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ABSTRACT 
 
 The 2010-2011 Canterbury Earthquake Sequence (CES) brought into stark relief the disconnection 

between building practice and natural hazard susceptibility. Despite the knowledge that most of 

the residential land in eastern Canterbury was susceptible to liquefaction, and possibly prone to 

flooding and tsunami hazards, brittle, heavy, unreinforced slab-on-grade residential house 

construction has predominated, particularly over the past 20 years. It is remarkable that the very 

same housing construction policies and methods that aggravated damage and recovery in New 

Orleans following Hurricane Katrina would reappear in Christchurch little more than 5 years later. 

This paper examines the lessons learnt from the CES and presents a case for a consideration in 

how we build our homes to be affordable, resilient and more readily repairable, by better matching 

construction styles to the hazard. 

Introduction 

 

In New Zealand almost every part of the country is subject to some natural hazard or another. 

Many places are subject to multiple hazards. This paper sets out the logic, the science and 

engineering, and the experience, in building the case for a simple approach to disaster risk 

management by better matching residential building construction to the hazard(s). We need to 

learn the lessons from the past, and in this paper the impacts on the residential housing stock 

from two earthquakes, Edgecumbe Township in 1987 and Christchurch City in 2010-2011, are 

contrasted. Both affected residential communities are located on low lying, coastal plains. Both 

are flood prone, and both have an appreciable seismic and tsunami hazard. A key lesson is that 

houses need to be able to remain habitable in the immediate aftermath of a major natural disaster, 

and to be readily repairable and not cause long-term displacements and impede community 

recovery (Rogers et al. 2014 and SPUR 2012). We need to rethink our building designs to ensure 

that they and our residential communities are more resilient. Does the Christchurch experience 

provide sufficient evidence to consider whether we are constructing residential buildings in the 

most resilient manner? 

Lessons Learnt from the Past 

 

New Zealand has over 150 years of documented natural disaster experience affecting residential 

communities. Early settlers in the Wellington region used light weight timber construction for 

many buildings which responded well to the Marlborough Earthquake of 1848 and Wairarapa 

Earthquake of 1855 (Grapes & Downes, 1997). These single storey light weight timber framed 

buildings were relatively resilient to earthquake shaking and ground deformation compared to 

the brick and stone buildings and the falling brick chimneys that collapsed. Stepping forward 140 
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years, the main street of Edgecumbe comprised mostly single storey, square or rectangular 

timber frame and weatherboard buildings. The houses were founded on timber jack studs tied to 

concrete block footings by number eight wire. At 1:42pm on 2 March 1987 the land beneath 

Edgecumbe snapped with a magnitude 6.3 earthquake. No accurate recordings were made of the 

accelerations in Edgecumbe that day. Many of the houses were knocked off their foundations. A 

particular feature was the effect of the horizontal shaking, which severely damaged many 

modern industrial and commercial structures. The residential housing was relatively unaffected 

(Butcher et al., 1998). This situation was aided by a relatively thick non-liquefiable crust. Only 

the occasional sand boil attested to deeper liquefaction. As far as resisting strong ground motion 

alone, however, Edgecumbe well demonstrated the resilience of the conventional light weight 

timber house. Following the earthquake, these residential buildings were re-piled and re-levelled 

within a few months of the earthquake (Butcher et al., 1998). 

 

In the 1980’s and 1990’s, building construction had started to change and not just in New 

Zealand. In New Orleans, USA, concrete slabs-on-grade housing built in well-known floodplains 

also sustained some of the heaviest residential damage and also were some of the most difficult 

housing types to repair resiliently following Hurricane Katrina in 2005 (Olshansky & Johnson, 

2010). Five years later on the eastern Canterbury Plains, those same slabs would also become a 

major impediment to recovery efforts following the Christchurch earthquakes of 2010-2011, as 

the inadequacy of unreinforced concrete slabs to accommodate lateral spreading and differential 

settlement would be illustrated. 

 

2010 – 2011 Canterbury Earthquake Sequence (CES) 

 

Similar to Edgecumbe, Christchurch also had many light weight timber frame residential houses 

constructed in the 1950’s and 1960’s. From about 1970 on, however, slab-on-grade brick houses 

with concrete tile roofs have become more popular in particular the last 20 years (Buchanan & 

Newcombe, 2010). As with Edgecumbe, many parts of Christchurch already had an appreciable 

flood risk, all buildings that were granted consent in the last 20 years were generally built with 

floor levels to the 50 year flood level and now floor heights are required to be above the 200 year 

flood level including allowance for climate change and sea level rise. The residential houses also 

became more complex. Instead of rectangular shaped building footprints, L-shaped and multi-

level houses became a more predominant construction type in the newer residential suburbs in 

Canterbury over the past 30 years. 

 

The CES caused widespread liquefaction related land and building damage and has had an 

enormous economic impact on Christchurch and New Zealand. The CES has produced a wealth 

of data (Scott et al., 2015) and offers lessons that can be applied to communities throughout the 

world with similar tectonic and geological environments. Because residential land damage is 

covered by the New Zealand Earthquake Commission (EQC) natural disaster insurance, the 

residential land damage was recorded after each of the main earthquakes (Wallace & MacDonald 

2012, Tonkin & Taylor Ltd 2013 and van Ballegooy et al., 2014). The overall observed land 

damage is shown in Figure 1. The earthquake sequence resulted in varying land performance. 

Some land performed well and other areas had poor performance. Liquefaction induced damage 

affected 51,000 of the 140,000 residential properties in Christchurch and caused approximately 

15,000 residential houses to be damaged beyond economic repair due to liquefaction related land 



damage. Four residential areas have been selected to highlight the relationship between land 

damage and foundation damage, and the relative resilience of particular residential foundation 

types. These areas are shown on Figures 1 to 5 and are referred to as Area i (triangle), Area ii 

(square), Area iii (circle) and Area iv (pentagon). After reviewing liquefaction effects on 

residential land and residential buildings, these are compared in Table 1. 

 

 
 

Figure 1. Observed residential land damage in Christchurch as a result of the CES (2010-2011). 

 

The severity of the liquefaction related damage was primarily influenced by the earthquake 

motions (i.e. magnitude and peak ground accelerations), subsurface soil conditions and seasonal 

groundwater levels. Topography, proximity to rivers and streams and land use also played a big 

part in the distribution of liquefaction related land damage. The CES also caused regional 

tectonic subsidence and uplift. In addition, the liquefaction also caused subsidence and lateral 

spreading.  

 

The liquefaction related subsidence, shown in Figure 2, was a major contributor to observed land 

damage. Properties with moderate-to-severe land damage subsided considerably more than 

properties with none-to-minor observed land damage. 85% of residential properties in 

Christchurch have subsided (both tectonic and liquefaction related) and left a legacy of a city 

with suburbs that are now more flood prone (GEER 2014, Hughes et al. 2015 and Jackson et al. 

2015), more vulnerable to liquefaction damage in future earthquake events (Russell et al., 2015) 

and with ongoing drainage issues. Liquefaction related subsidence caused most (90%) of the 

damage. Some Christchurch suburbs have experienced the equivalent of a century (0.5 to 1 m) of 

relative sea-level rise as a result of the CES and the observed effects of the subsidence provides a 

powerful insight into the potential impacts of sea-level rise in other coastal environments 

throughout the world both in terms of flooding (Hughes et al., 2015) and liquefaction 

vulnerability (Quilter et al., 2015). The liquefaction of near surface soil layers (mainly in the 

upper 10 m of the soil profile) caused post liquefaction reconsolidation settlement, lateral 

spreading and sand and water ejecta, all resulting in differential ground surface subsidence. The 

residential houses, founded on shallow foundation systems, followed suit suffering differential 



foundation settlement (Chapman et al., 2015). Figure 3 shows the differential settlement of all 

the residential houses in Christchurch based on 60,000 property inspections undertaken by a 

large team of geotechnical engineers, predominantly focused in the areas affected by liquefaction 

land damage. 

 

 
 

Figure 2. Liquefaction related subsidence in Christchurch as a result of the CES (2010-2011). 

 

 
 

Figure 3. Foundation damage observation map indicating differential settlement for residential 

houses in Christchurch as a result of the CES (2010-2011). 

 

Visually observed liquefaction related damage to residential house foundations was recorded 

based on criteria reflecting the type of damage and its severity. The data for each residential 

house has been grouped into three categories of none-to-minor (less than 20 mm of differential 



settlement), moderate (20 to 50 mm of differential settlement) and major (greater than 50 mm of 

differential settlement). 16,000 residential houses were assessed as having major differential 

settlement, and this is closely correlated with the properties that have moderate-to-severe 

mapped land damage and experienced more than 300 mm of liquefaction related subsidence. The 

CES put historical and modern construction practices to the test with some residential house 

foundations out performing others (Buchanan & Newcombe, 2010). The different foundation 

types were noted during the land damage assessment process (Figure 4).  

 

 
 

Figure 4. Distribution of residential foundation types in Christchurch. 

 

These are predominantly grouped into suspended timber floors with foundations typically 

extending 400 mm into the ground (Type A foundations), suspended timber floors supported 

internally by short timber piles and with a concrete perimeter footing (Type B foundations), and 

concrete slab-on-grade (Type C foundations). Christchurch has progressively developed, with the 

newer suburbs generally being developed with houses with Type C foundation systems while the 

older suburbs were generally developed with Type B foundation systems. The older Type B 

foundation systems are generally easier to repair and relevel compared to the newer houses on 

the Type C foundation systems. 

 

To better understand the reasons for the significant economic impact of the CES, the residential 

house damage repair costs have been normalised with respect to the financial value of each 

house and is expressed as a Building Damage Ratio (BDR). The BDR values over the residential 

house portfolio are spatially plotted in Figure 5. Figures 1, 2, 3 and 5 show that there are strong 

spatial correlations between areas with high BDR and areas where the observed land damage was 

moderate-to-severe, measured liquefaction related subsidence is high (i.e. greater than 0.3 m) and 

the observed foundation differential settlement was moderate or major. Conversely the BDR 

values are low in areas where there was none-to-minor land damage and where little to no 

liquefaction related subsidence occurred. These correlations can also be clearly seen in each of 

the BDR histograms shown in Figure 6. 

 



 
 

Figure 5. Building damage ratios in Christchurch as a result of the CES (2010-2011).  

 

 
 

Figure 6. Histograms showing BDR correlations with observed land damage (a), liquefaction 

related subsidence (b) and differential foundation settlement (c). 

 

The influence of foundation type (Figure 4) on house damage can be seen in the map of BDR 

(Figure 5), by looking at the four selected areas (i, ii, iii and iv) and comparing the land damage 

(Figure 1), the liquefaction related subsidence (Figure 2) and the foundation differential 

settlement (Figure 3). What this analysis clearly shows is that when the land performs either well 

or poorly then there is little difference in BDR for the different foundation types, but in areas that 

have marginal performance (neither good nor poor), then the difference in BDR is markedly 

better for the older Type B foundation systems compared to the newer Type C foundation 

systems. These observations are summarized in Table 1. 

 

  



Table 1. Distribution of BDR reveals insight into residential foundation performance. 

 

Area  i (Triangle) ii (Square) iii (Circle ) iv (Polygon) 

Resilience 

observations 

Land performs 

poorly and the 

distribution of 

BDR values is 

typically high 

irrespective of 

foundation 

types. 

Land performs with 

minor-to-moderate 

damage, where 

houses have timber 

floors with concrete 

perimeter footings, 

the distribution of 

BDR values are 

typically low to 

moderate. 

Land performs with 

minor-to-moderate 

damage where 

houses have 

concrete slab-on-

grade floors, the 

distribution of BDR 

values are typically 

high. 

Land performs well 

and the distribution of 

BRD values is 

typically low, 

irrespective of 

foundation type (i.e. 

house damage is 

predominantly caused 

by shaking). 

 

Discussion and Conclusions 
 

The anecdotal evidence and observations from the Marlborough 1848, Wairarapa 1855, and 

Edgecumbe 1987 events and the extensive data analysis from Christchurch 2010-2011 is 

compelling. The data demonstrates that damage can be reduced in the future by adopting 

appropriate building and foundation construction. However, the cost of building liquefaction 

resilient slab-on-grade foundations is more costly than other housing foundation types. 

Furthermore, as evidenced in Christchurch, New Orleans and elsewhere, the costs of upgrading 

and repairing slab-on-grade foundation types can be far more costly than other housing 

foundation types. Neither of these issues are well-considered in current residential land use 

policy and housing affordability analysis. For example, to be more resilient from the hazards 

expected over the life of new construction, housing in eastern Christchurch should be designed 

for the expected levels of earthquake shaking, ground liquefaction, lateral spreading 

displacement, and inundation by floodwaters and sea level rise. As this study suggests, this is 

especially important to consider foundation construction styles which can make a substantial 

difference to overall building damage ratios where land performance is marginal. Concrete floors 

are harder to relevel and therefore less resilient because they are generally not economically 

repairable once they sustain major damage. Timber floor foundations are easier to relevel and 

repair, therefore more resilient in the long run. 
 

In other communities around New Zealand and the world, it is possible to estimate the expected 

distribution of damage and corresponding building damage on a portfolio basis using 

geotechnical data that is already available (Tonkin & Taylor Ltd, 2013). With this information 

land use planners, housing developers, engineers and decision makers can make more informed 

decisions about the likely costs to homeowners and to communities over the expected life of a 

structure from liquefaction related damage. To reduce future economic losses, development of 

land with expected poor performance (i.e. likely moderate-to-severe land damage) could 

implement ground improvement measures or be avoided. Where land performs with minor-to-

moderate expected damage, building damage can be mitigated by using more resilient repairable 

foundation types (i.e. residential houses on stiffer and more robust foundations). Undertaking 

these analysis and considering these issues in advance of development can prevent tremendous 

social and economic disruption and improve the overall resilience of communities to future 

earthquake related disasters.  
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