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ABSTRACT 
 

This paper describes the development of a new depth weighted assessment methodology, which 

produces a dimensionless number termed the Liquefaction Severity Number (LSN), to assess 

vulnerability of land to liquefaction-induced damage.  This methodology has been developed by 

comparing measured attributes from the properties damaged by the Canterbury Earthquake 

sequence, with parameters calculated from approximately 7,500 Cone Penetration Tests (CPT).  

The results show that the depth to the liquefaction layers (controlled by the groundwater table) 

is the most important parameter when determining whether liquefaction is likely to cause 

damage at the ground surface.  The paper presents a review of the published literature relating to 

land vulnerability and the observed effects of strong earthquake shaking in Canterbury, New 

Zealand.  Various liquefaction vulnerability parameters have been calculated and compared with 

the observed damage attributes.  The paper concludes that LSN is an alternative method for 

characterising vulnerability to liquefaction in residential areas, which provides a better 

correlation with observed damage than other methods currently available. 

 

1 INTRODUCTION 
 

The 2010-2011 Canterbury Earthquake sequence has affected Christchurch City and the 

Canterbury region and caused widespread liquefaction, lateral spreading and ground surface 

subsidence.  To better understand the effect of liquefaction at residential sites, a liquefaction 

vulnerability study was carried out by Tonkin & Taylor Ltd for the New Zealand Earthquake 

Commission.  The study considered liquefaction vulnerability parameters and how they related 

to the liquefaction and lateral spreading damage observations made around Canterbury.  It also 

introduced a new liquefaction vulnerability parameter, the Liquefaction Severity Number (LSN).  

This paper summarises a more extensive, publicly available, report on the liquefaction 

vulnerability study that is referenced below. 

 

https://canterburygeotechnicaldatabase.projectorbit.com/Maps/EQC/TT-

liquefactionVulnerabilityStudy.htm 

 

The liquefaction vulnerability study compares datasets of land and dwelling related damage 

observations from the Canterbury Earthquake Series with three parameters representing 

liquefaction vulnerability.  The report demonstrates that a new liquefaction vulnerability 

parameter, the Liquefaction Severity Number (LSN) provides a better fit to observed 

liquefaction-induced damage than existing parameters such as the Liquefaction Potential Index 

(LPI) developed by Iwasaki (1982) or calculated settlement (S) recommended by MBIE (2012) 

as an index value for classifying land for residential dwelling foundation design purposes. 

 

 

2 DAMAGE MAPPING AND FIELD INVESTIGATIONS 
 

The four most significant earthquakes in the 2010-2011 series were the 04 September 2010, 22 

February 2011, 13 June 2011 and 23 December 2011 events.  Following these earthquakes, land 

https://canterburygeotechnicaldatabase.projectorbit.com/Maps/EQC/TT-liquefactionVulnerabilityStudy.htm
https://canterburygeotechnicaldatabase.projectorbit.com/Maps/EQC/TT-liquefactionVulnerabilityStudy.htm
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damage mapping was undertaken, based on the criteria in Figure 1, to assess the extent and 

severity of surface liquefaction manifestation.  The land damage mapping was carried out by a 

team of geotechnical engineers who cross-checked observations to ensure broad consistency 

across their assessments.  Figure 1 shows the most severe observation made at each property 

during the earthquake series. 

 

 
Figure 1:  Distribution of worst earthquake induced liquefaction and lateral spreading 

land damage surface observations in Canterbury for the earthquake series 

 

Flown Aerial survey measurements (LiDAR) were undertaken over the affected areas of 

Canterbury after each of the major earthquakes.  Change in ground surface elevation models 

were developed and corrected for vertical tectonic deformation to produce the total change in 

ground elevation due to liquefaction related subsidence (shown in Figure 2). 

 

As at May 2013, the land damage mapping was supplemented by an extensive geotechnical site 

investigation program that included approximately 7,500 CPT, 1,000 boreholes with SPTs, 

geophysical testing, and monitoring of 1000 shallow piezometers.  The number of investigations 

will continue to increase as the rebuilding of Christchurch progresses.  The subsurface 

geotechnical investigation data is available through the CERA geotechnical database:  

https://canterburygeotechnicaldatabase.projectorbit.com.  The CPT soundings in conjunction 

with conventional liquefaction triggering methods have been used as the primary tools to assess 

the depth of the critical layer for liquefaction triggering and to derive parameters representing 

liquefaction vulnerability.  The locations of CPT completed in Christchurch can be seen on the 

LSN map (Figure 4). 

 

https://canterburygeotechnicaldatabase.projectorbit.com/
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Figure 2:  Liquefaction-related subsidence from a change in ground elevation from before 

the September 2010 earthquake to after the December 2011 earthquake 
 
 

3 LIQUEFACTION VULNERABITY PARAMETERS 
 

3.1 Literature review 
Ishihara (1985) published observations on the protective effect of an upper layer of non-

liquefied material against the effects of liquefaction at the ground surface.  He plotted material 

observations of sand ejection for sites using the thickness of the underlying liquefied layer (H2) 

and the thickness of the overlying non-liquefied surface layer (H1), often referred to as the 

crust.  Ishihara’s work was based on observations from two earthquakes with limited ranges of 

ground accelerations.  Boundary curves were defined that separated those sites which had 

manifestations of liquefaction at the ground surface from those sites that did not.  The 

conclusion drawn was that an upper crust of non-liquefiable material has a beneficial effect in 

mitigating the damaging effects of liquefaction at the ground surface. 

 

The vulnerability of sites to liquefaction was also considered by Iwasaki (1982).  Iwasaki’s 

Liquefaction Potential Index (LPI) is a measure of the vulnerability of sites to liquefaction 

effects.  LPI is the summation of liquefaction severity in each soil layer, which in turn is a 

function of the Factor of Safety for liquefaction triggering (FoS), weighted by a depth factor that 

decreases linearly from 10 to 0 over the top 20 m of the soil profile. 

 

3.2 Liquefaction vulnerability parameters used in this study 
For each CPT available from the Canterbury geotechnical database, the following three 

liquefaction vulnerability parameters have been calculated: 

1. Liquefaction Potential Index (LPI) calculated in accordance with Iwasaki (1982): 

     ∫    ( )
  

 
     (1) 

 

where W(z)= 10 - 0.5z, F1 = 1 - FoS for FoS < 1.0, F1 = 0 for FoS ≥ 1.0, where FoS is the 

factor of safety calculated from the Idriss & Boulanger (2008) liquefaction triggering 

evaluation procedure and z is the depth below the ground surface in metres. 

2. Calculated Settlement (S), calculated in accordance with MBIE (2012): 
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   ∫        (2) 
 

where εv is the calculated post-liquefaction volumetric reconsolidation strain based on the 

Zhang et al. (2002) strain equations which are a function of the factor of safety calculated 

from the Idriss & Boulanger (2008) liquefaction triggering evaluation procedure and the 

relative density of the soil determined from the CPT tip resistance and z is the depth below 

the ground surface in metres. 

3. Liquefaction Severity Number (LSN), a new parameter developed by Tonkin & Taylor to 

evaluate liquefaction-induced land damage, is defined as: 

        ∫
  

 
    (3) 

  

where εv is the calculated post-liquefaction volumetric reconsolidation strain calculated as 

per Equation 2 and entered as a decimal, and z is the depth below the ground surface in 

meters. 

 

Iwasaki’s LPI represents an early attempt to develop an index for assessing the vulnerability of 

land subjected to liquefaction.  LPI ranges between 0 and 100 and sites with an LPI of 5 indicate 

a high liquefaction risk and sites with LPI greater than 15 indicate very high risk (Iwasaki, 

1982).  While the LPI provides a straightforward method for assessing the vulnerability of sites, 

this study identified some limitations of LPI, which are discussed later. 

 

The calculated settlement (S) has been compared with the measured ground surface subsidence 

(corrected for vertical tectonic displacement) for each earthquake event (Tonkin & Taylor, 

2013).  This showed there is no apparent direct relationship between S and the measured 

liquefaction induced ground settlement.  However, there is a weak correlation between S and the 

land damage observations.  Based on the Christchurch datasets, the S parameter can be better 

considered as a proxy for the likelihood of liquefaction-related damage at the ground surface, 

rather than a calculation of predicted settlement.  Similarly, MBIE (2012) describe the S 

parameter as an index value (rather than an absolute settlement value) for the purpose of 

foundation design. 

 

The theoretical value of LSN varies from 0 (representing no liquefaction vulnerability) to more 

than 100 (representing very high liquefaction vulnerability).  Very large LSN values can only be 

calculated when the groundwater table is very close to the ground surface and soil layers 

immediately below the ground surface are assessed as being at risk of liquefaction. 

 

3.3 Key differences between LPI, S and LSN 
The important differences between the proposed LSN parameter and the existing LPI and S 

parameters are: 

 Because S and LSN are based on volumetric strains, they are continuously calculated even 

for FoS of greater than one.  Thus, S and LSN values start to increase as excess pore water 

pressures rise when FoS < 2.0, and include a continuous smooth transition when FoS < 1.0.  

Conversely, LPI accounts for the effects of layers only with FoS < 1.0.  It will be seen later 

that S and LSN start to increase at lower accelerations than LPI, because S and LSN reflect 

the weakening effect of soil layers where FoS is falling towards, but not yet below, unity. 

 The maximum damage contribution of any soil layer within the deposit is limited by the 

initial relative density of the soil as represented by CPT tip resistance.  This is implied by the 

Zhang et al (2002) volumetric strain relationships used in the S and LSN calculations.  In 

these relationships a limiting volumetric strain is eventually reached, which is a function of 

the soil’s relative density and not a function of the seismic demand.  Conversely, the LPI 

parameter continues to increase with increasing peak ground acceleration (PGA) because it 

is a direct function of FoS, which continues to decrease as the seismic demand increases. 

 Liquefying layers with a lower relative density are expected to develop larger strains which 

in turn will result in larger damage at the ground surface as compared to the effects of 
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liquefaction from a layer with higher relative density.  With S and LSN, the calculated strain 

value is used as a damage index that includes the effects of strength loss and the potential for 

soil ejecta rather than as an index purely for settlement calculation (discussed above).  By 

contrast, for a calculated FoS, LPI provides the same value irrespective of the relative 

density of the soil.  This approach erroneously indicates that the consequences of 

liquefaction are not related to the relative density of the liquefied soils for a given FoS.  

Because LPI does not explicitly address the relationship between relative density and FoS, it 

should be less successful in differentiating between the damage potentials of sites with 

different densities of soil. 

 In accordance with the work of Ishihara (1985), LSN places greater importance on the 

thickness of the non-liquefied crust when the groundwater table is close to the ground 

surface through the use of the hyperbolic depth weighting function.  LSN suggests that 

shallow liquefaction is significantly more damaging for land and surface structures than deep 

liquefaction relative to the contribution of shallow and deep layers in LPI.  By contrast the S 

parameter places equal contribution of potential ground surface damage for both shallow and 

deep liquefying soil layers and therefore does not place any importance on the thickness of 

the non-liquefying crust. 

 

3.4 Response of liquefaction vulnerability parameters to PGA 
The responses to PGA of these vulnerability parameters calculated from three sample CPT are 

shown in Figure 3 based on the post-December 2011 depth to groundwater.  The spatial 

locations of the sample CPT are shown in Figures 1, 2 and 4.  CPT 165 is located in an area of 

major observed land damage, CPT 26 in an area of moderate observed land damage and CPT 9 

in an area of minor or moderate observed land damage.  CPT 165 shows that below 0.1g for S 

and LSN, and below 0.15g for LPI, the parameters do not respond to PGA.  Similar trends are 

also observed for CPT 26 and 9, but the threshold PGA are higher for CPT 26 and higher again 

for CPT 9.  LPI continues to increase with increasing PGA, but the rate of increase in S and LSN 

steadily decreases with increasing PGA.  This is because the contribution to S and LSN is strain-

limited with respect to the initial relative density of the soil.  This strain limiting response is a 

characteristic that is generally consistent with field observations over the various earthquakes of 

the Canterbury Earthquake Series.   
 

 
Figure 3:  Sensitivity of LPI, S and LSN to PGA (M7.5) for 3 sample CPT 

The S parameter does not differentiate significantly for the three CPT, which is inconsistent 

with the observed land performance.  In contrast, the LSN better differentiates the three sites.  

This is because the S parameter does not include the beneficial effects of the depth weighting 

and non-liquefying crust, whereas the LSN parameter does. 

 
 



 
 

 
van Ballegooy, S., Lacrosse, V., Jacka, M. & Malan, P. (2013).   

LSN – a new methodology for characterising the effects of liquefaction in terms of relative land 
damage severity 

   
 

4 LIQUEFACTION VULNERABILITY ANALYSES 
 

The three liquefaction vulnerability parameters were calculated for the entire CPT data set based 

on the ground water levels immediately prior to each earthquake event (Tonkin & Taylor, 2013) 

and the spatially varying seismic demand (Bradley and Hughes, 2012).  The results were plotted 

against the observed land damage for the September 2010, February 2011 and June 2011 

earthquakes.  An analysis of the data indicates that LPI, S and LSN all broadly correlate with 

measured damage to land (Tonkin & Taylor, 2013).   
 

For the LPI parameter however, the relationship between the LPI value and the observed 

damage is different for each event.  This indicates that the LPI correlation with land damage 

produces inconsistent responses to the three events.  The S parameter has substantial overlap 

between damage categories and does not differentiate that well between the areas where there 

was minor to moderate liquefaction related damage compared to areas with severe liquefaction 

related damage.  This lack of repeatability in the damage trend for LPI and S limits their 

usefulness as vulnerability parameters to assess future land performance.  By contrast, the LSN 

parameter provides a better and more consistent fit to the observed land damage and better 

differentiates between areas affected with minor and severe liquefaction land damage and hence 

provides the most useful tool for the prediction of future performance. 

 

There is substantial scatter within the correlations due to variations in crust quality, geological 

conditions, the actual PGA experienced at the site, the actual depth to groundwater at the time of 

earthquakes, the presence of lateral spreading and the probabilistic nature of liquefaction 

triggering calculations, including the assumptions for estimating fines content or cut-off values 

for materials too fine grained to liquefy.   

 

The spatial distribution of the highest calculated LSN values of each property for the four main 

earthquake events is presented in Figure 4.  This can be compared directly with the damage data 

shown in Figures 1 and 2.  The comparison shows that there is a strong spatial correlation 

between areas of observed land damage and ground surface subsidence due to liquefaction 

effects with the areas of high calculated LSN values.  Comparison of similar maps of LPI and S 

confirm that LSN provides a more consistent spatial fit to the mapped land damage throughout 

the earthquake series (Tonkin & Taylor, 2013). 
 

5 EXAMPLE OF LSN 
 

Photographs have been reviewed which show damage at sites with calculated LSN.  These have 

been collated into various LSN ranges (i.e.  LSN of 0-20, 20-40, 40+).  A summary of these 

photos is presented on Figure 5.  The photos visually show that sites with higher LSN values are 

more likely to experience damage compared to sites with lower LSN values.   
 

The typical behaviour of sites with a given LSN is also summarised in Figure 5.  It is important 

to note that due to natural variations, the LSN describes a range of possible damage and the 

information below represents the typical behaviour.  The actual site performance may 

sometimes vary from this due to the influence of many other factors that can affect site 

performance.  It is important to note that the correlations are based on the performance of 

Canterbury soils in the recent earthquake series and represent local site conditions and 

construction types as well as the local ground motion characteristics.  Careful assessment and 

consideration should be undertaken before relying on these conclusions in other areas. 
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Figure 4:  Distribution of highest calculated LSN across Christchurch for all modelled 

earthquakes and CPT locations 
 

 
Figure 5:  LSN ranges, observed effects on land and examples of LSN 

 

6 SUMMARY AND CONCLUSIONS 
 

This summary paper presents the results of a comparison of various vulnerability parameters 

with observed damage datasets for the Canterbury Earthquake Series.  The conclusions are:  
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 The Liquefaction Potential Index (LPI) produced correlations that show clear trends within 

each earthquake dataset, but not consistently between earthquakes.  This limits the 

usefulness of LPI as a predictive tool as the ranges indicating damage vary depending on the 

magnitude and location of the earthquakes that may occur.  The range of calculated LPI 

values is also not consistent with the published indications of damage category. 

 There is no apparent direct relationship between the calculated settlement (S) and the 

measured liquefaction induced ground settlement.  However, there is a correlation between 

the calculated settlement and the land damage observations.  Therefore, S can be considered 

as a proxy for predicting the likelihood of liquefaction related damage, albeit with a 

significant amount of overlap between the observed damage categories. 

 The Liquefaction Severity Number (LSN) analyses show that there is a more consistent 

correlation, both within each earthquake and between various earthquakes for the different 

categories of land damage observations.  The LSN also differentiates the most severely 

damaged land from the least severely damaged and represents the risk of adverse 

liquefaction related damage occurring at the ground surface. 

 Of the three vulnerability parameters considered, LSN provides the best correlations with the 

liquefaction land damage observations and is therefore considered to be most suitable 

parameter for predicting future land performance in Canterbury.   
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