the seismic performance of two concrete bridges: Moorhouse Avenue 
Overpass and Port Hills Overbridges. The assessment involved site investigations 
and numerical modelling, including both quasi-static and dynamic analyses. The 
models include features such as shear and axial bending interaction which were 
essential factors to properly capture the seismic performance of the bridges during 
Canterbury earthquakes. The results of the analyses are consistent with the 
observed damage. 

1 Department of Civil and Natural Resources Engineering, University of 
Canterbury, Christchurch, New Zealand 

2 Department of Structural Engineering, Politecnico di Milano, Milan, Italy 
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Technical Session 6.b.6 

An improved method for conveying earthquake loss data 
utilising Monte Carlo simulations 

M.R. Cutfield1 & Q.T. Ma1 

A simple and intuitive method for estimating the probability distribution of 
cumulative direct earthquake losses is presented. The method is a Monte Carlo 
simulation which treats the occurrence of earthquake events as a random Poisson 
process. Examples carried out using this method show that the probabilistic skew 
in a cumulative loss distribution is greatest for short considered time periods and 
for regions with lower overall seismic hazard. Disaggregation and sample loss 
functions in time are used to examine which intensity level events contributed 
most to the overall cumulative loss estimates and how often these events occurred. 
Errors and limitations of the model are briefly discussed, with the conclusion that 
the presented method is potentially a valuable means of conveying earthquake loss 
information, as an addition to an expected loss term and/or loss hazard curve. 

1 Department of Civil and Environmental Engineering, The University of 
Auckland, Auckland. 
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Technical Session 7.a.1 

Soil liquefaction and slope failures during the 2011 Tohoku, 
Japan Earthquake 

R.P. Orense1 

A devastating earthquake hit the Tohoku and Kanto regions of Japan on 11 March 
2011, causing extensive damage to life and property as a result of large-scale 
tsunami and damage to nuclear power plants. Many slope failures occurred in hilly 
areas, such as in residential lands on valley fills in Miyagi Prefecture close to the 
epicentre. 

Moreover, although located about 380 km away from the epicentre, many 
residential and commercial buildings and lifeline facilities in Tokyo Bay area 
suffered extensive damage due to soil liquefaction and associated ground 
deformations. This paper discusses the results of the damage investigation 
conducted in the area after the earthquake, with emphasis on slope failures in 
valley fills and liquefaction-induced damage to buildings, roads, lifelines and 
other infrastructure. In addition, the performance of ground improved by various 
remediation techniques is discussed. Finally, lessons learned from the event are 
summarised. 

1 University of Auckland, New Zealand 

Paper 7 

Technical Session 7.a.2 

Application of new Gel-push sampling procedure to obtain 
high quality laboratory test data for advanced geotechnical 

analyses 

M.L. Taylor1, M. Cubrinovski1 & I. Haycock2 

In Mid 2011, during the 2010-2012 Canterbury earthquake sequence, a site 
investigation programme was undertaken within the Christchurch CBD to 
characterise the engineering behaviour of the soils responsible for the observed 
ground performance. This paper presents the trialling of new Gel-push sampler 
technology recently acquired by the University of Canterbury for obtaining high 
quality undisturbed samples of cohesionless materials from liquefaction prone 
sites. The sampler technology and methodology are discussed followed by 
presentation of initial results of shear wave velocity testing on samples with 
comparison to field measurements, providing indicative quality of the samples and 
the ability of the sampler to achieve high quality samples suitable for liquefaction 
strength testing. 

1 Dept. Civil and Natural Resources Engineering, University of Canterbury 
2 McMillan Drilling Ltd., Southbridge, Canterbury, New Zealand 
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Technical Session 7.a.3 

Full Scale Testing of Ground Remediation Options for 
Residential Property Repair following the Canterbury 

Earthquakes 

H.J. Bowen1, P.J. Millar1 & N.J. Traylen2 

A series of full scale tests have been undertaken to assess the performance of 
ground strengthening methods to improve seismic performance of liquefiable soils 
in the Christchurch area. The tests used sequences of explosive charges to simulate 
seismic shaking at levels representative of SLS and ULS events and induced 
liquefaction and expulsion of sand. Monitoring included measurement of ground 
motion, pore pressure development and settlements. The results have determined 
that the treatment of the upper crust by densification or cement stabilisation is an 
effective method of reducing settlements and preventing surface expulsion of 
liquefiable soil. Other options including deep soil mixing and a perimeter curtain 
wall were less effective but achieved the proposed design objectives and also have 
application. 

1 Tonkin &amp; Taylor Ltd, Christchurch, New Zealand. 
2 Geotech Consulting, Christchurch, New Zealand. 

Paper 95 

Technical Session 7.a.4 

Earthquake geotechnical engineering issues associated with 
design of Waikato Expressway. 

A. Murashev1, C. Keepa1 & G. Hayes1 

The Waikato Expressway is being constructed in a number of sections. Opus has 
been involved in the scheme assessment and specimen design stages for the 
Hamilton and Cambridge Bypass sections and is currently part of the alliance team 
constructing the Te Rapa Bypass section. These sections of the Waikato 
Expressway are constructed on the thick alluvial sands and silts. The deep 
sediments and complex ground water conditions in the Waikato basin provide 
challenges for seismic design. 

Geotechnical assessment of the gully soils is complicated by the steep gully 
slopes, interbedded nature of the soils, perched and artesian water tables. The 
geotechnical earthquake engineering challenges involved management of 
liquefaction hazards and performance based design of slopes and bridge 
foundations. This paper discusses the liquefaction susceptibility of the Hinuera 
deposits, foundation concepts for bridges including discussion on soil structure 
interaction and managing liquefaction risks at bridges. Bridge foundation 
performance was analysed using finite element time history analysis. 

1 Opus International Consultants Ltd, Wellington, New Zealand. 
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Technical Session 7.a.5 

Progressive mainshock-aftershock damage in Christchurch, 
New Zealand 

H.B. Mason1 & Z. Chen2 

Aftershocks following an earthquake can be damaging to the built environment, as 
observed in New Zealand during 2010 and 2011. In this paper, the aftershock 
sequence is discussed and a soil-foundation-structure numerical model is 
introduced. The numerical model represents a 9-story, inelastic, steel, 
eccentrically-braced frame structure founded on a shallowly-embedded mat 
foundation. Soil-foundation-structure interaction effects were explicitly considered 
by employing nonlinear Winkler springs. The model was subjected to the 22 
February 2011 Christchurch Earthquake and two larger aftershocks, and the 
progressive seismic damage was tracked. Results show that for this type of 
structure, the seismic damage caused by the aftershocks is negligible compared to 
the mainshock. More modelling effort is needed to examine the progressive 
damage of other soil-foundation-structure models. 

1 Oregon State University, Corvallis, Oregon, USA. 
2 University of Missouri at Kansas City, Kansas City, Missouri, USA. 
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Technical Session 7.a.6 

Pre and post-earthquake dynamic analysis of an RC building 
including soil-structure interaction 

F. Butt1 & P. Omenzetter1 

This paper presents a study of the dynamic analysis of a building before and after 
devastating earthquakes using system identification. The eight storey reinforced 
concrete building is instrumented with 10 accelerometers. The time domain 
N4SID system identification technique was used to obtain the frequencies, 
damping ratios and mode shapes considering fixed and pseudo flexible base 
models taking into account the soil-structure-interaction. The response of the 
building before and after the Darfield (04/09/2010) and Christchurch (22/02/2011) 
earthquakes was ascertained to evaluate the significant changes in the behaviour. It 
was concluded from the investigation that monitoring the seismic response of the 
building is useful for a better understanding of its behaviour during earthquakes, 
and also that the participation of soil is significant towards the seismic response of 
the building and it should be considered in models to simulate the real behaviour. 

1 Department of Civil &amp; Environmental Engineering, The University 
of Auckland, Auckland. 
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Technical Session 7.a.7 

Detailed Seismic Assessment and Seismic Improvements of 
Market Road Underpass 

D. Novakov1, D. Ashby1, T. Chin1, A. George1 & G. Gregg2 

A seismic improvement works were completed on Market Road Underpass 
(MRU) in Auckland. The bridge consists of three structures: The Underpass, the 
Motorway Off-ramp and the Rail Overbridge. In the NZTA's "Seismic Screening" 
of all state highway bridges MRU ranked 4th in its programme for further 
investigation and retrofitting. Assessment of seismic capacity of the bridge was 
completed by Opus in 2004 and 2008. The adopted benchmark event against 
which the performance of the bridge has been assessed is seismic shaking with a 
return period of 1000 years together with collapse avoidance under the 2500 year 
return period shaking. Seismic performance of the bridge under the above levels of 
shaking was determined to be inadequate, limited predominantly by the shear 
capacity of the beam-column joints and the abutment columns and stability of the 
unreinforced masonry pier common to the Underpass and the Rail Overbridge. 
Seismic improvement of the bridge was successfully completed in mid 2011 and 
included installation of new piles at one of the abutments, new auxiliary support at 
the critical pier common to the Underpass and the Rail Overbridge, strengthening 
of the pier beam-column joints, and installation of new shear keys at the Off-ramp. 
Works completed will improve the expected seismic performance of the bridge to 
the level required. Overall cost of the improvements was about NZ$1.5 million. 

1 Opus International Consultants Ltd, Wellington - Auckland, New 
Zealand. 

2 New Zealand Transport Agency, Wellington, New Zealand. 
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Technical Session 7.b.1 

Performance Objectives for Low Damage Seismic Design of 
Buildings 

H.John  Hare1, Stuart J. Oliver1 & Bruce D. Galloway1 

Low damage design is emerging as a way forward for building designers to 
implement damage reduction measures into seismic design. Although some low 
damage measures can be incorporated into conventional structural systems, most 
research is concentrated on developing new structural systems or devices which 
can deliver improved building performance. However, not all of the proposed 
systems will provide low damage outcomes, in the broadest sense. 

The performance of buildings in the Canterbury earthquakes is discussed in 
relation to desired future outcomes, with an outline of the required limit states to 
be considered. A set of general performance objectives is proposed that such 
systems can be measured against. Design methodologies are discussed, noting that 
current Building Code approaches will generally not provide adequate verification 
methods. In addition, some consideration of future development criteria is offered, 
with the aim of ensuring that the credibility of the industry is maintained. 

1 Holmes Consulting Group. 

Paper 35 

Technical Session 7.b.2 

Nonlinear Analysis Acceptance Criteria for the Seismic 
Performance of Existing Reinforced Concrete Buildings 

S.J. Oliver1, A.G. Boys1 & D.J. Marriott2 

Poor performance of some buildings in the 2011 Christchurch earthquakes has re-
emphasised the need for structural resilience. This has been addressed in the 
Detailed Engineering Evaluation (DEE) procedure developed by the DBH 
Engineering Advisory Group which requires consideration of building 
performance at the ultimate limit and collapse limit states. 

The importance of providing a full performance-based seismic assessment 
considering both Life Safety (ultimate limit state) and Collapse Prevention 
performance objectives has become evident. Such an assessment allows 
progressive levels of structural damage to be defined and captures critical 
structural weaknesses. No specific guidance is provided in the DEE procedure for 
nonlinear analysis procedures. 

Furthermore, the Life Safety and Collapse Prevention limit states can be difficult 
to quantify for older RC structural elements with low transverse reinforcement 
contents and poor structural detailing. Experimentally-derived acceptance criteria 
from test data-bases are preferred for structures prevailing modern design codes. A 
nonlinear analysis performance assessment criteria has been developed using New 
Zealand and North American research. The criteria provides recommendations on 
ground motion record scaling and the application of the NZS 1170.5 structural 
performance factor for existing buildings. Individual building component and 
overall building system performance is considered. Building component 
deficiencies have been classified recognising that the failure of individual building 
components does not always constitute a building system failure. 

1 Holmes Consulting Group, Christchurch, New Zealand. 
2 Holmes Consulting Group, Wellington, New Zealand. 
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Technical Session 7.b.3 

Inter-storey Drift Limits for Buildings at Ultimate limit States 

S.R. Uma1, A.B. King1 & T. Holden2 

Design engineers often use quasi-static procedures to analyse buildings and to 
determine the inter-storey drift demands rather than inelastic time history analysis 
procedures. For elastic procedures such as the modal response spectrum method, 
the NZS1170.5 loading standard suggests modification (or scaling) factors for 
simulating inter-storey drift in the post-elastic range corresponding to an ultimate 
limit state condition. In this study, the consistency between inter-storey drifts 
obtained from modal response analysis and inelastic time history analysis are 
verified, and suitable scale factors for design purposes are suggested. 

Building models representing reinforced concrete and steel braced frames with 
various levels of ductility were analysed for a family of earthquake records 
matched to the design spectrum. The design of buildings was carried out to 
achieve a target drift ratio of 2.5% which is the maximum limit suggested in the 
standard. The inter-storey drift profiles for reinforced concrete buildings from 
inelastic time history analysis basically followed the inter-story drift profiles 
derived from the elastic method but exceeded them at upper storeys. In steel 
braced frames, the inelastic displacement was limited to the lower 1/3rd of 
building height only. Even though the inelastic methods resulted in higher inter-
storey drifts compared to elastic methods, all values were within the prescribed 
code limit of 2.5%. 
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2 Aurecon Ltd. Wellington 

Paper 11 

Technical Session 7.b.4 

The influence of pounding on member demands in lowrise 
buildings 

G.L. Cole1, R.P. Dhakal1, A.J. Carr1 & D.K  Bull1 

While pounding between insufficiently separated buildings is commonly 
acknowledged to occur during earthquakes, very little information on pounding's 
loading effects are currently available. This paper presents a numerical study of 
two Wellington buildings with various separations that result in pounding. Both 
buildings are modelled as 1960's, three storey buildings with concrete moment 
resisting frames. Member shear and ductility demands are recorded and compared 
to each building's demands when the buildings are sufficiently separated to 
prevent pounding. Additionally, the collision force at the point of contact is 
compared between models. The effects of soil structure interaction are also 
investigated for pounding models. Pounding is found to increase or decrease 
ductilities and interstorey shears depending on the specific configuration. 

Interstorey shears induced by pounding are found to exceed 'no pounding' 
configurations by up to 35%. The implications and likely loadings due to 
pounding for low rise Wellington buildings are also discussed and tentatively 
quantified. 

1 University of Canterbury, Christchurch, New Zealand. 
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Technical Session 7.b.3 

Inter-storey Drift Limits for Buildings at Ultimate limit States 

S.R. Uma1, A.B. King1 & T. Holden2 
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Technical Session 7.b.5 

Estimated seismic performance of a standard NZS3101:2006 
RC office building during the 22 February 2011 Christchurch 

earthquake 

Y. Ishikawa1 & B.A. Bradley2 

This paper discusses the seismic performance of the standard RC office building 
in Christchurch that is given as a structural design example in NZS3101, the 
concrete structures seismic standard in New Zealand. Firstly the push-over 
analysis was carried out to evaluate the lateral load carrying capacity of the RC 
building and then to compare that carrying capacity with the Japanese standard 
law. The estimated figures showed that the carrying capacity of the New Zealand 
standard RC office building of NZS3101:2006 was about one third of Japanese 
demanded carrying capacity. Secondly, time history analysis of the multi-mass 
system was performed to estimate the maximum response story drift angle using 
recorded ground motions. Finally, a three-dimensional analysis was carried out to 
estimate the response of the building to the 22nd February, 2011 Canterbury 
earthquake. The following outcomes were obtained. 1) The fundamental period of 
the example RC building is more than twice that of Japanese simplified 
calculation, 2) The example building’s maximum storey drift angle reached 2.5% 
under the recorded ground motions. The main purpose of this work is to provide 
background information of seismic design practice for the reconstruction of 
Christchurch. 

1 Takenaka Corporation, Chiba, Japan. 
2 Department of Civil and Natural Resources Engineering, University of 
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Technical Session 7.b.6 

Influence of Stiffness Variation on the Performance of Houses 
in Earthquakes 

A.Z. Liu1 & G.J. Beattie1 

There are about one and half million light timber framed (LTF) buildings 
nationwide in New Zealand and satisfactory seismic performance of LTF 
buildings in major earthquakes is crucial in terms of the community's resilience to 
earthquakes. Observed earthquake damage to light timber framed (LTF) buildings 
demonstrates that, while LTF buildings generally perform well in major 
earthquakes, they do suffer extensive damage if there are significant stiffness 
incompatibilities or there is severe land damage, including liquefaction. There can 
be various stiffness incompatibilities and the effects of these on the seismic 
performance of LTF buildings vary. This paper reports on a study of the effects of 
broad stiffness incompatibility issues on the seismic performance of LTF houses, 
based on earthquake damage observations and theoretical examinations of critical 
seismic aspects. The study revealed the following: (a) a timber floor diaphragm 
plays an important role in allocating seismic actions to different lateral load 
resisting systems and the floor deformation has to be considered if there is a 
stiffness incompatibility, (b) timber floor diaphragms need to be adequately 
designed to meet their required function, (c) a displacement-based design 
approach is more rational when there is a significant deformation incompatibility 
issue. 
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Technical Session 7.b.7 

Observations on the Performance of Residential Concrete 
Slabs under Seismic and Soil Liquefaction Conditions 

C.W. Ashby1 

The humble domestic concrete slab is a very important component in getting 
things right first time. Because there are so many of them, the cost of poor 
detailing and construction techniques have had a significant effect on the economy 
and wellbeing of the community running into billions of dollars worth of damage 
in Christchurch and causing displacement and trauma to people unnecessarily. 

However many habitable houses with unreinforced cracked concrete floors are 
being written off unnecessarily, due to the wording of insurance policies and 
ignorance with respect to the reparability of such. 

Unreinforced slabs are now no longer permitted for new construction of residential 
houses, and experience has proved the worth of waffle slabs. There is however 
still room for improvement if a cost effective base isolation system can be 
developed to protect occupants, superstructure and contents. 

1 Ashby Consulting Engineering Ltd 
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Poster 1 

Dynamic deformation characteristics of pumice sand 

R.P. Orense1, M. Hyodo2 & T. Kaneko2 

To understand the strain-dependent shear modulus and damping ratio of 
reconstituted pumice sand samples, a series of dynamic deformation tests was 
performed using hollow cylindrical torsional shear test apparatus. The effects of 
confining pressure level and grading characteristics (or fines content) were 
investigated, and sieve analyses were performed after each test to check if particle 
crushing occurred. The results showed that the dynamic deformation 
characteristics of pumice sands were comparable with those of hard-grained sands, 
e.g., initial shear modulus and shear modulus ratio increased and damping ratio 
decreased with increase in confining pressure. The effects of fines content were 
consistent with those observed in other volcanic soils, e.g. Shirasu in Japan. Under 
undrained cyclic loading, reconstituted pumice sands did not undergo significant 
particle crushing, resulting in trends in strain-dependent modulus and damping 
ratio which were similar to those of hard-grained sands. 

1 University of Auckland, New Zealand 
2 Yamaguchi University, Ube City, Japan 

Poster Paper 6 

Poster 2 

Dynamic performance assessment of a multi-storey timber 
building via long-term seismic monitoring and model updating 

A.A. Gaul1, S.N.R. Jager1, P. Omenzetter1 & H. Morris1 

The Nelson Marlborough Institute of Technology Arts building is the world's first 
commercial implementation of a post tensioned Laminated Veneer Lumber (LVL) 
shear wall system based on EXPAN technology. In order to understand the 
response of the building in a serviceability level seismic event, System 
Identification using dynamic monitoring data, Finite Element (FE) modelling, 
model updating and time history analysis was performed. Several modal 
frequencies, damping ratios and mode shapes were identified form the seismic 
response records. Model updating estimated a 16% increase in the stiffness of 
LVL structural elements, an approximate 90% decrease in concrete, and nearly nil 
contribution of cladding to stiffness. An estimation of the serviceability response 
was made based on a single degree of freedom system time history analysis. It was 
concluded the NMIT building performs well under serviceability seismic loading. 
The maximum deflection of a 1/25 year event was estimated to be 8 mm. 

1 University of Auckland, Auckland, New Zealand. 
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Poster 3 

Consistency of Seismicity and Ground Motion Modelling with 
the Canterbury Earthquakes 

B.A. Bradley1 

This paper examines the consistency of seismicity and ground motion models, 
used for seismic hazard analysis in New Zealand, with the observations in the 
Canterbury earthquakes. An overview is first given of seismicity and ground 
motion modelling as inputs of probabilistic seismic hazard analysis, whose results 
form the basis for elastic response spectra in NZS1170.5:2004. The magnitude of 
earthquakes in the Canterbury earthquake sequence are adequately allowed for in 
the current NZ seismicity model, however the consideration of ‘background’ 
earthquakes as point sources at a minimum depth of 10km results in up to a 60% 
underestimation of the ground motions that such events produce. The ground 
motion model used in conventional NZ seismic hazard analysis is shown to 
provide biased predictions of response spectra (over-prediction near T=0.2s, and 
under-predictions at moderate-to-large vibration periods). Improved ground 
motion prediction can be achieved using more recent NZ-specific models. 

1 University of Canterbury, Christchurch, New Zealand 
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Poster 4 

Ground Motion Comparison of the 2011 Tohoku, Japan and 
2010-2011 Canterbury earthquakes:Implications for large 

events in New Zealand 

B.A. Bradley1 

This paper provides a comparison between the strong ground motions observed in 
the Christchurch central business district in the 4 September 2010 Mw7.1 Darfield, 
and 22 February 2011 Mw6.3 Christchurch earthquakes with those observed in 
Tokyo during the 11 March 2011 Mw9.0 Tohoku earthquake. Despite Tokyo being 
located approximately 110km from the nearest part of the causative rupture, the 
ground motions observed from the Tohoku earthquake were strong enough to 
cause structural damage in Tokyo and also significant liquefaction to loose 
reclaimed soils in Tokyo bay. Comparisons include the strong motion time 
histories, response spectra, significant durations and arias intensity. The 
implications for large earthquakes in New Zealand are also briefly discussed. 
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Poster 5 

Estimating post-earthquake welfare and sheltering needs 
following a Wellington earthquake 

K.C. Wright1, D.M. Johnston2, W.J. Cousins1 & S.K. McBride1 

A future earthquake in the city of Wellington will cause widespread building and 
infrastructure damage, particularly on soft soils. It is also anticipated that all major 
transport routes (air, sea, rail and road) out of the region and many within the 
region will be affected. Such impacts create challenges for the provision of 
welfare and sheltering in the aftermath of an earthquake. A model framework for 
calculating evacuation numbers, welfare needs and sheltering requirements is 
proposed based on a variety of damage and non-damage related factors that 
contribute to evacuation decision-making. A household's decision on whether to 
evacuate or shelter in place is based on a range of factors, including those directly 
related to earthquake damage such as structural damage and lifeline utility 
function, and factors that relate to household or neighbourhood liveability such as 
access to resources, social networks, mobility or dependency. Multiple factors that 
contribute to household welfare needs and evacuation decision-making have been 
included to recognise that post-earthquake evacuation decisions are not based on 
damage states of buildings or loss of lifeline utility services alone. This paper 
applies structural damage components of the model and discusses the framework 
for the non-structural component. Preliminary evacuee and sheltering numbers are 
derived these will be further refined on applying the non-structural evacuation 
factors. The outputs from this model will assist those tasked with planning for 
readiness, response and recovery for a major Wellington earthquake event. 

1 GNS Science 
2 Joint Centre for Disaster Research, GNS Science/Massey University, 

Wellington 
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Poster 6 

Quantifying Building Engineering Demand Parameters in 
Seismic Events 

H.N. Dantanarayana1, G.A. MacRae1, R. Dhakal1, S.R. Uma1 & T.Z. 
Yeow1 

Engineering Demand Parameters, such as inter-storey drift or floor accelerations, 
can be correlated to damage within the structure. While current code provisions 
exist to estimate Engineering Demand Parameters to use in design of components 
within the structure, such as non-structural elements, these code provisions are not 
structure specific and their accuracy has not been rigorously quantified. This paper 
involves a robust and comprehensive study to quantify Engineering Demand 
Parameters for 180 frame and wall structural configurations. A range of design 
ductility, design target drift and structural heights are considered. Dynamic 
inelastic time history analysis is carried out using a suite of ground motion records 
to obtain the Engineering Demand Parameter of interest. It is found that increasing 
the flexibility of the structure by either increasing design ductility or target drift 
increases drift in the first floor columns in the frame structure and on all floors in 
the wall structure. The code provisions were found to be adequate when 
considering median values, however drift demands were exceeded at the 84th 
percentile in several cases. Increasing the flexibility resulted in decreased 
acceleration demands. All 84th percentile acceleration demands are well within 
code limits. 

1 University of Canterbury, Christchurch. 
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Analysis of Liquefaction-Induced Lateral Spreading Data from 
the 2010 Darfield and 2011 Christchurch Earthquakes 

K. Robinson1, B.A. Bradley1 & M. Cubrinovski1 

The 4 September 2010 Darfield and 22 February 2011 Christchurch earthquakes 
caused significant damage to Christchurch and surrounding suburbs as a result of 
the widespread liquefaction and lateral spreading that occurred. Ground surveying-
based field investigations were conducted following these two events in order to 
measure permanent ground displacements in areas significantly affected by lateral 
spreading. Data was analysed with respect to the distribution of lateral spreading 
vs. distance from the waterway, and the failure patterns observed. Two types of 
failure distribution patterns were observed, a typical distributed pattern and an 
atypical block failure. Differences in lateral spreading measurements along 
adjacent banks of the Avon River in the area of Dallington were also examined. 
The spreading patterns between the adjacent banks varied with the respective river 
geometry and/or geotechnical conditions at the banks. 

1 University of Canterbury, Christchurch, New Zealand 
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Poster 8 

Torsional Considerations in Building Seismic Design 

B. Miranda1, G.A. MacRae2, T.Z. Yeow2 & K. Beyer3 

All buildings are subjected to some degree of torsion which in turn changes the 
member demands from that of translation only. Torsional effects on buildings 
subjected to earthquakes are not found directly in structural analysis unless full 
three-dimensional inelastic dynamic time history analysis is conducted. Since 
design is often conducted using two-dimensional analysis, these effects are not 
directly considered. There is currently an understanding of how different 
parameters may influence torsion, however, the degree to which these factors 
influence torsion is relatively unknown. Currently there are two simple design 
recommendations by Beyer/Priestley and MacRae; however, these need to be 
verified to be used in design. To do this, earthquake ground motions are applied in 
one direction to single storey structures with different in-plane wall strength and 
stiffness, rotational inertia and torsional restraint to obtain the inelastic dynamic 
response considering torsion. A single multistorey analysis is performed to verify 
the response compared to that of the single storey. It is found that an increase in 
strength on an element does not increase the demand on any critical element. An 
increase in rotational mass or a decrease in stiffness eccentricity decrease critical 
wall displacement. Increasing torsional restraint reduces the critical wall 
displacement. Beyer/Priestley's prediction is generally non-conservative while 
MacRae's is conservative. The multistorey analysis was well approximated by the 
single-storey response. Both single and multistorey structures are recommended to 
be designed by MacRae's method of which a design example is provided. 

1 Novare Design, Wellington 
2 Department of Civil Engineering, University of Canterbury, Christchurch 
3 Department of Civil Engineering, École polytechnique fédérale de 

Lausanne, Switzerland 
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subjected to earthquakes are not found directly in structural analysis unless full 
three-dimensional inelastic dynamic time history analysis is conducted. Since 
design is often conducted using two-dimensional analysis, these effects are not 
directly considered. There is currently an understanding of how different 
parameters may influence torsion, however, the degree to which these factors 
influence torsion is relatively unknown. Currently there are two simple design 
recommendations by Beyer/Priestley and MacRae; however, these need to be 
verified to be used in design. To do this, earthquake ground motions are applied in 
one direction to single storey structures with different in-plane wall strength and 
stiffness, rotational inertia and torsional restraint to obtain the inelastic dynamic 
response considering torsion. A single multistorey analysis is performed to verify 
the response compared to that of the single storey. It is found that an increase in 
strength on an element does not increase the demand on any critical element. An 
increase in rotational mass or a decrease in stiffness eccentricity decrease critical 
wall displacement. Increasing torsional restraint reduces the critical wall 
displacement. Beyer/Priestley's prediction is generally non-conservative while 
MacRae's is conservative. The multistorey analysis was well approximated by the 
single-storey response. Both single and multistorey structures are recommended to 
be designed by MacRae's method of which a design example is provided. 

1 Novare Design, Wellington 
2 Department of Civil Engineering, University of Canterbury, Christchurch 
3 Department of Civil Engineering, École polytechnique fédérale de 

Lausanne, Switzerland 
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Hysteretic Influence on Earthquake Induced Sliding Damage 
of Contents 

R. English1, G.A. MacRae1 & R.P. Dhakal1 

This paper investigates the influence of hysteretic characteristics of structures on 
contents damage. The damage to contents considered was limited to sliding 
induced damage, excluding rocking induced damage. A single storey structure and 
contents were modelled numerically using non-linear time-history analyses of a 
multi-spring idealised model. An understanding of the sliding behaviour of 
contents under impulse loading of a linear elastic structure was developed, against 
which the performance of non-linear structures was compared. Analyses of the 
structures were completed using impulse loading and selected earthquake records 
over a range of natural periods and strength reduction factors. It was found that 
increasing strength reduction factors directly reduced contents sliding. Increasing 
hysteretic damping was shown to reduce contents sliding. From impulse analyses 
a direct relationship between increasing natural period and a reduction in contents 
sliding was found. This effect was complicated by varying frequency content of 
earthquakes. It was found that the magnitude of stiffness changes in structures 
required to produce shock loads on contents was above that feasibly possibly in 
real structures. 

1 University of Canterbury. 
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Contents Sliding Response Spectra 

S.L. Lin1, G.A. MacRae1, T.Z. Yeow1, R.P. Dhakal1 & R. English2 

The importance of building content damage has been recognized again in the 
recent devastating Canterbury earthquakes as items moved several metres in some 
cases. Content damage can result in significant economic loss and injuries despite 
the structural system remaining intact. 

In this paper, a simple numerical model is used to simulate the contents sliding 
behaviour. 

After a brief introduction of the methodologies and development of sliding model, 
the contents sliding behaviour during an earthquake shaking is investigated 
analytically, followed by the development of the sliding response spectra for 
contents in structures with different strength reduction factors, coefficients of 
friction, and structural periods. It is shown that movement of contents is greater 
when the friction factor is less and when the structure has lower response period 
and greater strength. An example application of the use of the contents sliding 
response spectra is provided. Future research directions are also identified. 

1 University of Canterbury, Christchurch, New Zealand. 
2 Alan Reay Consultants, Christchurch, New Zealand. 
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Design and testing of reinforced concrete frames incorporating
the slotted beam detail 

J.D.R. Byrne1 & D.K. Bull1 

Shortcomings of modern seismic design in reinforced concrete have necessitated 
the development of new systems capable of addressing these issues. Able to be 
constructed using existing industry techniques, the slotted beam is one such 
practicable, economic solution. While earlier research by Au (2010) showed 
promising results for this system, it also highlighted issues with bond of beam 
reinforcement within interior joints and understanding of the joint shear 
mechanism. This paper explains and addresses these issues through a summary of 
the desktop and experimental research undertaken. The results were encouraging 
with 2 specimens successfully tested without bar slip and minimal beam 
elongation. 

1 Department of Civil and Natural Resources Engineering, University of 
Canterbury, Christchurch 
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The Flawless Reinsurance Loss Model for the Perfect(New 
Zealand) Earthquake 

Michael  Barkhausen1, Russell  Blong1, Peter  Cheesman1, Ben  
Miliauskas1 & Michael  Spranger2 

The Christchurch earthquakes have taught us a number of reinsurance lessons and 
a lot about aspects of less than perfect insurance loss models for New Zealand. At 
least some loss models will be improved but it will take a few years. This paper 
summarises: (i) some of the reinsurance lessons learnt; (ii) the reasons insurance 
loss models are constructed and the ways in which they can be used and abused; 
(iii) elaborates some of the difficulties in building an earthquake loss model for 
New Zealand; (iv) considers the problems involved in damage data analysis; and 
(v) identifies some of the issues that will remain unresolved even when the next 
generation of loss models is completed. 

1 Aon Benfield, Sydney, Australia 
2 Aon Benfield, Singapore. 
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Loss Estimation in Christchurch CBD followingRecent 
Earthquakes: Validation and Refinement ofCurrent 

Procedures 

S.L. Lin1, S. Giovinazzi1 & S. Pampanin1 

Canterbury's recent earthquakes caused devastating losses and resulted in significant 
damage to buildings in the Christchurch Central Business District (CBD). The already 
tragic human losses and continuous mounting economic and societal impact reinforce 
the crucial importance of implementing measures for the reduction of seismic risk. 

Earthquake loss estimation procedures, which attempt to predict casualties and losses 
(direct or indirect) under a given earthquake scenario, either deterministic or 
probabilistic, can be a very powerful tool in support to the emergency response 
planning as well as the developing of effective mitigation strategies. Too often the 
decision to support and initiate a wide implementation of seismic-risk reduction 
measures is confronted with the perception that the whole operation (e.g. seismic 
retrofitting of existing earthquake prone buildings) would be too expensive. As a 
result, passive instead of active policies are typically adopted by central, regional or 
local government authorities. 

In this contribution, a loss estimation evaluation for Christchurch CBD, with focus on 
reinforced concrete (RC) buildings, is conducted with the main aim to improve the 
reliability of current procedures to support the aforementioned decision-making 
process. 

Comparisons are made between field observation on the damage of RC buildings of 
different age and structural types, collected in a comprehensive damage-report, and the 
post-dicted results of impact assessment obtained using the generated hazard map and 
fragility relationships. As the work is in progress and the results herein presented are to 
be considered at this stage indicative of the general features and potential of the 
approach undertaken, discussion on possible improvements and suggestions for further 
investigations are presented as well. 

1 University of Canterbury, Christchurch, New Zealand. 
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Structural Health Monitoring of the Base-Isolated Christchurch 
Women’s Hospital Following the Canterbury Earthquakes 

B. Nigbor1, H.P. Gavin2, G.A. MacRae3, G.W. Rodgers4, M. Nayerloo4, 
J.G. Chase4, S. Gutschmidt4 & C. Granger4 

The September 2010 Canterbury and February 2011 Christchurch earthquakes and 
associated aftershocks have shown that the isolator displacement in Christchurch 
Women’s Hospital, which is the only base-isolated structure in Christchurch, was 
significantly lower than expected. Occupant accounts indicated that accelerations 
within the hospital were larger than expected for a base-isolated structure and that 
residual low-level shaking lasted longer following strong-motion events than for non-
isolated structures. 

To investigate these observations, a multi-university collaboration between the 
University of California Los Angeles (NEES@UCLA), Duke University, and the 
University of Canterbury was formed to instrument the Christchurch Women’s 
Hospital. Five tri-axial strong-motion accelerometers, three uni-axial strong-motion 
accelerometers and three string potentiometers were utilised to determine the overall 
building response to the many seismic events of the aftershock sequence. Instruments 
were installed across the isolation interface in the hospital basement, recording 
accelerations and relative displacements between the foundation and the base of the 
superstructure. Accelerometers were also installed in the roof-space to determine 
structural response and at each end of the structure to investigate any torsional 
response. 

Liquefaction occurred below the main slab of the foundation, which essentially 
introduced an extra layer of isolation, contributing to a longer observed low-intensity 
vibration response. Interaction between the isolated Women’s Hospital building and an 
adjacent non-isolated hospital building was observed, potentially contributing to lower 
than expected isolation interface displacement. The large vertical accelerations for 
these events were seen to contribute to the high shaking intensity observed by 
occupants. 

1 University of California, Los Angeles, CA, USA 
2 Duke University, Durham, NC, USA 
3 Dept. of Civil and Natural Resources Engineering, University of Canterbury 
4 Dept. of Mechanical Engineering, University of Canterbury 
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Impact Mechanics, Damage and Building Pounding: The 
Effect of Co-efficient of Restitution, Structural Yielding and 

Gap Ratio 

F. Boyer1, G. Labrosse1, J.G. Chase1, G.W. Rodgers1 & G.A. MacRae1 

Impact between structures of bridge sections can play a major, unexpected role in 
seismic structural damage. Linear and non-linear models are developed to analyze 
structural impact and response of two single-degree-of-freedom structures, 
representing adjacent buildings or bridge sections. The analyses presented assess 
probability of impact, displacement change due to impact, and the probability of 
increased displacement due to impact. These are assessed over a matrix of 
structural periods for each degree-of-freedom, different impact coefficients of 
restitution, and a probabilistically scaled suite of earthquake events. Linear versus 
non-linear effects are assessed using a Ramberg-Osgood non-linear model for 
column inelasticity. The normalized distance, or gap-ratio (GR), defined as a 
percentage of the summed spectral displacements, is used to create probabilistic 
design requirements. Increasing GR and structural periods that are similar 
(T2/T1~0.8-1.25) significantly decrease the likelihood of impact, and vice-versa. 
Including column inelasticity and decreasing coefficient of restitution decrease 
displacement increases due to impact and thus reduce potential damage. A 
minimum GR~0.5-0.9 ensures that any displacement increases will be less than 
10% for 90% of ground motions over all structural period combinations (0.2-
5.0sec). These results enable probabilistic design guidelines to manage undesirable 
effects of impact - an important factor during the recent Canterbury, New Zealand 
Earthquakes. 

1 Depts. of Civil and Mechanical Engineering, University of Canterbury 
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Performance Based Design, would it have made adifference 
in Christchurch? 

Will  Parker1, Josiah  Thompson1, Paul P. Cordova2, Kenneth T. Tam2 & 
John D. Meyer2 

Historically, building codes establish minimum requirements for safety through 
prescriptive criteria. Critical structures and buildings with higher importance are 
designed for larger earthquakes that occur less frequently. However, actual 
performance of the building is rarely assessed. The Canterbury earthquakes 
showed that building performance varied and that the traditional approach may not 
deliver the desired results. 

In the past decade, Performance Based Design has gained wide acceptance in the 
engineering community worldwide. Performance Based Design provides a 
framework to assist a building designer with assessment of building performance, 
given the potential hazard it is likely to experience. It also allows the owner to 
understand and choose a range of performance objectives rather than being limited 
to a building that 'meets code'. In the United States, Performance Based Design 
concepts have been in use for seismic engineering under the framework outlined 
in 'ASCE 41 - Seismic Rehabilitation of Existing Buildings'. This paper compares 
the historical and current approaches to building design in New Zealand with the 
performance based design approaches currently used in the United States under 
the framework of ASCE 41. Examples of building performance during the recent 
Canterbury earthquakes will be used to demonstrate how a performance based 
design approach can assess performance for buildings and verify equivalent 
performances using alternative designs. The paper will also show how 
performance based design can be used to assess the performance required for 
critical facilities. 

1 Opus International Consultants Ltd., Christchurch, NZ. 
2 Simpson Gumpertz and Heger Inc, United States of America. 
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Development and Implementation of Buckling Restrained 
Braces in Taiwan 

S.L. Lin1, G.A. MacRae1, A.C. Wu2, P.C. Lin2 & K.C. Tsai2 

Buckling restrained braces (BRBs), which are made from encasing a steel core 
into a steel tube, and confined with infill concrete, have been widely adopted as 
seismic devices worldwide. In the past decade, many novel concepts and designs 
of BRBs have been proposed and verified via full-scale components and frame 
tests in National Taiwan University and National Centre for Research on 
Earthquake Engineering. Most importantly, the majority of the above technology 
has successfully been transferred to the industry, and implemented in a range of 
building applications (e.g. residential, commercial, gymnasium, high-tech factory, 
and hospital). 

In this paper, the basic concept of the BRB is first introduced, followed by a 
summary of current development of BRBs in Taiwan. The development includes: 
(i) the investigation of unbonding material, (ii) the proposed novel design of BRBs 
(e.g. double tube and double core, detachable, and welded end-slot), and (iii) full-
scale components and frame tests. Next, several application examples of BRBs in 
Taiwan are introduced and tabulated. This paper concludes with a discussion and 
suggestions on how to transfer the technology and experience of BRBs into New 
Zealand. 

1 University of Canterbury, Christchurch, New Zealand.  
2 National Taiwan University, Taipei, Taiwan. 
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Velocity dependence of HF2V devices using different shaft 
configurations 

J.Chanchí  Golondrino1, J.G. Chase2, G.W. Rodgers2, G.A. MacRae2 & 
C.G. Clifton3 

High-Force-to-Volume lead dampers (HF2V) have been recently developed 
through an experimental research program at University of Canterbury, New 
Zealand. Testing of the device and applications on beam column joints have 
demonstrated stable hysteretic behaviour with almost no damage. This paper 
reports testing of HF2V devices with straight, bulged and constricted shaft 
configurations subjected to velocities of 0.15 - 5.0 mm/s. The effect of the shaft 
configuration on the hysteresis loop shape, design relationships and the effect of 
the velocity on the resistive force of the device are described. Results show that 
hysteresis loop shape of the device is almost square regardless of the shaft 
configuration, and that devices are characterized by noticeable velocity 
dependence in the range of 0.15 - 1.0 mm/s. 

1 University of Canterbury, New Zealand &amp; National University of 
Colombia, Colombia 
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3 University of Auckland, New Zealand 
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Behaviour of Asymmetrical Friction Connections using 
different shim materials 

J.Chanchí  Golondrino1, G.A. MacRae2, J.G. Chase2, G.W. Rodgers2 & 
C.G. Clifton3 

Asymmetrical Friction Connections (AFC) have been successfully applied in New 
Zealand. Testing on small components, and beam column joint subassemblies 
have demonstrated stable, efficient hysteretic behaviour with almost no damage. 
This paper reports quasi-static testing of full scale AFC specimens using different 
shim materials: mild steel, aluminium, brass, bisalloy grades 80, 400 and 500. The 
assembling process and hysteretic behaviour of the connections are described. 
Effects of different shim materials on the hysteresis loop stability and on the 
magnitude of the friction force are also discussed. Results show stable hysteretic 
behaviour and minimum degradation effects using shim materials with high 
Brinell hardness values ranging from 300BH to 500BH. 

1 University of Canterbury, New Zealand GÇô National University of 
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Quantification of seismic performance factors for buildings 
incorporating three-dimensional construction system 

M. Mashal1 & A. Filiatrault2 

The paper presents an application of the FEMA P695 Methodology for 3D panel 
construction system composed of sixteen archetypes of different configurations. 

The FEMA P695 Methodology is intended for design of new structural systems. It 
provides a rational methodology of evaluating the seismic performance factors, 
including the response modification coefficient (R-factor), the system overstrength 
factor Ω0), and deflection amplification factor (Cd), of a proposed seismic force-
resisting system. The Methodology incorporates certain steps for the development, 
analysis, and the probabilistic assessment of collapse risk of a consistent number 
of buildings. The Methodology uses nonlinear analysis techniques to characterize 
nonlinear static and dynamic behavior of a proposed seismic force-resisting 
system; another advantage of the Methodology is that it explicitly considers 
uncertainties in ground motion, modeling, design, and test data. The work 
presented herein calibrates the experimental test data with the analytical results in 
different steps of the Methodology. Furthermore, it is shown that the Methodology 
can be directly applied on a series of 3D panel index archetypes, with a significant 
number of archetypes satisfying the criteria of the Methodology. 

1 Department of Civil and Natural Resources Engineering, University of 
Canterbury, New Zealand 
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Behaviour of Asymmetrical Friction Connections using 
different shim materials 

J.Chanchí  Golondrino1, G.A. MacRae2, J.G. Chase2, G.W. Rodgers2 & 
C.G. Clifton3 

Asymmetrical Friction Connections (AFC) have been successfully applied in New 
Zealand. Testing on small components, and beam column joint subassemblies 
have demonstrated stable, efficient hysteretic behaviour with almost no damage. 
This paper reports quasi-static testing of full scale AFC specimens using different 
shim materials: mild steel, aluminium, brass, bisalloy grades 80, 400 and 500. The 
assembling process and hysteretic behaviour of the connections are described. 
Effects of different shim materials on the hysteresis loop stability and on the 
magnitude of the friction force are also discussed. Results show stable hysteretic 
behaviour and minimum degradation effects using shim materials with high 
Brinell hardness values ranging from 300BH to 500BH. 
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Improvements for the Seismic Design of Reinforced Concrete 
Walls in Chile and Suggestions for the Refinement of Other 

Seismic Code Provisions 

P. Bonelli1, J. Restrepo2, P.Quintana  Gallo3, S. Pampanin3 & A.J. Carr3 

Recent earthquakes in different parts of the world continue to strike cities where 
reinforced concrete (RC) structures have been constructed revealing new 
weaknesses. This is the case of Chile, where a significant amount of mid-rise RC 
buildings constructed since the 1980's were affected by the 27 February 2010 
Maule Earthquake. Even if most of RC buildings remained apparently in the 
elastic range, showing an acceptable performance, a significant amount of RC 
walls in stiff and flexible buildings were significantly damaged showing a specific 
damage pattern not observed or not clearly identified previously. This type of 
damage was mainly attributed to non-ductile detailing, as the absence of lateral 
restraint for longitudinal reinforcement to prevent buckling of longitudinal rebar, 
the excessive initial (gravity) axial load, and the lack of capacity design 
considerations to protect shear failures, amongst others. In this contribution a 
summary of recent amendments adopted in the Chilean Seismic Normative 
(NCh433 seismic design and NCh430 RC design codes) as well as suggestions for 
further refinement of ACI318 seismic provisions for structural walls are presented 
in light of the observed damage in RC structural walls after the Maule Earthquake. 
Finally, the similarity with what was observed in Christchurch after the 22 
February 2011 Canterbury Earthquake in structural walls is highlighted. 

1 Universidad Técnica Federico Santa María, Valparaíso, Chile. 
2 University of California San Diego, La Jolla, USA. 
3 University of Canterbury, Christchurch, New Zealand. 
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Poster 22 

Temporary Housing Issues following the 22nd Christchurch 
Earthquake, NZ 

Sonia  Giovinazzi1, Joanne R. Stevenson1, Jon  Mitchell2 & Anna  Mason3 

The 22nd February 2011 Christchurch Earthquake damaged or destroyed over 
6,000 residential properties forcing thousands to leave their homes. The Natural 
Hazard Research Platform, NHRP of New Zealand funded a short-term project 
aiming to inform the Department of Building and Housing, DBH, and the 
Christchurch Earthquake Response Centre and Recovery Management, CERA, on 
best practices and methods adopted at international level, to assess and respond to 
temporary housing needs. Further than this, the project team collaborated with the 
Council and Statistic NZ on estimating the internal and external population 
migration caused by the earthquake and its impact on the needs for temporary 
homes. This paper aims to briefly summarise how the aforementioned agencies 
responded to the temporary housing needs following the Christchurch earthquake 
and discuss the successes and issues encountered by the NHRP project to fulfil the 
overall objective of the project. The lesson learnt to support the planning for 
temporary housing needs in the occurrence of future events are finally discussed. 
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Problems of seismic design of the cladding panels of precast 
buildings 

A. Colombo1 & G. Toniolo2 

Following the lesson learned from L'Aquila earthquake 2009, the paper presents a 
systematic definition of the design criteria for the connections of cladding panels 
of precast buildings, examining the behaviour of the whole system made of 
structure and panels, and proposes, for the typology of one-storey buildings with 
industrial destination, some possible alternative solutions that ensure the stability 
of all the construction elements. 

To quantify the design parameters involved in the quoted solutions, some 
calculations of a typical precast building under seismic conditions are elaborated. 
The analysis is repeated to compare the different connection systems of the panels 
to the structure, that is the isostatic solution that allows the structural frame to 
move independently from the walls, and the collaborating solutions that integrate 
the wall panel to the resisting structure. 

These information are intended to give the base data for a new generation of 
connection devices compatible with the wall stability under seismic action. 

1 Assobeton, Milan, Italy 
2 Politecnico di Milano, Italy 
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Liquefaction ejecta clean-up in Christchurch during the 2010-
2011 earthquake sequence 

M. Villemure1, T.M. Wilson1, D. Bristow1, M. Gallagher1, S. Giovinazzi2 
& C. Brown2 

The Canterbury earthquake sequence in New Zealand's South Island induced 
widespread liquefaction phenomena across the Christchurch urban area on four 
occasions (4 Sept 2010; 22 Feb; 13 June; 23 Dec 2011), that resulted in 
widespread ejection of silt and fine sand. This impacted transport networks as well 
as infiltrated and contaminated the damaged storm water system, making rapid 
clean-up an immediate post-earthquake priority. In some places the ejecta was 
contaminated by raw sewage and was readily remobilised in dry windy conditions, 
creating a long-term health risk to the population. Thousands of residential 
properties were inundated with liquefaction ejecta, however residents typically 
lacked the capacity (time or resources) to clean-up without external assistance. 

The liquefaction silt clean-up response was co-ordinated by the Christchurch City 
Council and executed by a network of contractors and volunteer groups, including 
the 'Farmy-Army' and the 'Student-Army'. The duration of clean-up time of 
residential properties and the road network was approximately 2 months for each 
of the 3 main liquefaction inducing earthquakes; despite each event producing 
different volumes of ejecta. Preliminary cost estimates indicate total clean-up costs 
will be over NZ$25 million. Over 500,000 tonnes of ejecta has been stockpiled at 
Burwood landfill since the beginning of the Canterbury earthquakes sequence. 

The liquefaction clean-up experience in Christchurch following the 2010-2011 
earthquake sequence has emerged as a valuable case study to support further 
analysis and research on the coordination, management and costs of large volume 
deposition of fine grained sediment in urban areas. 
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The effects of soil-foundation interface nonlinearity on seismic 
soil-structure interaction analysis 

M. Moghaddasi1, A.J. Carr2, M. Cubrinovski2, S. Pampanin2, J.G. Chase2, 
C.T. Chatzigogos3 & A. Pecker3 

This research presents the impact of base fixity on seismic analysis including soil-
structure interaction (SSI) considering linear and nonlinear soil-foundation 
interface conditions. A set of inelastic time history analyses using a yielding 
single-degree-of-freedom structural system with different fixity conditions at the 
base are used. The base fixity configurations considered are: 1) fixed-base; 2) 
linear flexible-base; 3) nonlinear flexible-base without uplift; and 4) nonlinear 
flexible-base with uplift. A suite of 40 ground motions with large-magnitude and 
moderate-distance is chosen to ensure robustness of the results across realistic 
ground motions. The examination of SSI effects on the structural response under a 
design base earthquake (DBE) level, i.e. 500-year return period event, is carried 
out for all considered scenarios. In addition, the effects of an increase in the 
seismic intensity up to a maximum credible earthquake (MCE) level, i.e. 2500-
year return period event, are also studied for the case of nonlinear flexible-base 
with uplift. The results illustrate the degree of residual foundation deformation as 
well as the impact of SSI on structural acceleration, total displacement and 
ductility. In this context, the importance of SSI effects for a design procedure as 
well as the difference between linear and nonlinear SSI considerations is 
highlighted. 
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Acoustic Surveying Technology and Research on the Haihe 
Buried Fault in Tianjin 

F. Liu1, Y.K. Chen1, W.P. Gao1, Z.S. Wang1 & Y.P. Zheng2 

A Survey was carried out to find the structure of the shallow part of the Haihe 
River and information on the faulted strata in Haihe Fault in Tianjin using acoustic 
Surveying methods such as the single-channel seismic technique. The result shows 
that this method works well in the part where the river is wide and deep. It also 
shows that in Tanggu area of Tianjin, the upper breakpoint of Haihe Fault is about 
30m underneath the riverbed and the corresponding latest active period is Qp3-
Qh1, which is consistent with the result of the previous borehole Surveys. In the 
offshore area of Bohai Sea, the Haihe Fault presents as a NWW-NEE strike dense 
fault zone and its upper breakpoint is less than 30 m underneath the seabed. It 
shows that movements of Haihe Fault in Bohai Sea is basically the same as those 
in Tanggu area. 

1 Earthquake Disaster Prevention Center, Tianjin , China. 
2 First Institute of Oceanography, SOA, Qingdao, China. 
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Session 9.a - Steel and Timber Structures 
Technical Session 9.a.1 

Experimental studies of the Self-Centering Sliding Hinge Joint 

H.H. Khoo1, G.C. Clifton1, J.W. Butterworth1 & G.A. MacRae2 

The Sliding Hinge Joint (SHJ) is a low damage connection that rotates 
inelastically with minimal damage through sliding of Asymmetric Friction 
Connections (AFC) in the bottom flange and web bolt groups. When this occurs 
the joint loses elastic strength and stiffness as the bolts in the AFCs lose tension. 
Furthermore, the SHJ does not have a recentering mechanism and thus does not 
always recenter. The self-centering SHJ (SCSHJ) was proposed which 
incorporates friction damping ring spings (RSs) as a self-centering component. 
This paper presents experimental studies on 6 full-scale subassembly joints. The 
joint moment capacities were developed with a combination of AFCs and RSs, 
and designed as a percentage of capacity generated by the RSs (PRS). The joints 
produced stable and repeatable hysteretic behaviour, with minimal damage to the 
floor slab. The joints with just RSs exhibited the ideal flag-shaped self-centering 
hysteretic behaviour. The SCSHJ had a combination of the SHJ and RS 
behaviours, with improved self-centering characteristics as the PRS increased. No 
loading rate effects were observed on the joint response. The SHJ had a 25% 
reduction in stable sliding capacity under a near fault pulse action due to increased 
demand on the bolts. 
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Technical Session 9.a.2 

Spectral Design Analysis of Sliding Hinge Joints and HF2V 
Devices for Seismic Dissipation 

F. Kato1, G.W. Rodgers1, G.A. MacRae1 & J.G. Chase1 

Due to the extreme damage seen in several recent earthquakes, several passive 
energy dissipation devices have been developed with different mechanisms of 
energy dissipation. Response spectra analysis across multiple earthquake suites is 
used to investigate the reductions in structural response and base shear forces to 
probabilistically assess the impact of these devices using suites of ground motions 
from the SAC project. 

Single-degree-of-freedom spectral analysis structures are used with nonlinear 
models of the sliding hinge joint (SHJ) and HF2V devices. Reduction factors are 
computed for each device compared to a linear, no-device structure. Force 
capacity for SHJ and HF2V devices are equivalent. Results are presented as 5th, 
25th, median (50th), 75th and 95th percentile responses at each period (0.1-5.0s by 
0.1s increments). 

Both devices show significant reductions in displacement at all spectral periods of 
30-60% (at median). Both increase base shear forces. However, SHJ systems show 
both a broader 5-95th percentile range, as well as larger increases in base shear 
due to their different velocity dependence in dissipating energy. The results 
provide initial design trade-off information in a probabilistic, performance-based 
framework for these devices. 

1 Depts. of Civil and Mechanical Engineering, University of Canterbury 
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Technical Session 9.a.3 

Measuring the effectiveness of seismic control of steel frames 
using braces with bilinear and flag-shaped hysteretic 

characteristics 

James B  McInerney1 & John C  Wilson2 

Shape memory alloy materials exhibit flag-shaped hysteretic behaviour, creating 
the potential for relatively simple yet effective energy dissipation devices for 
seismic control of structures. In this study, non-linear time history analysis of 1, 2, 
4, and 8 storey chevron-braced steel frame models was carried out for braces 
having flag-shaped hysteresis characteristics. For comparison, the same frames 
were analyzed with bracing that exhibited simpler bilinear hysteresis behaviour. 
Each frame was subjected to an ensemble of ground motions to determine their 
mean responses as measured by several response indices: interstorey drift, residual 
interstorey drift, column ductility demand, beam ductility demand, storey 
acceleration, base shear, and absorbed energy. The behaviour of the frames was 
generally governed by the backbone curve of the brace hysteresis defined by a 
post-yielding stiffness parameter, a normalized yield force, and a normalized 
stiffness. Increasing these parameters generally decreased interstorey drift, 
residual interstorey drift, column ductility demand, beam ductility demand, and 
absorbed energy. However, this also had the effect of increasing acceleration and 
base shear. An energy dissipation parameter related to the specific characteristics 
of each hysteresis model had relatively little effect on the response. In general, 
frames with flag-shaped hysteretic brace characteristics had responses, as 
measured by many of the previously listed parameters, which were very similar to 
frames with simpler bilinear hysteretic brace characteristics. The most significant 
differences were found to be that frames with bilinear brace characteristics tended 
to have lower accelerations, and frames with flag-shaped brace characteristics 
tended to have lower residual drifts. 
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2 McMaster University, Hamilton, ON, Canada 
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tended to have lower residual drifts. 

1 University of Cambridge, Cambridge, UK 
2 McMaster University, Hamilton, ON, Canada 
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Technical Session 9.a.4 

Ambient and Forced Vibration Testing and Finite Element 
Model Updating of a Full-scale Post-Tensioned Laminated 

Veneer Lumber Building 

M.L. Worth1, P. Omenzetter1 & H. Morris1 

The Nelson Marlborough Institute of Technology Arts and Media building was 
completed in 2011 and consists of three seismically separate complexes. This 
research focussed on the Arts building as it showcases the use of coupled post-
tensioned timber shear walls. These are part of the innovative Expan system. Full-
scale, in-situ dynamic testing of the novel building was combined with finite 
element modelling and updating to obtain an understanding of the structural 
dynamic performance within the linear range. Ambient testing was performed at 
three stages during construction and was combined with forced vibration testing 
for the final stage. This forms part of a larger instrumentation program developed 
to investigate the wind and seismic response and long term deformations of the 
building. A finite element model of the building was formulated and updated using 
experimental modal characteristics. It was shown that the addition of non-
structural elements, such as cladding and the staircase, increased the natural 
frequency of the first mode and the second mode by 19% and 24%, respectively. 
The addition of the concrete floor topping as a structural diaphragm significantly 
increased the natural frequency of the first mode but not the second mode, with an 
increase of 123% and 18%, respectively. The elastic damping of the NMIT 
building at low-level vibrations was identified as being between 1.6% and 2.4%. 

1 The University of Auckland, Auckland, New Zealand 

Paper 20 

Technical Session 9.a.5 

Carterton Events Centre Auditorium Pres-Lam Wall Design 
and Construction 

D. Dekker1, S. Chung1 & A. Palermo2 

Driven by sustainability, locally available resources and expertise, and economy, 
the design of the Carterton Events Centre focused on timber for the majority of the 
main structural and non-structural components. Combined with a client desire for 
minimization of earthquake damage, dissipative post-tensioned rocking Laminated 
Veneer Lumber (LVL) shear walls (Pres-Lam) were considered for the lateral load 
resisting system. During design development various structural forms were 
explored and tested through costing to determine an economic design solution 
meeting the project drivers. Advanced numerical analyses carried out by the 
University of Canterbury validated the design process assuring confidence with 
the design of the technology. 

1 Opus International Consultants Limited, Wellington 
2 Department of Civil Engineering, University of Canterbury, Christchurch 
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Technical Session 9.a.6 

Seismic performance of a post-tensioned LVL building 
subjected to the Canterbury earthquake sequence 

Tobias  Smith1, David  Carradine1, Stefano  Pampanin1, Rocco  
Ditommaso2 & Felice C. Ponzo2 

The following paper presents the seismic performance of a two storey post-
tensioned Laminated Veneer Lumber (LVL) building during the aftershock 
sequence following the MW 6.3 Canterbury earthquake that occurred on 22nd 
February 2011. Composed of post-tensioned walls in one direction and post-
tensioned frames in the other, the structure under analysis was originally tested 
quasi-statically in the structural laboratories of the University of Canterbury 
(UoC), Christchurch, New Zealand. Following testing the building was demounted 
and reassembled as the offices of the STIC (Structural Timber Innovation 
Company) research consortium on the UoC campus with several significant 
changes being made to convert the building from its initial use as a test specimen 
into a functioning office structure. 

Just prior to the start of construction, the MW 7.1, 4th Sept 2010 Darfield 
earthquake occurred in the Canterbury area, however construction went ahead as 
planned with the building being almost complete when the more devastating 22 
February 2011 event occurred. An array of 3-dimensional acceleration sensors was 
installed on the building follow completion. 

Innovative techniques have been used in the study of the building seismic 
response allowing clear representation of the buildings dynamic performance. The 
damage free nature of the building even under its Ultimate Limit State excitation 
is also clear. 

1 University of Canterbury, Christchurch, New Zealand. 
2 University of Basilicata, Potenza, Italy. 
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Technical Session 9.b.1 

Survey of Damage Extent and Severity of Christchurch 
Earthquakes for Regional Risk Assessment 

T. Lai1, A. Nasseri1 & F. Turner2 

After the two recent earthquakes in Christchurch (September 2010 and February 
2011) a team of researchers organized by the Earthquake Engineering Research 
Institute (EERI) was dispatched to the area to conduct a damage survey. The 
survey addressed a variety of interests including structural and geotechnical 
engineering, emergency management, disaster recovery and socio-economic 
impacts. The authors focused on identifying the spread and severity of damage by 
sampling areas in order to capture the overall performance of buildings and to 
estimate economic and insured losses. 

Several locations close to seismic recording stations were visited and information 
about building attributes and the state of structural and non-structural damage for 
about 200 buildings, mostly typical non-engineered dwellings and a few 
engineered structures, were collected. This paper presents some statistics of the 
observed damage for typical residential dwellings around Christchurch. Results 
from this study suggest a low level of shaking-induced damage for wood 
structures during these earthquakes. 

1 AIR Worldwide Corporation, Boston, MA, USA. 
2 California Seismic Safety Commission, USA. 

Paper 132 

Technical Session 9.b.2 

Performance of house lining and cladding systems in the 22 
February Lyttleton earthquake 

G.C. Thomas1 & R.H. Shelton2 

The February 22nd earthquake resulted in much damage to houses from lateral 
spreading and liquefaction, but with the epicentre close to the hill suburbs and 
Lyttelton substantial shaking damage to houses occurred. Shaking damage in 
flatter areas was generally less due to the distance from the epicentre. Also, the 
slab on ground and low piled foundations with concrete walls on the flat in 
Christchurch provided a behavioural advantage. Although the intensity of the 
shaking was similar to what might be expected from a larger earthquake on a fault 
such as the Wellington fault the duration was short. Despite the short duration of 
shaking some houses moved on foundations and damage to foundation walls 
occurred. Poor construction was observed to result in increased levels of damage. 
At least some damage to brick claddings was very common, but mostly limited to 
cracking with little damage to flexible claddings such as weatherboard. Newer 
brick veneer appeared to perform better. Most damage to linings was at sheet 
joints in gypsum plasterboard, and cracks from opening corners with diagonal 
cracking more common in lathe and plaster and fibrous plaster linings. The paper 
will describe the behaviour of houses affected by shaking rather than liquefaction. 

1 School of Architecture, Victoria University of Wellington, Wellington, 
New Zealand 

2 Building Research Association of New Zealand, Judgeford, Porirua, New 
Zealand. 
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Technical Session 9.b.3 

Christchurch City lifelines - performance of concrete potable 
water reservoirs in the February 2011 Christchurch 

Earthquake and summary findings 

N. Charman1 & I. Billings2 

The magnitude Mw 6.2-6.3 earthquake that occurred in Christchurch on 22 February 
2011 resulted in widespread damage to buildings and infrastructure. 

Christchurch City's concrete reservoirs in the Port Hills and Cashmere Hills are located 
near the epicentre of the February earthquake and suffered damage of varying extent 
from nil through to major. Of 43 reservoirs, two were declared inoperable (including 
Christchurch's largest), three barely operable and requiring major repair works and a 
further fifteen reservoirs requiring lesser repair. The city lost 40% of its potable water 
storage as a result. 

The Port Hills and Cashmere Hills concrete reservoirs are of varying vintage, 
construction type and storage capacity. These reservoirs form a useful database for 
assessment of performance in the February 2011 Christchurch Earthquake and also 
against current design standards. 

Damaged roof-to-wall connections were observed in many reservoirs with damage to 
other elements such as walls, internal columns, base-slabs and wall-to-base 
connections observed in fewer reservoirs. Detailed seismic assessments, on eight of the 
reservoirs, are commonly identifying vulnerabilities with roof-to-wall and wall-to-
base/foundation connections and therefore indicating reasonable correlation with the 
damage observed. Significant geotechnical issues were also observed at three of the 
reservoir sites. 

A summary of damage observed and the performance of critical structural connections 
/ details are presented in this paper along with reinstatement progress and key lessons 
learned. Key findings are that robustness in roof-to-wall and wall-to-base connections, 
the avoidance of joints in floor slabs and a suitable wall thickness provide increased 
reliability. 

1 Beca, Brisbane, Australia. 
2 Beca, Auckland, New Zealand. 
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Technical Session 9.b.4 

“Recovery of Lifelines” following the 22nd February 2011 
Christchurch Earthquake: successes and issues 

Sonia  Giovinazzi1 & Thomas M. Wilson1 

The devastating magnitude M6.3 earthquake, that struck the city of Christchurch 
at 12:51pm on Tuesday 22 February 2011, caused widespread damage to the 
lifeline systems. Following the event, the Natural Hazard Research Platform 
(NHRP) of New Zealand funded a short-term project “Recovery of Lifelines” 
aiming to: 1) coordinate the provision of information to meet lifeline short-term 
needs; and to 2) facilitate the accessibility to lifelines of best practice engineering 
details, along with hazards and vulnerability information already available from 
the local and international scientific community. This paper aims to briefly 
summarise the management of the recovery process for the most affected lifelines 
systems, including the electric system, the road, gas, and the water and wastewater 
networks. Further than this, the paper intends to discuss successes and issues 
encountered by the “Recovery of Lifelines” NHRP project in supporting lifelines 
utilities. 

1 University of Canterbury, Christchurch, New Zealand 
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Technical Session 9.b.5 

The Impact of the 22nd February 2011 Earthquake on 
Christchurch Hospital 

J.K. McIntosh1, C. Jacques2, J. Mitrani-Reiser2, T.D. Kirsch2, S. 
Giovinazzi1 & T.M. Wilson1 

The 22nd February 2011, Mw 6.3 Christchurch earthquake in New Zealand caused 
major damage to critical infrastructure, including the healthcare system. The 
Natural Hazard Platform of NZ funded a short-term project called 'Hospital 
Functions and Services' to support the Canterbury District Health Board's (CDHB) 
efforts in capturing standardized data that describe the effects of the earthquake on 
the Canterbury region's main hospital system. The project utilised a survey tool 
originally developed by researchers at Johns Hopkins University (JHU) to assess 
the loss of function of hospitals in the Maule and Bio-Bio regions following the 
27th February 2010, Mw 8.8 Maule earthquake in Chile. This paper describes the 
application of the JHU tool for surveying the impact of Christchurch earthquake 
on the CDHB Hospital System, including the system's residual capacity to deliver 
emergency response and health care. A short summary of the impact of the 
Christchurch earthquake on other CDHB public and private hospitals is also 
provided. This study demonstrates that, as was observed in other earthquakes 
around the world, the effects of damage to non-structural building components, 
equipment, utility lifelines, and transportation were far more disruptive than the 
minor structural damage observed in buildings (FEMA 2007). Earthquake related 
complications with re-supply and other organizational aspects also impacted the 
emergency response and the healthcare facilities' residual capacity to deliver 
services in the short and long terms. 

1 University Of Canterbury, Christchurch, New Zealand. 
2 Johns Hopkins University, Baltimore, United States of America. 
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Technical Session 9.b.6 

Christchurch Cathedral of the Blessed Sacrament: Lessons 
learnt on the Stabilisation of a Significant Heritage Building 

J. Lester1, A.G. Brown1 & J.M. Ingham2 

ABSTRACT: The Catholic Cathedral of the Blessed Sacrament is a category 1 
listed heritage building constructed largely of unreinforced stone masonry, and 
was significantly damaged in the recent Canterbury earthquakes. The building 
experienced ground shaking in excess of its capacity leading to block failures and 
partial collapse of parts of the building, which left the building standing but still 
posing a significant hazard. In this paper we discuss the approach to securing the 
building, and the interaction of the structural, heritage and safety demands 
involved in a dynamic seismic risk environment. We briefly cover the types of 
failures observed and the behaviour of the structure, and investigate the 
performance of both strengthened and un-strengthened parts of the building. 
Seismic strengthening options are investigated at a conceptual level. We draw 
conclusions as to how the building performed in the earthquakes, comment on the 
effectiveness of the strengthening and securing work and discuss the potential 
seismic strengthening methods. 

1 Opus International Consultants Ltd, Christchurch, New Zealand. 
2 University of Auckland, Auckland, New Zealand. 
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Session 10 - Plenary Session 
Technical Session 10.1 

Damage, Death and Downtime Risk Attenuation in the 2011 
Christchurch Earthquake 

J.B. Mander1 & Y. Huang1 

Following a catastrophic earthquake, 3d (damage, death and downtime) rapid 
estimates of the extent and severity of losses are desperately needed in order to 
better aid in post-event response and recovery. A quantitative risk analysis 
approach is advanced to investigate the 3d loss types for typical New Zealand 
construction as exemplified by the Redbook building for the 2011 Christchurch 
earthquake. The results are presented in terms of attenuation curves which show 
that within the central business district: the expected loss ratio (related to 
insurance claims) is about 50% of the asset value; the expected chance that 
someone is killed is 5%; and the expected downtime is 1-year. However, 
considerable uncertainties also exist, thus one can only be 90% confident that 
these results will not be higher than: 100% damage, implying collapse is a distinct 
possibility; 10% chance of fatalities, implying there may also be some deaths and 
possibly significant injuries; and 2-year downtime due to reconstruction demand 
surge. These salutary results demonstrate that in spite of structures being well-
engineered, downtime in particular is unacceptably large. Two methods can be 
used to solve this problem: to make the structure slightly stronger and more robust 
through damage avoidance design. 

1 Zachry Department of Civil Engineering, Texas A&amp;M University, 
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Technical Session 10.2 

Costs of Base-isolation and Earthquake Insurance in New 
Zealand 

A.W. Charleson1 & N.J. Allaf1 

The first phase of the study addresses the costs and savings associated with base-
isolating a building, compared to those of a fixed-base building. Four relatively 
new base-isolated public hospital buildings were chosen as case studies. Each 
building was visited, and as many of the design and construction team members as 
possible, including client, structural engineer, quantity surveyor, architect and 
contractor were interviewed. In addition, several manufacturers of base-isolation 
bearings provided information. From this phase, not only are some actual costs 
determined but the key factors affecting the construction cost of base-isolation are 
identified. 

The study then focuses upon earthquake insurance. This phase consisted of 
interviewing several experienced earthquake insurance industry personnel. Based 
upon their knowledge, approximate insurance premium rates for fixed-base 
buildings are provided and future trends in earthquake insurance and implications 
for base-isolated buildings are discussed. Some of these issues should be 
considered by building owners and their design teams. 

1 Faculty of Architecture and Design Victoria University, Wellington, New 
Zealand. 
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Technical Session 10.3 

Using Seismic Isolation and Energy Dissipation to Create 
Earthquake-Resilient Buildings 

R.L. Mayes1, A.G. Brown2 & Dario  Pietra2 

Seismic isolation with energy dissipation is a technology that has been used in 
New Zealand since 1978 for bridges and buildings. During this period it has seen 
limited use, tending to be applied mainly to historically significant buildings, or 
buildings that have special functional requirements. 

Seismic isolation has the ability to significantly improve the seismic performance 
of existing buildings through a seismic retrofit, or to create new earthquake-
resilient buildings. Both of these applications are of greater relevance throughout 
New Zealand following the Canterbury earthquakes. Consequently, the 
consideration of seismic isolation is no longer limited to those buildings at the top 
end of the Importance Level spectrum. 

This paper examines the broad technical issues associated with isolation and 
energy dissipation. It discusses the benefits and costs of seismic isolation, and 
present guidelines for cost estimation at the feasibility stage of projects. We will 
explore the cost-benefits for building owners, and discuss whether base isolation 
can replace earthquake insurance for the building and its contents, and business 
interruption insurance. 

1 Simpson Gumperz &amp; Heger, California, United States of America 
2 Opus International Consultants Ltd, Christchurch, New Zealand. 
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The first phase of the study addresses the costs and savings associated with base-
isolating a building, compared to those of a fixed-base building. Four relatively 
new base-isolated public hospital buildings were chosen as case studies. Each 
building was visited, and as many of the design and construction team members as 
possible, including client, structural engineer, quantity surveyor, architect and 
contractor were interviewed. In addition, several manufacturers of base-isolation 
bearings provided information. From this phase, not only are some actual costs 
determined but the key factors affecting the construction cost of base-isolation are 
identified. 

The study then focuses upon earthquake insurance. This phase consisted of 
interviewing several experienced earthquake insurance industry personnel. Based 
upon their knowledge, approximate insurance premium rates for fixed-base 
buildings are provided and future trends in earthquake insurance and implications 
for base-isolated buildings are discussed. Some of these issues should be 
considered by building owners and their design teams. 

1 Faculty of Architecture and Design Victoria University, Wellington, New 
Zealand. 
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Technical Session 10.3 

Using Seismic Isolation and Energy Dissipation to Create 
Earthquake-Resilient Buildings 

R.L. Mayes1, A.G. Brown2 & Dario  Pietra2 

Seismic isolation with energy dissipation is a technology that has been used in 
New Zealand since 1978 for bridges and buildings. During this period it has seen 
limited use, tending to be applied mainly to historically significant buildings, or 
buildings that have special functional requirements. 

Seismic isolation has the ability to significantly improve the seismic performance 
of existing buildings through a seismic retrofit, or to create new earthquake-
resilient buildings. Both of these applications are of greater relevance throughout 
New Zealand following the Canterbury earthquakes. Consequently, the 
consideration of seismic isolation is no longer limited to those buildings at the top 
end of the Importance Level spectrum. 

This paper examines the broad technical issues associated with isolation and 
energy dissipation. It discusses the benefits and costs of seismic isolation, and 
present guidelines for cost estimation at the feasibility stage of projects. We will 
explore the cost-benefits for building owners, and discuss whether base isolation 
can replace earthquake insurance for the building and its contents, and business 
interruption insurance. 

1 Simpson Gumperz &amp; Heger, California, United States of America 
2 Opus International Consultants Ltd, Christchurch, New Zealand. 
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