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ABSTRACT: The recent Darfield Earthquake produced particularly strong ground 
motions in the long period range, inducing strong responses of the multi-storey buildings 
in the Christchurch CBD. 

Christchurch’s taller buildings are likely to have experienced shaking intensities in excess 
of their design spectra, although of a shorter duration than might be expected of a full 
code level earthquake.  This paper focuses on the majority of these buildings which were 
of reinforced concrete construction, designed to the relatively modern seismic design 
codes of the 1980’s and incorporated the principles of capacity design. 

Plastic hinge formation of concrete moment resisting frame structures was observed, with 
frame elongation effects causing tearing of precast floor diaphragms reinforced with cold 
drawn wire mesh.  Concrete wall structures were generally found to perform adequately, 
with minor shear and flexural cracking observed. Deformation compatibility issues were 
observed between the primary seismic and secondary gravity systems. 

This paper seeks to contrast some of the observed performance of these buildings with 
what might be expected from current analysis and design practices, as well as to consider 
the implications of significantly higher long-period response that has been observed for 
much of central Christchurch.  Implications for future design practice and research needs 
are also discussed. 

1 INTRODUCTION 

1.1 Shaking Characteristics of the Earthquake 

The magnitude 7.1 Darfield Earthquake was centred approximately 20 km south-west of Christchurch 
with peak ground accelerations of up to 0.75g recorded in nearby Greendale.  The shaking experienced 
in the Christchurch central business district (CBD) was significantly affected by the deep alluvial 
gravels of the Canterbury Plains. 

The response spectra from two sites in the Christchurch CBD are shown in Figure 1 along with the 
current elastic design spectra specified in NZS1170.5:2004.  Significant local variations of ground 
shaking were recorded and are evident in the response spectra shown for the Christchurch Hospital 
and Botanic Garden sites (located approximately 700 m apart).  This differing response was also 
evident in the damage recorded for two multi-storey concrete moment resisting frame buildings 
located within 100 m of each other. 

Truncation of the short period response with respect to the design spectra is due to the hysteretic 
damping through the deep and relatively soft soil (Elder et al 1991).  However, significant 
amplification of long period response due to the depth of underlying gravels is apparent, particularly in 
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the north-south direction where the response in the period range between 2 and 3 seconds significantly 
exceeds the design spectra.  It is questioned whether the response of the Canterbury Plains gravels is 
well modelled by the current spectral shape for Class D (deep) soils specified in NZS1170.5:2004.   
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Figure 1  Response spectra in Christchurch CBD  a) N-S and  b) W-E 

The duration of strong shaking was relatively short, with only 15 seconds of relatively strong shaking 
compared with durations in the order of 45 seconds recorded for major events (such as the 1985 
Llolleo and 2003 Hokkaido earthquakes).  Rupture of the Alpine Fault is anecdotally expected to 
produce strong motions for periods of up to 60 seconds. 

In comparison, the aftershock on 26th December, centred almost directly below the CBD, had 
significantly higher short period and vertical accelerations, but did not contain the long period spike 
found in the 4th September main event.  As such, while this aftershock caused significant damage to 
low-rise structures, its effect on long period structures was negligible. 

1.2 Relevance to Multi-Storey Buildings 

Christchurch’s CBD consists primarily of low-rise heritage buildings from the turn of the century and 
modest concrete multi-storey buildings constructed in the 1980’s. The poor performance of the historic 
unreinforced masonry buildings has resulted in these structures attracting most of the attention in the 
aftermath of the earthquake. However, the amplified long period characteristics of the Darfield 
Earthquake particularly affected the relatively modern buildings having more than 10 stories. 

The history of building throughout New Zealand saw an explosion of ductile concrete multi-storey 
buildings erected during the property boom of the 1980’s.  This was due in part to the boilermakers 
strike of the 1970’s causing significant disruption to fabrication of structural steel buildings, and with 
Christchurch also benefiting from local supply of cement and aggregates. 

These reinforced concrete buildings were typically designed with significant ductility as permitted by 
the relatively new and progressive codes of that era.  For comparison with the shaking experienced in 
the Darfield Earthquake, the elastic design spectra from NZS4203:1976 is also plotted in Figure 1. 

The lateral load resisting systems were typically ductile concrete moment resisting frame or wall 
structures with fundamental periods in the range of 1.5 to 3 seconds.  Secondary gravity frames were 
provided, supporting conventionally reinforced cast-insitu flat slabs or early precast flooring systems 
with an insitu concrete topping reinforced with cold drawn wire mesh.  Buildings in Christchurch were 
typically founded on raft foundations with some instances of piled foundations. 

2 OBSERVED PERFORMANCE 

2.1 Concrete Moment Resisting Frame Structures 

Concrete moment resisting frame structures form the majority of the multi-storey buildings in the 
Christchurch CBD.  Heights typically range from 10 to 20 stories with primary lateral load resisting 
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ductile frames around the perimeter.  Secondary internal frames were designed to carry the majority of 
the gravity load of the building. 

The Clarendon Tower (designed 1987) is typical of the concrete moment resisting frame buildings 
found in Christchurch’s CBD.  Figure 2 is a typical floor plan of the Clarendon Tower showing the 
ductile perimeter moment resisting frames, internal gravity frames and precast double tee flooring with 
60 mm topping.  The structure has a fundamental period of 2.6 seconds with seismic frame sizes (600 
mm x 800 mm deep beams with 800 mm square columns) fairly typical for Christchurch. 

 
Figure 2  Clarendon Tower (1987) 

In general, moment resisting frame structures performed as expected with significant yielding of 
plastic hinge regions occurring in several buildings (Figure 3).  Frame elongation effects were 
observed as a result of the beam hinging, with significant floor tearing occurring adjacent to column 
faces (Figure 4).  Yielding of the secondary gravity frames was observed due to deformation 
compatibility enforced by the primary lateral load resisting system. 

                                   
           Figure 3  Plastic hinging of beams                           Figure 4  Floor tearing due to frame elongation 
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2.2 Concrete Wall Structures 

A variety of wall structures were observed with the majority having doubly reinforced concrete walls 
with thicknesses of 200 mm and greater.  Confined boundary regions (both within and outside of the 
plastic hinge regions) were typically provided and diagonally reinforced coupling beams were 
relatively common. 

The Canterbury Centre (designed 1981) is typical of these types of buildings, with a ductile concrete 
structural core containing diagonally reinforced coupling beams.  Figure 5 is a typical floor plan of the 
Canterbury Centre showing the perimeter gravity frame which supports a precast hollowcore floor 
system with 50 mm topping.   

The structure has a fundamental period of 2.5 seconds across the minor axis of the structural core, with 
a period of 1.4 seconds in the longitudinal direction. 

 
Figure 5  Canterbury Centre (1981) 

In general, these concrete wall structures performed very well, with only minor cracking of the walls 
up to 0.5 mm in width observed.  The primary damage observed to modern wall structures was related 
to damage around stairs as described in more detail below.   

Inelastic time history analysis of the Canterbury Centre to the Darfield Earthquake records predicted 
plastic extension of up to 75 mm distributed over the height of the hinge region of the core walls. 
However, detailed observations failed to find cracks in this region wider than 0.5 mm.  It is assumed 
that the permanent gravity loads on this wall caused the cracks to close following the excitation.   

This raises an important question with respect to the assessment of the amount of plastic extension and 
number of cycles the reinforcing has gone through.  This information is required to assess the amount 
of damage that the wall has sustained. 
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2.3 Displacement Compatibility of Secondary Gravity Frames 

The displacement compatibility of primary seismic resisting and secondary gravity systems was not 
well considered in the era in which many of Christchurch’s multi-storey buildings were designed.  
Primary lateral load resisting systems were often analysed in isolation, with the secondary systems 
designed to resist gravity loads only.  Furthermore, reductions in transverse confining and anti-
buckling requirements for the secondary gravity frames, as permitted by the design standards of the 
time, had the consequence of reducing the ductility capacity of these frames. 

The internal gravity beams of the Clarendon were observed to have undergone minor plastic hinging 
in the Darfield Earthquake, with associated shear cracking of the beam column joints.  Review of the 
original structural drawings showed these gravity frames to be detailed with reduced stirruping, 
lapping of beam bars in beam column joints and negligible beam column joint reinforcement, as was 
common for buildings of this era. 

The external columns of the Canterbury Centre forming part of the gravity frame were specifically 
detailed with pinned connections between the columns and beams.  However, the friction between 
contacting concrete surfaces and levering from the column core resulted in the damage observed in 
Figure 6.  While not of concern structurally, this spalling of cover concrete from the columns posed a 
significant fall hazard to the public at street level below.  A repair detail ensuring de-bonding of the 
end of the beam from the column cover concrete to improve the ‘pinned’ behaviour was provided 
(Figure 7). 

            
Figure 6  Column spalling at ‘pinned’ joint        Figure 7  Proposed spalling repair detail 

2.4 Precast Flooring 

Removal of floor coverings showed significant cracking of insitu concrete toppings on precast flooring 
systems.  Cracks ranged from relatively small shrinkage cracks (<0.25 mm) at regular 1.2 m centres 
between precast units to large tears in excess of 5 mm resulting from a combination of shrinkage, 
diaphragm load paths, and frame elongation effects.  It is noted that fixed carpet can easily stretch over 
cracks such as this, which are not necessarily detectable from below. 

Cold drawn wire mesh was observed to have fractured across the larger cracks in excess of 2 mm.  In 
one building where frame elongation occurred, this resulted in the floors tearing across the complete 
width of the building and the subsequent loss of a diaphragm load path.  Figure 8 shows the necking 
and fracture of a strand of 665 cold drawn wire mesh across the 5mm crack in the precast floor 
topping. 
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Significant damage was observed to flange hung double tees as a result of the deformations associated 
with a ductile concrete frame.  Crack patterns were observed propagating through the flanges parallel 
to and on either side of the web (Figure 9), diagonally through flanges and webs, and vertical tearing 
adjacent to parallel hinging beams.  Damage was particularly severe adjacent to corner columns with 
beam hinging in both directions.  In some instances, floor unit seating was compromised and required 
alternative means of support to be retrofitted. 

                                                              

         Figure 8  Mesh fracture at 5mm crack                       Figure 9  Damage to flange hung double tees 

Intrusive investigations were conducted adjacent to a negative seating detail for precast hollowcore 
units located in a relatively flexible concrete wall building.  The limited observations made by drilling 
into the cores to observe the condition of the unreinforced webs found horizontal cracking in one of 
the six webs inspected.  It should be noted that the hollowcore units inspected were early versions that 
were formed by casting concrete around a void former.  These units are not necessarily subject to the 
same concerns as modern hollowcore units which are formed by an extrusion process.  The web 
cracking observed was sufficient to justify the precautionary catch brackets to be retrofitted under the 
floor units as part of the repair for this building. 

Although not all failure mechanisms predicted for precast flooring (Fenwick et al 2010) were 
discovered following the Darfield Earthquake, many of these mechanisms were observed in various 
buildings.  This highlights the need for intrusive observations to identify the extent of damage 
following a significant event. 

2.5 Stairs 

The stairs did not pose a collapse hazard in any of the multi-storey buildings reviewed. However, in 
most cases, significant spalling from mortared joints and fixed connections would have rendered the 
stairs hazardous in the event of an evacuation of the building.  Figure 10 shows the damage to the 
soffit of a stair landing where the corbel joint had been filled with plaster.  It should also be noted that 
the drop in level (sag) of the stairs commonly observed in a variety of structures, could lead to 
progressive failure in a longer event as the stairs ratchet downwards over progressive cycles. 

Good detailing practice generally involves allowing one end of the stair flight to slide so that the stair 
does not act as a brace and attract lateral load.  Gaps provided to allow this sliding were frequently 
found to have been filled with plaster, presumably by building maintenance contractors when 
problems were encountered during everyday use.  The damage to the resulting locked-in stair flights 
could have caused significant problems if building evacuations had been required immediately 
following the earthquake. 
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The stairs of concrete wall structures were commonly found to be detailed as being locked-in at each 
floor level.  This is in contrast with the design intent observed in moment resisting frame buildings and 
was presumably based on the assumption that the relatively small drifts expected of wall buildings 
would limit the damage to stairs spanning between floors.  While this assumption was generally found 
to be reasonable with respect to maintaining the structural integrity of the stairs, the debris resulting 
from extensive spalling and deformation of the stair flights resulted in arguably unacceptable 
performance in many instances. 

2.6 Precast Panels 

Damage to precast cladding panels was observed in several buildings, with typical construction details 
involving bolts through slotted holes found to have bound up.  In one particularly severe example, the 
bolts did not slide along the slotted hole as designed and instead transferred significant in-plane loads 
to the lightly reinforced precast panels.  This resulted in shear failure of the bolted connection to the 
concrete as well as further damage due to diagonal cracking of the panels.  Because the precast panels 
were located in an egress stairwell and formed a fire separation, these needed to be temporarily 
secured to enable reoccupation of the building.  Due to the extent of the damage, these panels will 
eventually need to be completely replaced. 

In another building, the precast panel connections at floor levels performed well. However, additional 
steel packers placed during erection in the gaps between precast panels at mid-floor height caused a 
bearing failure resulting in significant spalling at the edges of precast panels, as seen in Figure 11. 

                                           

    Figure 10  Stair damage in wall structure                            Figure 11  Damage to precast panels                              

3 DETAILED STRUCTURAL ASSESSMENTS 

3.1 Background behind Detailed Structural Assessments 

The emphasis of the initial visual rapid structural assessments is on quickly triaging buildings to 
establish which are likely to be safe to occupy immediately.  However, once these initial assessments 
have been completed, there is a lack of guidance for follow up review of building structures. 

Following a major earthquake, there is no legal requirement to undertake a detailed structural 
assessment to ascertain the damage sustained by buildings.  If structural damage was not obvious 
during a brief visual assessment, the territorial authority (Christchurch City Council) did not require 
any further formal consideration of the building.  Insurance companies were generally found to be 
reluctant to engage structural engineers to search for as yet undiscovered damage; instead preferring to 
engage engineers only to focus on repairing visible damage. 
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Previous experience in the 1994 Northridge Earthquake showed that intrusive investigations are 
required to confirm the satisfactory performance of a building in an earthquake.  Following the 
Northridge Earthquake it was only the fortuitous discovery of welded connection failures that 
subsequently highlighted the endemic failures of the steel moment resisting frame structures common 
throughout North America. 

Detailed structural assessments conducted following the Darfield Earthquake (as described herein) 
have identified significant areas of damage requiring repair.  Examples include removal of floor 
coverings which discovered tearing of floor diaphragms, drilling into precast flooring units which 
identified failure of hollowcore webs and removal of wall linings which found yielding of plastic 
hinge regions and revealed fractured connections to precast concrete panels.  All of these hidden 
failures resulted in almost complete loss of load path for the item concerned. 

As yet, unexpected forms of structural damage have not been discovered, demonstrating the strength 
of current engineering knowledge.  However, it should be noted that issues such as web cracking of 
hollowcore units are only a relatively recent discovery, resulting from research in the last 10 years.  As 
such, it is important to re-emphasise the need to look beyond the obvious. 

3.2 Requirements for a Detailed Structural Assessment 

In order to conduct a detailed structural assessment an engineer needs to have a comprehensive 
understanding of the building.  If available, the original structural drawings and design features report 
should be reviewed to establish the design philosophy and critical load paths. 

The load paths need to be fully understood in order to understand the damage observed.  For example, 
observations of a particular multi-storey concrete wall building would not have identified the complex 
cantilevered support arrangement of structural walls which resulted in a one-way spandrel hinge. 

Engineers should also be familiar with the critical structural weaknesses associated with different 
building forms and understanding these will enable the engineer to identify critical areas where linings 
should be removed for intrusive observation. 

Depending on the information available for a specific building, a detailed structural assessment report 
should generally address the following items; scope of review; general description of the building 
form; assessment of pre-earthquake building capacity; comparison to current code levels; estimation of 
the shaking experienced by the building; critical weaknesses identified for inspection; damage 
observed; repairs required; post-earthquake building capacity. 

4 OTHER ISSUES FOR DISCUSSION 

4.1 Assessment of Ductile Response 

The assessment of a building that has undergone some inelastic action requires knowledge of how 
significant the inelastic action was.  As observed following the Darfield Earthquake, very small cracks 
were found in the hinge regions of ductile concrete wall structures although significant cracking was 
predicted from analyses.  In some countries, accelerometers are required to be installed in buildings 
meeting or exceeding certain criteria.  The installation of accelerometers would assist engineers in 
providing a correlation with analysis models to quantify how much inelastic deformation has taken 
place following a significant event. 

The principle of ductile design is that after a design event, the building (or at least the areas of 
concentrated inelastic deformations) would need to be significantly repaired or replaced.  However 
there is currently no easy means of assessing ‘how much is too much’ with respect to the plastic 
extension of reinforcing steel. 

An inelastic time-history analysis can be conducted to evaluate the plastic extension or rotation of 
ductile elements, although this is beyond the means of most practicing engineers.  This analysis can be 
used to determine how much hysteretic energy has been absorbed by the element.  However, the 
hysteretic capacity remaining is more difficult to assess. 
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Aside from Sections 121 to 132 of the Building Act covering dangerous, earthquake-prone or 
insanitary buildings, there is currently no advisory as to the level of earthquake a modern building is 
required to sustain following a significant event.  A new building should be designed to perform at the 
Ultimate Limit State (ULS) in the Design Basis Earthquake (DBE), and implicitly should not collapse 
in the Maximum Credible Earthquake (MCE).  However, once damaged, a building must only meet 
the earthquake-prone building threshold, which requires ULS performance at 33% of the DBE actions, 
with no consideration of the MCE. 

When considering the residual number of cycles to rupture (and therefore collapse), the difference 
between these performance requirements is significantly greater than might first appear, since the DBE 
and MCE relate to earthquakes with return periods of 500 and 2500 years respectively.  There is no 
definition of the length or number of cycles for a subsequent design event, which is of more interest in 
this case than the peak design force or displacement. 

It should be noted here that legal requirements could also be quite different to insurance requirements, 
which generally require repair to the condition the building was in prior to the earthquake.  If taken 
absolutely literally, the insurance requirements could imply that any building that has undergone 
significant yielding should be demolished and rebuilt.  

It is recommended that a practical design office approach to determining remaining capacity is 
developed, requiring (probably) further research and amendment to the Building Act. 

4.2 Implications of Current Analysis Practice on Building Strength and Ductility 

Historically, limitations in computing power led to the modelling of only the primary lateral load 
resisting structure in seismic analyses.  The presence of secondary gravity frames in the constructed 
building, therefore, may have resulted in significant additional strength and stiffness to that considered 
in the design.  However, the secondary gravity frames were typically not detailed to accommodate the 
deformations imposed by the primary seismic resisting structure. 

Current analysis practice involves modelling the entire building structure, including secondary 
‘gravity’ elements.  The benefit of this practice is that the compatibility of the secondary elements 
with the primary lateral load resisting structure is considered implicitly throughout the design. 
However, it should be noted that the current practice potentially leads to a lower level of strength and 
stiffness than older buildings with significant secondary structure, and hence may have reduced 
margins against collapse. 

This phenomenon was observed following the earthquake in the performance of the buildings 
designed using early computer analyses.  The inelastic action observed in these buildings was 
significantly less than could be expected for an earthquake of this magnitude and is thought to be a 
result of the secondary structure providing significant additional strength. 

Another factor in the limited inelastic action observed following the Darfield Earthquake is the 
increased accelerations typically used to design these taller buildings in the 1980’s.  The accelerations 
defined in NZS4203:1976 for buildings with periods in excess of 1.5 seconds are significantly higher 
than those specified in the current standard, NZS1170.5:2004, although for highly ductile buildings 
this may be offset somewhat by the minimum design actions included in NZS1170.5.   

Earlier practices of allowing for the effects of cracking typically used greater values for the effective 
moment of inertia of elements, also resulting in higher design forces (Fenwick & MacRae, 2009).  
Furthermore, the flattened shape of the NZS4203:1976 spectra for periods greater than 1.25 seconds 
did not offer any incentive to soften buildings to achieve a lower design load. 

On the other hand, higher values of ductility may have been adopted in the past than might be 
accepted now, particularly for shear wall structures.  Typically, multi-storey ductile frames and 
coupled walls were designed for displacement ductilities equivalent to up to =6, although these levels 
of ductility are not permitted by the current code. 

Collectively, it is difficult to assess the overall difference in the design loads without more detailed 
analysis, but it is suspected that these older multi-storey buildings were designed to a higher effective 
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load level than would be currently the case, and hence may have offered significantly more resistance 
to the unexpected higher seismic actions experienced at longer periods. 

4.3 Compatibility of Retrofit Solutions 

Before designing a repair or retrofit solution, the reason for the damage needs to be fully understood.  
Retrofitted elements may involve brittle connections such as post-fixed anchors, or brittle materials 
such as fibre reinforced polymers (FRP).  As such, the retrofit solution needs to be developed with the 
maximum credible deformations in mind, so as to preclude catastrophic failure in the case of an 
earthquake larger than the design event.  

Following the earthquake, designs for repairs to the diaphragms of multi-storey buildings were 
developed using FRP.  Frame elongation in one building had caused a tear right across the floor 
diaphragm which had also fractured the cold drawn wire mesh.  A repair solution involving the 
provision of diagonal FRP strips crossing the crack required a significant de-bonded length to ensure 
that further frame elongation in a future event could be accommodated without rupturing the FRP. 

In-plane rotation of the external beams in the Canterbury Centre resulted in the corner columns being 
pushed out from the floor diaphragm.  The repair solution adopted involved providing FRP ties across 
the floor diaphragm, again maintaining a de-bonded length to accommodate the anticipated movement 
of the columns in a future seismic event. 

5 RECOMMENDATIONS FOR FUTURE DESIGN PRACTICE AND RESEARCH NEEDS 

5.1 Regulatory Requirements 

Detailed structural assessments should be required following a significant earthquake.  The structural 
engineer should undertake investigations as necessary to develop a comprehensive understanding of 
both the building and the damage sustained, in order to identify areas of potential hidden damage or 
significant seismic hazards that may require repair or retrofit. 

Guidance is also required to define the level of performance expected of structures following an 
earthquake.  In particular the effects of low cycle fatigue on the ability of structures to sustain a future 
maximum credible event should be addressed.  It is noted that current regulatory and insurance 
requirements are markedly different. 

5.2 Design Spectra for Christchurch 

The shaking characteristics of the Darfield Earthquake observed within the Christchurch CBD appear 
to be significantly different to the spectral shape prescribed by NZS1170.5:2004 for deep soil sites.  
An EQC funded study (Elder et al 1991) suggested that the response spectra for Christchurch could 
have significant long period amplification and indicates that there may be a need to determine a unique 
design spectra for Christchurch in light of the soil profile specific to the city. 

Allowing that code revisions may take some time to be implemented, it is recommended that any 
structure over 10 storeys in Christchurch should be subject to a site-specific seismicity study. 

5.3 Cold Drawn Wire Mesh 

The brittle characteristics of cold drawn wire mesh have been observed in the Darfield Earthquake.  
Therefore, in light of the shrinkage, diaphragm and frame elongation effects observed in floors, it is 
not recommended to use cold drawn wire mesh in suspended floor diaphragms. 

5.4 Stairs 

Regardless of structural building type, stairs should typically be provided with sliding details to 
minimise damage within the evacuation paths formed by stairwells.  It has been observed that in the 
course of normal use, gaps are regularly filled by maintenance contractors.  Therefore, sliding joints 
should be detailed to ensure that the sliding mechanism cannot be easily prevented. 
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5.5 Performance Requirements for External Structure 

The Darfield Earthquake has highlighted the implications of damage to external structure.  External 
spalling of concrete is a significant fall hazard which should be taken into consideration when 
designing ductile external structure.  Furthermore highly visual damage (even if non-structural in 
nature) may result in reluctance for building occupants to resume business as usual. 

5.6 Residual Inelastic Capacity 

Guidelines are required to assess how much ductility capacity must remain following a significant 
earthquake.  Research is also required to establish simplified means of determining the plastic 
demands sustained in an earthquake and relating these to the residual ductility capacity required for 
reinstatement of the building. 

To obtain reasonable data for this and to correlate analysis results following a significant earthquake, 
accelerometers should be installed in a variety of buildings. 
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