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ABSTRACT: The September 2010, 7.1-magnitude Darfield earthquake caused 
significant land damage in Christchurch and outlying towns. This paper summarises the 
approach taken to compile land damage observations and a characterisation system which 
was established to map the effects of liquefaction and lateral spreading in affected 
residential areas. This information was used to guide the recovery, land remediation and 
public information efforts of the Earthquake Commission (EQC) and New Zealand 
Government. 

Mapping of the affected areas by the authors commenced within hours of the main shock, 
giving opportunity for very early observation. More detailed work continued on behalf of 
the EQC, with overview mapping teams and detailed geotechnical assessment teams 
operating over the course of several months after the earthquake. This gave an overall 
picture of the ground movement patterns, severity in terms of magnitude and extent, types 
of land damage and effects on buildings and infrastructure. 

1 INTRODUCTION 

The magnitude 7.1 Darfield Earthquake on 4 September 2010 was centred at a distance of 
approximately 40 km west of Christchurch City, at a depth of 10km. The seismic shaking resulted in 
extensive ground liquefaction and lateral spreading in localised areas of Christchurch and outlying 
towns. Observations indicate that the majority of the most severe damage to residential dwellings was 
due to underlying ground damage. 

This paper describes the observed effects of liquefaction and lateral spreading that occurred as a result 
of the earthquake, and sets out how the land damage was characterised and reported for public 
information purposes and planning of recovery efforts and remedial measures. The land damage 
methodology and classification system are presented along with a summary of the mapping results. 

The work discussed in this paper was coordinated by Tonkin & Taylor Ltd. on behalf of the 
Earthquake Commission (EQC), a Government-owned Crown Entity which provides insurance cover 
for damage to residential property and land caused by a range of natural disasters. The scope of this 
work is therefore limited to residential areas most affected by land damage.    

For further details of the earthquake event and land damage away from residential areas, the reader is 
referred to the other papers in the PCEE 2011 special session on the Darfield Earthquake. 

2 REGIONAL GEOLOGY  

The surface geology of the greater Christchurch area consists of predominantly recent Holocene 
alluvial gravel, sand and silt of the Springston Formation, with Christchurch Formation sediments 
mapped along the eastern fringe of the city (Brown & Weeber 1992). The Riccarton Gravel Formation 
underlies the Springston and Christchurch Formations. Bedrock below most of the city is generally at 
a depth of many hundreds of metres, which is classified in terms of NZS 1170.5:2004 as site subsoil 
Class D (deep or soft soil site, with a low-amplitude natural site period greater than 0.6s). 
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The Springston Formation alluvial deposits can be divided into river flood channels that contain 
alluvial gravel as the main component and overbank deposits of sand and silt. These loose silt and 
sand deposits are generally the most susceptible to liquefaction. The Christchurch Formation units are 
described as fixed and semi fixed dunes and beach sands, and are often denser and less susceptible to 
liquefaction.  

Episodic high energy flood events have caused incursions into the coastal environment, leading to 
interbedding of these sedimentary deposits and the formation of discontinuous lenses of interbedded 
material. This results in significant variability in the vertical soil profile from one point to another. In 
general there is a sequence of alternating sand, silt, gravel, clayey silt and sometimes peat beds. The 
proportion of gravel beds is expected to be higher in the west, decreasing to the east 

The meandering stream beds of the Heathcote and Avon Rivers and their tributaries incise and rework 
the surficial sediments creating local meander loop, channel and overbank deposits of sand, silt and 
peat/organics. Man made deposits include metropolitan landfills (e.g. Bexley Tip), reclamation over 
tidal areas (e.g. Bromley) and filling on existing land. Kerrs Reach on the Avon River and the 
Woolston Cut on the Heathcote River are manmade cut offs of meander loops for flood control. 

The groundwater table (unconfined/semi confined shallow aquifer) affecting the nominal upper 10 m 
to 20 m of sediments is generally between 2 m to 3 m below the ground surface in the west and 0 m to 
2 m below the ground surface in the central and eastern areas of Christchurch.  

3 LAND DAMAGE MAPPING METHODOLOGY 

3.1 Overview 

Soon after the earthquake, it became apparent that the majority of the most severe damage to 
residential dwellings was due to underlying ground damage. The mapping and classification discussed 
in this paper was therefore primarily undertaken to assist the EQC in understanding and quantifying 
the magnitude and extent of land damage, to allow it to fulfil its insurance role. 

As the wider recovery process has progressed, the land damage mapping and classification has also 
assisted planning for effective long-term solutions for the affected communities. By quantifying the 
type and extent of land damage, it has facilitated a coordinated approach between the various parties 
involved, including EQC, private insurers, central and local government, technical experts and the 
community. 

Three main stages of land damage mapping have been undertaken, with progressively increasing 
levels of detail, as follows: 

1. Initial broad regional-scale mapping, which identified general areas most severely affected by 
land damage. This allowed EQC to triage insurance claims (including identifying damaged 
properties where claims had not yet been submitted), and prioritise its response to provide 
recovery assistance to those most immediately in need.  

2. Local-scale mapping in areas where land damage was identified, with preliminary 
classification of observed land damage on a property-by-property basis, to provide an 
overview of the patterns of ground damage in each area. This allowed EQC assessors to 
efficiently and consistently process claims in the areas most affected by land damage, without 
the delay otherwise caused by referring the property for a specialist geotechnical engineering 
inspection. This relatively rapid mapping process also assisted the EQC logistics and planning 
processes by allowing early quantification of the extent and magnitude of damage.  

3. Follow-up detailed geotechnical engineering inspections on individual properties in areas of 
observed land damage, or where EQC assessors requested a specialist inspection. This 
included detailed mapping and measurement of cracking, movement and settlement of the 
ground and foundations and other features such as ejected sand. This provides the final 
detailed record of the land damage at each property for EQC claim purposes, and provides 
confirmation of the previous local-scale mapping. 
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3.2 Limitations of land damage mapping 

The following important points relating to the land damage mapping should be noted:  

1. The mapped land damage extents are approximate only and are based on various data sources 
of varying precision and reliability. 

2. The maps produced identify areas where land damage and evidence of liquefaction were 
visible at the surface at the time of inspection. It is possible that liquefaction may have 
occurred at depth without obvious evidence being visible at the surface, or that evidence of 
liquefaction may have been lost before an area was inspected. 

3. The pattern of land damage in a future earthquake may be different to that observed in the 
Darfield 2010 earthquake. Areas where land damage was not apparent in this earthquake may 
still be prone to liquefaction in future earthquakes, and areas where liquefaction was observed 
in this earthquake might not liquefy in a future earthquake with different characteristics. To 
properly assess the potential for liquefaction to occur at a site in future, ground damage 
observations from the Darfield 2010 earthquake should be considered in conjunction with 
rigorously researched and up-to-date hazard maps, publically-available local geotechnical 
investigation data, and site-specific geotechnical investigation and analysis where appropriate. 

4. As the mapping was undertaken on behalf of the EQC, it is limited to only residential areas 
within Christchurch, Waimakariri and Selwyn most affected by land damage.  

3.3 Regional-scale land damage mapping 

For five days after the earthquake, initial broad regional-scale land damage mapping was undertaken. 
This involved compilation of land damage observations from T&T/EQC advance-assessment teams, 
research reconnaissance groups, local engineering consultants and civil defence/council coordinators.  

Regional maps were prepared and regularly updated, illustrating the extent of observed land damage 
within Christchurch City, Waimakariri District and Selwyn District. Due to initial public sensitivity in 
the areas of most severe land damage, and the potential for the maps to be taken out of context or 
misunderstood, the maps were initially distributed on a confidential basis only to appropriate 
organisations involved in the response, recovery and research efforts. 

Due to the limited detail of this initial mapping, and the variety of sources from which information 
was obtained, a simple yes/no mapping system was used, as detailed in Table 1 below. These regional-
scale maps were released to the public in October as part of an EQC report to outline the observed 
land damage and options for land remediation (T&T 2010a). Updated versions of these previously 
published regional maps are appended to this paper as Figures 2, 3 and 4.  

Table 1. Regional-scale land damage mapping categories 

Liquefaction Observed Evidence of liquefaction visible at the surface. This evidence included 
ejected sand, ground cracking, ground subsidence, flotation of 
services/ tanks, foundation bearing capacity failure. 

No Liquefaction Observed No evidence of liquefaction or land damage visible at the surface. Note 
that the lack of surface evidence of liquefaction does not preclude that 
liquefaction may have occurred at depth. 

3.4 Local-scale land damage mapping 

The regional-scale reconnaissance and mapping identified the residential areas of Christchurch, 
Waimakariri and Selwyn which had been most affected by ground damage. In these areas further 
mapping was undertaken on a local scale, with preliminary classification of observed land damage on 
a property-by-property basis. To maintain consistency and calibration in the damage assessment, this 
mapping was undertaken by a small group of geotechnical engineers and engineering geologists, 
operating in teams of two with regular interchange of team members. 
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Mapping commenced in areas of very severe land damage and was initially undertaken by a core 
group of four members, who established and calibrated the classification system, and completed 
mapping of the areas of most severe land damage within three weeks of the earthquake. The size of the 
mapping team was then expanded, with an additional eight members brought into rotation, initially 
teamed up with the experienced members to maintain consistency. This expanded group completed 
mapping of the majority of the areas of land damage within two months of the earthquake, with 
occasional fill-in mapping undertaken the following month in additional areas as required until the 
local-scale mapping was concluded at the start of December. By this time, three months after the 
earthquake, it had become difficult to identify areas which had suffered only minor land damage, 
however areas of moderate land damage or greater were still generally able to be clearly identified by 
experienced observers. 

The land damage classification system which was established (refer Table 2 for descriptions, and T&T 
2010a for example photographs) draws from local and international practice, with optimisation to 
capture the key engineering aspects of the land damage and associated building damage observed in 
this earthquake, and the data most relevant for EQC’s insurance purposes and the wider recovery 
effort. Reference was made to published relationships between surface manifestation and the thickness 
of the surface non-liquefied crust (Ishihara 1985), and published correlations between the magnitude 
of seismically induced ground settlement and building damage (Ishihara 1996). Table 2 includes a 
comparison to the performance levels given in the New Zealand Geotechnical Society Earthquake 
Engineering Practice Guidelines (NZGS 2010). The adopted land-damage classification system and its 
applicability for field assessment underwent T&T internal review as it was developed, and external 
peer review once the results of the first three weeks mapping were formally presented (Beca 2010). 

The base maps used for field mapping showed property boundaries overlaid on high-resolution pre-
earthquake aerial imagery, printed at 1:3000 scale (approximately one square kilometre per A3 sheet). 
During the later stages of mapping, when much of the evidence of ejected sand had been obscured, 
teams also carried air-photos from the days immediately after the earthquake, to allow possible 
features of interest to be indentified. Coloured hatching on the field maps was used to represent the 
damage classification (refer Table 2), and major crack patterns and other important observations were 
noted. The field classification maps were digitised into a GIS system.  

Land damage assessment was undertaken based on observations made from public roads and reserves, 
inspecting individual properties and discussions with residents. The level of detail required varied 
depending on the level of damage and complexity of damage patterns. In some areas it was necessary 
to inspect each property individually in some detail, and a team might only cover one hundred 
properties in a day of mapping. In others areas the patterns of damage could be established by 
observations made walking down the street, with representative properties selected for more detailed 
inspections and discussions with residents. In these areas many hundreds of properties could be 
mapped in a day. Cracking of kerbs, footpaths and roads provided a useful indicator of land damage in 
an area. Therefore once the extent of land damage had been established on foot, it was possible to 
extend the area of mapping outwards by a slow drive-by around the surrounding streets, stopping for 
checks on foot as required, to confirm there were no other pockets of damage in the area. 

3.5  Detailed individual geotechnical engineering inspections 

As part of the EQC claims assessment process, it was necessary for a specific geotechnical 
engineering damage assessment to be undertaken at each individual property in the areas most affected 
by land damage. This provided the opportunity to confirm, and update (in a limited number of cases), 
the local-scale land damage mapping.  

T&T coordinated a team of geotechnical engineers and engineering geologists from a variety of 
engineering consultancies to undertake these detailed assessments. Between twelve and eighteen teams 
of two operated at one time, and they were able to complete between 800 and 1100 assessments in a 
week. To maintain consistency, all new team members were introduced to the land damage 
classification system by a member of the initial core mapping team, and each individual assessment 
was reviewed by staff with good experience of the classification system (often members of the 
expanded local-level mapping team).  
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Table 2. Local-scale land damage mapping categories 

Land Damage 
Zone Description 

Description Performance 
Level From 
NZGS (2010) 

Very Severe 
Land Damage 

Extensive lateral spreading (>1 m) and liquefaction evidence, large 
open cracks (>100mm) with surface rupture extending through the 
ground surface, with very severe horizontal and vertical displacement 
(>200 mm). Heavy structural damage to buildings includes obvious 
lateral and vertical displacements and stretching, twisting and cracking 
of the structures. Damage to roads/services/houses and structures likely 
to require significant remedial actions or demolition. Generally, 
affected buildings are beyond economic repair and in most cases likely 
to be uninhabitable. 

L5 

Major 
Land Damage 

Extensive liquefaction evidence, large cracks from ground oscillations 
extending across the ground surface, with horizontal and vertical 
displacement across crack (>50 mm). Damage to structures includes 
major differential settlement (>100 mm settlement over 10 m 
horizontal distance) with obvious lateral and vertical displacements 
along with twisting/cracking of the structures. Damage to 
roads/services/houses and structures likely to require major remedial 
actions or demolition. Generally, affected buildings are beyond 
economic repair and in most cases are likely to be either uninhabitable, 
or only habitable in the short-term. 

L4 

Moderate 
Land Damage 

Visible signs of liquefaction (ejected sand), small cracks from ground 
oscillations (<50 mm) in paved surfaces but limited depth into the 
underlying ground, no vertical displacement of cracks. Damage to 
structures includes moderate differential settlement (<100 mm 
settlement over 10 m horizontal distance) and twisting/cracking of 
structures. Remedial work likely to be required in streets and within 
houses mainly being to walls and ceilings as cracking will be evident. 
Many foundations will likely require repairs, and remediation may be 
significantly complicated by differential settlement of the structure. 
Buildings likely to be habitable in the medium-term, but with reduced 
serviceability (jamming doors & windows, uneven floors and non-level 
surfaces) but are variable with respect to the cost to repair them. Within 
this moderate damage area, localised areas of more major land damage 
may exist which were not captured by mapping. 

L2 to L3 

Minor 
Land Damage 

Shaking-induced land damage resulting from cyclic ground 
deformation and surface-waves. Land damage likely limited to minor 
cracking (tension) and buckling (compression). No signs of 
liquefaction obviously visible at the surface, nor of lateral/vertical 
displacements. Minor remedial work may be required within the street, 
pavements and landscaping. Land damage may have caused minor 
damage to houses, which may require minor repair/ relevelling work.  

L0 to L3 

No Apparent 
Land Damage 
(Building damage 
still possible) 

No apparent land damage or signs of liquefaction obviously visible at 
the surface. Any damage to structures likely to due to earthquake 
shaking rather than land damage. 

L0 
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4 LAND DAMAGE OBSERVATIONS 

4.1 Spatial distribution of land damage 

A typical spatial distribution of the observed zones of land damage is illustrated in the generic section 
shown in Figure 1.    

Liquefied
Soil

Non‐liquefied
Soil

Very 
Severe

MajorModerateMinor

No 
Apparent 

Land 
Damage

Land Damage

Differential Settlement        Lateral Spreading  
 
Figure 1. Schematic sections of spatial distribution of zones of land damage 

The land damage mapping indicates that the following areas were most affected by land damage: 

• Riverside areas, particularly the inside of bends and historic meandering river channels. Areas 
include Avondale, Avonside, Burwood, Dallington, Kaiapoi, and parts of Fendalton and 
Halswell. 

• River delta and lagoon areas. Areas include Bexley, Brooklands, Kairaki, Pines Beach, 
Redcliffs, Southshore, and Spencerville. 

• Inland loose alluvial deposit areas. Areas include parts of Belfast, Bishopdale, Casebrook, 
Fendalton, Halswell, Hoon Hay, Redwood, Parklands, Richmond, and St Albans. 

In the riverside areas, lateral spreading towards the streams and rivers has caused much of the most 
severe land damage. This has resulted in cracking, deformation and differential settlement of buildings 
and pipework connections, and inundation of land and buildings with ejected sand and water. Within 
river-loop areas or historic river channels further inland from the river, land damage primarily 
comprised liquefaction-related settlement, resulting in damage to buildings due to differential 
settlement effects. 

In the river delta and lagoon areas, a mix of lateral spreading, ground oscillation, and liquefaction-
related settlement has resulted in very severe damage to pipelines, cracking, deformation and 
differential settlement of buildings, and inundation of land and buildings with ejected sand and water. 

In the inland loose alluvial deposit areas, damage has occurred due to ground oscillation, the ejection 
of sand, and liquefaction-related settlement. This has resulted in generally minor to moderate damage 
to buildings and localised inundation of land and buildings with sand. However, differential settlement 
of structures may have longer-term implications for building serviceability. 
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4.2 Local-scale land damage mapping results 

At the conclusion of the local-scale mapping in December, a total of 39,000 properties had been 
mapped. 22,000 of the mapped properties were classified as having no land damage (i.e. they were 
near areas of land damage, and mapping extended far enough beyond the areas of damage to confirm 
its extent). Of the remaining 17,000 mapped properties, 9% were mapped with very severe or major 
land damage, 52% with moderate land damage, and 39% with minor land damage. 

To put this into context, EQC received 157,000 insurance claims for the September 4 earthquake, and 
there are approximately 175,000 private dwellings within the combined Christchurch, Selwyn and 
Waimakariri region (Statistics NZ 2006). In 24,000 of the EQC claims, the claimant indicted that land 
damage had occurred - but in many cases this will be only minor land damage associated with cracked 
paths and driveways. These figures suggest that the local-scale mapping has captured the majority of 
residential land damage in the region. 

The results of the first two months of local-scale land damage mapping were released to the public in 
aggregated form in November as part of an EQC report to outline the selected land restoration options 
and recovery coordination zones (T&T 2010b).  

5 MAPPING THE RECOVERY PROCESS 

The land damage maps prepared for the EQC have allowed the comparison of the land performance 
across a number of suburbs within the Christchurch, Selwyn and Waimakariri Districts. This has 
enabled the relative performance of the remedial options across each of the suburbs to be assessed. For 
example, Halswell generally does not have the type of lateral spreading issues present in Kaiapoi, so 
different approaches to land restoration are required in each area. Further discussion on the application 
of the land damage mapping to recovery planning is presented in Rogers et al. (2011). 

6 CONCLUSIONS 

Mapping of the land damage in the residential areas most affected by the Darfield 2010 earthquake has 
provided a valuable tool for the EQC and wider recovery process. In the two weeks after the 
earthquake, for the initial stages of recovery planning, the regional-scale mapping was one of very few 
resources available to give a relatively complete overview of the spatial extent and type of land 
damage and the associated building and infrastructure damage. 

As the EQC assessment process and wider recovery efforts progress, the local-level mapping provides 
a robust framework for decision-making and future long-term research to benefit the community. 
Crucially, this mapping is underpinned by the consistent engineering approach used to categorise the 
land performance soon after the earthquake, before the evidence was lost or obscured. 
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