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ABSTRACT 
There are a range of indices and parameters available for estimating the liquefaction vulnerability of a particular site for a 
particular level of shaking. These indices and parameters are typically derived from Cone Penetration Test (CPT) 
investigations and based on simplified liquefaction triggering frameworks, which have uncertainties associated with them. 
As such, application of these indices and parameters to a range of different soil types and stratified soil profiles leads to 
uncertainties in the accuracy in assessing liquefaction vulnerability severity. Furthermore, the simplified frameworks used 
as the basis for the indices and parameters are typically developed from case histories where the soil layering is generally 
more straightforward. This may bias the simplified frameworks to non-heterogeneous spatial stratigraphy situations where 
the pore water pressure dissipation following liquefaction is likely to be one-dimensional. In Canterbury, New Zealand, 
where a sequence of earthquake events between 2010 and 2011 had significant liquefaction effects, there is considerable 
spatial heterogeneity in some areas, potentially resulting in three-dimensional (3D) effects that influence the liquefaction 
vulnerability severity at a particular site. Comparison of liquefaction vulnerability indices and parameters with observed 
liquefaction-related land damage in a range of earthquake events with varying levels of shaking in the 2010-2011 
Canterbury Earthquake Sequence (CES) show that in some areas the indices agree with the observations and in other 
areas there are inconsistencies (e.g. liquefaction is predicted yet nothing occurred for a given level of shaking).  
 
This paper describes the methodology used for developing microzonation maps of predicted liquefaction vulnerability 
severity in Canterbury by combining observations of performance at particular levels of shaking with an empirically 
calculated liquefaction parameter. Liquefaction-related land damage observations from previous earthquake events are 
combined with analytical predictions while considering other pertinent factors such as geology, groundwater depth, 
topography, and stratigraphy to assess liquefaction vulnerability severity. Examples of applying this methodology for the 
CES are presented and show that in some areas liquefaction indices can be used without any need for manual adjustment 
but in other areas adjustments are required to predict liquefaction vulnerability severity. The methodology utilizes an area-
wide assessment approach, as characterizing liquefaction vulnerability severity should consider surrounding ground 
investigation data in areas of geologic similarity. Classifications of liquefaction vulnerability severity are introduced and the 
implications of a given severity classification for design of residential buildings are discussed. 
 
 
 
1 INTRODUCTION 
 
Microzonation mapping is a process utilized in earthquake 
geotechnical engineering for subdividing areas into zones 
with similar potential for earthquake hazard effects. These 
effects can include ground shaking, landsliding, rockfall, 
liquefaction and lateral spread. Liquefaction vulnerability 
was particularly significant in the 2010-2011 Canterbury 
Earthquake Sequence (CES) in New Zealand where 
earthquake shaking from the main events in the sequence 
(notably the Mw 7.1 on 4 September 2010, Mw 6.3 on 22 
February 2011, Mw 5.6 and 6.0 separated by 80 minutes 
on 13 June 2011, and Mw 5.8 and 5.9 separated by 80 
minutes on 23 December 2011) triggered localized-to-
widespread, minor-to-severe liquefaction (van Ballegooy et 
al., 2014). A methodology for developing microzonation 
maps of predicted liquefaction vulnerability severity has 
been developed for Canterbury utilizing indices and 
parameters derived from Cone Penetration Test (CPT) 
results as well as available land characteristics and 
performance observations from the CES. 

There are a range of indices and parameters available 
for determining liquefaction vulnerability severity that are 

typically derived from CPT investigations, including LPI, 
Sv1D, and LSN. However, these indices are typically 
developed based on simplified liquefaction triggering 
frameworks from case histories where the soil layering is 
generally straightforward. In Canterbury, there 
considerable spatial heterogeneity in some areas, which 
potentially results in three-dimensional (3D) effects that 
influence the liquefaction vulnerability severity at a 
particular site. In some areas the indices agree with the 
observations of liquefaction-related land damage in the 
range of earthquake events in the CES, whereas in other 
areas there are inconsistencies (e.g. liquefaction is 
predicted yet nothing occurred for a given level of 
earthquake shaking). 

In order to develop robust microzonation maps of 
predicted liquefaction vulnerability severity for Canterbury, 
an empirically calculated liquefaction severity number 
(LSN) (van Ballegooy et al., 2014) has been combined with 
liquefaction-related land damage observations following 
the earthquake events in the CES. Other pertinent factors 
such as ground surface subsidence, geology, groundwater 
depth, topography, and stratigraphy have also been 
considered. This paper describes the methodology used to 



 

 

assess the severity of liquefaction vulnerability in areas that 
are vulnerable to liquefaction, and discusses the 
development of microzonation maps of that liquefaction 
vulnerability severity. Classifications of liquefaction 
vulnerability severity have been developed to undertake 
microzonation mapping and these classifications and maps 
can be utilized to understand the practical implications for 
the future design of residential buildings in these areas. 
 
 
2 MICROZONATION METHODOLOGY 
 
Material liquefaction vulnerability of residential properties 
in Canterbury has been assessed at up to 100 year return 
period levels of earthquake shaking by Tonkin + Taylor 
(T+T, 2015). 100 year levels of shaking for liquefaction 
analysis in Canterbury is represented by Mw 6 and Peak 
Ground Acceleration (PGA) of 0.3 g or Mw 7.5 and PGA of 
0.2 g. Liquefaction vulnerability is defined in the T+T study 
as exposure of land to damage at the ground surface from 
soil layers beneath liquefying. That vulnerability being 
material stems from the likelihood of moderate-to-severe 
land damage occurring at 100 year return period levels of 
earthquake shaking and the likelihood of a more robust 
foundation being required for residential buildings. 100 
year return period levels of earthquake shaking was 
selected for the assessment of liquefaction vulnerability 
because this return period is typically used for natural 
hazard identification in New Zealand. The results of the 
material liquefaction vulnerability assessment are 
presented in Figure 1 in terms of properties that were 
assessed as not vulnerable (blue) and vulnerable (red) to 

liquefaction at 100 year return period levels of earthquake 
shaking. 

For the areas assessed as having material liquefaction 
vulnerability in Canterbury, and drawing on the process 
used to identify those areas, a methodology for making 
microzonation maps of the severity of that vulnerability has 
been developed. Liquefaction vulnerability severity can be 
described as the relative extent of liquefaction vulnerability 
or how severe the liquefaction vulnerability of an area is 
(T+T, 2016). The methodology utilizes available land 
characteristics and performance observations from the 
CES as well as calculated LSN values from CPT data to 
determine the severity of liquefaction vulnerability. 

The overall methodology for microzonation of predicted 
liquefaction vulnerability severity in Canterbury is 
presented in the flow chart in Figure 2. Firstly, areas or 
neighbourhoods with similar characteristics and 
performance in the CES were identified using land damage 
observations from the main events in the CES, ground 
surface subsidence derived from LiDAR surveys following 
each of the main events in the CES, and topographic 
features also derived from LiDAR surveys. All of this 
information was available publically on the New Zealand 
Geotechnical Database (MBIE, 2016). Nearby areas that 
performed similarly in the earthquakes and were in areas 
of geologic/topographic similarity were grouped together 
given that the characterization of liquefaction vulnerability 
should consider an area-wide approach (Russell et al., 
2015).  

Next, LSN values were calculated from all CPT 
investigation locations within the areas at 100 year return 
period levels of earthquake shaking. The LSN parameter 
was found to be a good tool for predicting land performance 

Figure 1 Map showing material liquefaction vulnerability of residential properties in Canterbury, assessed at 
100 year return period levels of earthquake shaking. 



 

 

and liquefaction vulnerability in Canterbury (T+T, 2015). A 
comprehensive geotechnical site investigation program 
was undertaken in Canterbury following the CES that 
included more than 20,000 CPT investigations (available 
on the NZGD) and allowed a reasonably dense array of 
LSN values to be calculated in the areas vulnerable to 
liquefaction. LSN provided an initial indication of the 
liquefaction vulnerability severity and allowed the areas to 
be classified into one of seven classifications. The 
classifications are presented in Figure 3, with the upper 
and lower bound LSN values for each classification 
presented in the top right hand and bottom left hand 
corners of each of the boxes. It is important to note that 
LSN values are calibrated to the Boulanger and Idriss 
(2014) liquefaction assessment framework. 

 

 
Figure 2 Liquefaction vulnerability severity microzonation 
methodology. 

Details of the liquefaction vulnerability severity 
classifications presented in Figure 3 are provided in T+T 
(2016). Four primary classifications were used that ranged 
from Not Vulnerable to Very High severity. However, three 
broader ‘OR’ classifications were also included for 
instances where there was uncertainty, which came about 
where there was a range of LSN values in an area of similar 
performance and/or where the computed LSN values were 
inconsistent with the land damage observations from the 
CES events. 

The next part of the microzonation methodology 
involved assessing land damage for the main events in the 
CES. Liquefaction vulnerability severity was assessed at 
100 year return period levels of shaking so interpretation of 
the land damage observations in the main earthquake 

events needed to be made with regard for the level of 
shaking in that event relative to the 100 year return period 
level of earthquake shaking. For example, if one event had 
shaking greater than 100 year return period levels and 
another event had shaking less than that, anticipated land 
damage at 100 year levels of shaking would have to be 
interpreted as being somewhere between what was 
observed for those events.  

 

 
Figure 3 Liquefaction vulnerability severity classifications 
with the range of LSN values for each classification 
indicated in the bottom and top right hand corners of the 
boxes. 

The final step in the classification of liquefaction 
vulnerability severity was to reconcile the predicted LSN 
values and observed land damage in the areas of similar 
characteristics and performance. Where LSN and 
observed land damage were consistent, a reasonably 
straightforward severity classification assessment could be 
made. For example, when LSN was well above 30 and 
observations were suggesting moderate-to-severe land 
damage at 100 year return period levels of shaking across 
an entire area, then a Very High severity classification 
could be made. However, when LSN values were highly 
variable across an area of similar characteristics and 
performance in the CES and/or was inconsistent with land 
damage observations then further engineering judgement 
was required. 

In areas where LSN values were highly variable or 
inconsistent with land damage observations, other 
pertinent factors such as geology, groundwater depth, 
topography, and stratigraphy were considered. These 
factors provided insight into potential reasons why LSN and 
land damage observations were inconsistent so that 
appropriate severity classifications could be selected. 
When there was still a level of uncertainty in a given area, 
use of the broader “OR” classifications was utilized to 
capture that uncertainty. 
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3 MICROZONATION METHODOLOGY EXAMPLES 
AND RESULTS 

 
This Section presents examples from two areas in 
Christchurch of the liquefaction vulnerability severity 
microzonation methodology and the resulting severity 
classifications in those areas. The datasets used in the 
methodology are presented and discussed with regard to 
the assessment of the severity classifications in these 
areas, which are then presented. 
 

3.1 Example 1 – Richmond and Avonside 
 
Figure 4 presents examples of the datasets used in the 
microzonation methodology for an area in Richmond and 
Avonside, Christchurch. The observed land damage in the 
September 2010 earthquake is presented in Figure 4a. 
This event had PGA values in this area of 0.21 g 
(equivalent to a Mw 7.5 PGA of 0.19 g), which is close to 
100 year return period levels of earthquake shaking.  
Figures 4b, 4c and 4d show the ground surface elevation 
or topography, total ground surface subsidence across the  

Figure 4 Examples of information used in the microzonation methodology to assess liquefaction vulnerability severity for 
an area in Richmond and Avonside, Christchurch, with white polygons indicating areas identified to have similar 
characteristics and performance in the CES and grey lines showing property boundaries. 



 

 

CES, and 100 year return period LSN for the post-CES 
scenario respectively. The areas identified in the first step 
of the methodology as having similar performance in the 
CES are shown by the white polygons. For practical 
application of the microzonation maps, the boundaries of 
the areas follow property boundaries so that each property 
was given a single classification rather than splitting a 
property into multiple classifications.  

The topography in Figure 4b shows that the area 
identified as vulnerable to liquefaction (areas (ii), (iii), and 
(iv)) are at a lower elevation than the surrounding area 
(areas (i) and (v)). There are definitive topographic 
boundaries north of the Avon River, which runs through the 
area, at the boundary between area (i) and (ii), and south 
of the river at the boundary between area (v) and (iv), 
where there is a sharp transition from high elevation to low 
elevation. Areas at lower elevation are generally more 
vulnerable to liquefaction as the groundwater level is closer 
to the surface, creating a potentially thinner non-liquefying 
crust. Furthermore, these lower lying areas along the Avon 
River are comprised of younger reworked deposits that are 
more vulnerable to liquefaction than the older river terraces 
at higher elevation (Bastin et al. 2017). 

The September 2010 land damage observations and 
total ground surface subsidence in Figure 4a and Figure 4c 
respectively show that area (ii) north of the river had minor-
to-severe land damage and significant settlement 
indicating consistent performance. South of the river, areas 
(iii) and (iv) were identified as each having different 
performance in the CES. The areas were defined based on 
variations in land damage observations and the extent of 
total subsidence, as well as considering differences in 
ground surface elevation. 

Once the areas of similar performance were identified 
using the three datasets mentioned, LSN values in the 
areas were used to assign an initial severity classification. 
Contours of LSN determined from the available CPT 
investigations in the area are presented in Figure 4d. In 
areas (ii) and (iv) there are portions of high LSN greater 
than about 30, suggesting Very High liquefaction 
vulnerability severity. The LSN values in area (iii) are 
generally between 20 and 30, suggesting an initial 
liquefaction vulnerability severity classification between 
Medium and High. However, LSN values are not consistent 
across the areas and therefore it is important to consider 
the characteristics and performance in the CES when 
assessing liquefaction vulnerability severity. The low LSN 
values outside the areas of assessed liquefaction 
vulnerability (areas (i) and (v)) provide confirmation of the 
not vulnerable classification in these areas of higher 
elevation. 

The liquefaction vulnerability severity classifications 
were assessed by considering the range of LSN values in 
each of the areas and the land damage observations in the 
main earthquake events in the CES. In this part of 
Christchurch, the February 2011 earthquake had levels of 
shaking near a 500 year return period event, and hence the 
liquefaction-related land damage is higher than what would 
be anticipated at 100 year return period levels of shaking. 
However, the three other main CES earthquake events had 
shaking just below 100 year return period levels and 
therefore the anticipated liquefaction-related land damage 

at 100 year return period levels of shaking could be 
interpreted between the multiple events. 

The land damage observations and total ground 
surface subsidence across the CES in areas (ii) and (iv) 
suggest a liquefaction vulnerability severity classification 
between High and Very High. As mentioned, the LSN map 
in Figure 4d suggests some areas could be classified as 
having a Very High liquefaction vulnerability severity, 
however, there is a reasonably high variation in LSN in 
these areas. Therefore, the liquefaction vulnerability 
severity classification in areas (ii) and (iv) was assigned as 
High or Very High to account for the variable LSN and to 
be consistent with the land damage observations. These 
final classifications are shown in Figure 5. 

In area (iii), the land damage observations and total 
ground surface subsidence across the CES suggest a 
liquefaction vulnerability severity classification between 
Medium and High. As mentioned, the LSN map in Figure 
4d also suggests liquefaction vulnerability severity 
classification between Medium and High. Therefore, to 
account for the uncertainty in this area, a final classification 
of Medium or High was assigned in area (iii), as shown in 
Figure 5. 

 

 
Figure 5 Liquefaction vulnerability severity classification 
microzonation map for an area in Richmond and Avonside, 
Christchurch, with grey lines showing property boundaries. 

 
3.2 Example 2 – North New Brighton 
 
Figure 6 presents examples of the datasets used in the 
microzonation methodology for an area in North New 
Brighton, Christchurch. The same datasets, as were 
presented for Example 1, are presented in this example 
with the white polygons indicating the areas of similar 
performance in the CES. 

The Avon River runs through the south-western corner 
of the area and a tributary runs approximately north-south 
at the western boundary of the area presented. Moving 



 

 

away from the river and tributary, the ground surface 
elevation, as shown in Figure 6b, gradually increases and 
the depth to groundwater increases, indicating a potential 
for decreasing severity of liquefaction vulnerability towards 
the north-east. 

A reasonably large area of similar characteristics and 
performance was identified adjacent to the tributary (area 
(i)). This was due to it having similar observed land damage 
in the CES, a very low elevation (approximately 1 to 2 m 
above mean sea level), and similar significant total ground 
surface subsidence. Moving towards the east and away 
from the tributary, further areas of similar characteristics 
and performance were identified based on the changing 
land damage observations, elevation, and total ground 

surface subsidence as presented in Figure 6a, 6b, and 6c 
respectively. 

LSN was reasonably high across this area of North New 
Brighton as shown in Figure 6d, being consistently greater 
than 20. However, there were areas of very high LSN 
values towards the south that did not appear to be spatially 
consistent with the areas identified as having consistent 
characteristics and performance in the CES. This 
highlighted the importance of first identifying the areas of 
similar characteristics and performance using the land 
damage observations, topography, and total ground 
surface subsidence. In this area the land damage 
observations and ground surface subsidence governed 

Figure 6 Examples of information used in the microzonation methodology to assess liquefaction vulnerability severity for 
an area in North New Brighton, Christchurch, with white polygons indicating areas identified to have similar characteristics 
and performance in the CES and grey lines showing property boundaries. 



 

 

assessment of liquefaction vulnerability severity and LSN 
provided an indication of the magnitude of the severity. 

The February 2011 earthquake event had PGA values 
in this area of between 0.35 g and 0.4 g (equivalent to Mw 
7.5 PGA values of 0.26 g to 0.29 g), which is approximately 
between 200 and 300 year return period levels of shaking. 
Therefore, land damage observations presented in Figure 
6a had to be considered relative to that level of shaking to 
assess liquefaction vulnerability severity at 100 year return 
period levels of shaking. The September 2010 and June 
2011 events had levels of shaking between 50 and 75 year 
return period levels and therefore the land damage 
observations from those events could be used with the 
February 2011 observations to interpret liquefaction-
related land damage at 100 year return period levels and 
thus assess severity. 

The final liquefaction vulnerability severity 
classifications were assessed by primarily utilizing the land 
damage observations in the CES as well as ground surface 
subsidence and topography, and the results are presented 
in Figure 7. There is a large area with a liquefaction 
vulnerability severity classification of Very High in this part 
of North New Brighton (areas (i) and (iii)). The low ground 
surface elevation combined with high LSN, significant 
observed land damage and substantial subsidence over 
the CES led to low uncertainty in assigning the highest 
severity classification. 

 

 
Figure 7 Liquefaction vulnerability severity classification 
microzonation map for an area in North New Brighton, 
Christchurch, with grey lines showing property boundaries. 

In areas (ii) and (iv), lower liquefaction vulnerability 
severity classifications were assessed than for areas (i) 
and (ii). As discussed previously, the ground surface 
elevation gradually increases moving towards the east and 
away from the river, which suggests decreasing severity of 
liquefaction vulnerability. LSN is lower towards the north 
and east, land damage observations in the main CES 

events were less significant and total subsidence was less 
substantial. 

The lowest liquefaction vulnerability severity assessed 
in this area of North New Brighton was area (v) with a 
classification of Medium or High. LSN values in this area 
were between 10 and 30, elevation was reasonably high, 
and land damage observations in the main CES 
earthquake events were predominantly less than 
Moderate. The combination of calculated LSN values and 
land characteristics and performance in the CES allowed 
appropriate liquefaction vulnerability severity 
classifications to be assessed and a microzonation map of 
this area to be developed. 

 
 

4 DISCUSSION AND CONCLUSIONS 
 
Combining indices and parameters with liquefaction-
related land damage observations as well as other 
pertinent factors provides a useful methodology for 
assessing liquefaction vulnerability severity in areas where 
earthquakes have occurred in recent history and ground 
performance observations are available. Indices and 
parameters could be used in isolation to develop 
microzonation maps of liquefaction vulnerability severity of 
a given area. However, in places like Canterbury, 
considerable spatial heterogeneity is present in the 
subsurface soil conditions resulting in 3D effects that 
influence the liquefaction vulnerability severity. Therefore, 
a microzonation mapping methodology that utilizes the 
geomorphic characteristics and liquefaction-related land 
performance in the CES in addition to available indices and 
parameters provides a more robust way to assess the 
severity of liquefaction vulnerability in Canterbury. 

It has been found in Canterbury that there are a range 
of uncertainties in the spatial distribution of calculated LSN 
values (the most suitable parameter for predicting land 
performance and liquefaction vulnerability in Canterbury) 
that creates uncertainty in assessing liquefaction 
vulnerability severity using this parameter independently. 
In some areas the LSN values agree with liquefaction-
related land damage observations and in other areas 
liquefaction may be predicted yet nothing occurred for a 
given level of shaking. By combining LSN with land 
characteristics and performance observation in the CES, 
engineering judgement can be utilized to reduce 
uncertainty in assessing predicted liquefaction vulnerability 
severity. 

The microzonation mapping methodology presented in 
this paper combines LSN, land damage observations, and 
topographical characteristics to predict liquefaction 
vulnerability severity in Canterbury. Two examples from 
areas in Christchurch were presented that discussed how 
the methodology was applied and the classification results 
in each area. 

In the methodology, areas with similar characteristics 
and performance in the CES were identified first to mitigate 
the effect of spatial heterogeneity of the subsurface soil 
conditions and given that the characterization of 
liquefaction vulnerability should consider an area-wide 
approach. LSN values in those areas of similar 
characteristics and performance provided an initial 



 

 

indication of liquefaction severity using the classifications 
presented in Figure 3. Then liquefaction-related land 
damage observations in the main earthquake events in the 
CES, considering the levels of shaking in each event, were 
used with engineering judgement to assess severity at 100 
year return period levels of earthquake shaking. If LSN and 
land damage were aligned, then a severity classification 
could be made in a straightforward manner. If there were 
inconsistencies between LSN and land damage then other 
factors such as ground surface subsidence and 
topography/geomorphology were considered to develop 
the final microzonation map. 

The microzonation mapping of liquefaction vulnerability 
severity in Christchurch allows for the practical implications 
in the future design of residential buildings to be 
understood. Higher severity may suggest an increased 
likelihood of more significant land and building damage in 
a future earthquake event. Coincidentally, it may then 
suggest that increased ground improvement and/or 
building foundation requirements would be required for 
future building works. By combining theoretical 
calculations, land characteristics and earthquake 
observations, a robust methodology for developing 
microzonation maps of predicted liquefaction vulnerability 
severity could be developed and applied in Canterbury.  
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