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ABSTRACT

The paper uses two geospatial liquefaction models based on (1) global and (2) New Zealand specific variables
such as Vs30, precipitation and water table depth to estimate liquefaction probability and spatial extent for the
2016 Kaikoura earthquake. Results are compared to observational data, indicating that the model based on
global variables underestimates liquefaction manifestation in the Blenheim area due to the low resolution of
the input datasets. Furthermore, a tendency for underprediction is evident in both models for sites located in
areas with rapidly changing elevation (mountainous terrain), which is likely caused by the low resolution of
the elevation-dependent variables Vs30 and water table depth leading to incorrect estimates. The New Zealand
specific model appears to be less sensitive to this effect as the variables provide a higher resolution and a
better representation of region specific characteristics. However, the results suggest that the modification might
lead to an overestimation of liquefaction manifestation along rivers (e. g. Kaikoura). An adjustment of the
model coefficients and/ or the integration of other resources such as geotechnical methods can be considered
to improve the model performance. The evaluation of the geospatial liquefaction models demonstrates the
importance of high-resolution input data and leads to the conclusion that the New Zealand specific model
should be preferred over the original model due to better prediction performance. The findings provide
an overall better understanding on the models’ applicability and potential as a tool to predict liquefaction
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manifestation for future hazard assessments.

INTRODUCTION

Seismic events such as the 2008 Wenchuan earthquake [1], the
2011 Great East Japan earthquake [23], the 2012 Emilia earth-
quake [45] and the 2010-2011 Canterbury Earthquake Sequence
[6.7] have demonstrated the impact of liquefaction and lateral
spreading on the built environment. Damage can include the
differential settlement of buildings and distortion of roads or
buried infrastructure, emphasizing the need for an understanding
of the potential extent and severity of liquefaction manifestation
in order to support appropriate design decisions and emergency
planning.

Liquefaction hazard maps are one of the main tools to represent
liquefaction hazards across regions of interest. For the estima-
tion of liquefaction triggering in specific soil layers and at a
specific site, field investigation data and simplified methods are
commonly used. Those methods can be based on standard pene-
tration tests [8.9], cone penetration tests [10-12] or shear wave
velocity [13,14]. For the wider assessment of liquefaction and
the development of regional liquefaction hazard maps, geosta-
tistical approaches and/ or geological data can be incorporated
[15-19]. However, as they require extensive resources, these
methods might not be suitable for the analysis of large areas or
networks [20].

Most recently, probabilistic models based on geospatial data are
considered as an alternative approach. Zhu et al. [21] developed
a geospatial liquefaction model by correlating case history data
with globally accessible soil property data such as precipitation

or water table depth. While the simplified liquefaction triggering
methods calculate the probability or factor of safety of lique-
faction in a specific layer within the soil profile, the geospatial
model calculates the probability of surface manifestation. The
representation of the presence of surface manifestation is more
aligned to the outputs from the calculation of surface manifes-
tation severity indices such as the Liquefaction Potential Index
(LPI) and the Liquefaction Severity Number (LSN), amongst oth-
ers [162223]. The model was tested across different earthquake
scenarios around the globe showing satisfying results, especially
considering their time and cost related benefits over in-situ based
approaches [222425]. Differences in the interpretation of these
outputs are discussed in more detail in the following section.

The evaluation of the geospatial model for different global events
showed that the calculated estimates aligned with the liquefaction
observations in many cases, demonstrating the model’s potential
as a time and cost efficient tool to predict the liquefaction prob-
ability [22,24,25]. Previous research assessed the model’s pre-
diction performance for the four major events of the 2010-2011
Canterbury Earthquake Sequence (CES) in Christchurch, New
Zealand, and identified discrepancies regarding the quality of the
global input variables. The use of region specific high-resolution
datasets improved the spatial accuracy of the liquefaction haz-
ard maps [26]. However, further validation is required to better
understand the potential of the (modified) model.

This paper uses the geospatial model based on the global and
New Zealand specific input variables to estimate liquefaction
manifestation for the 2016 Kaikoura earthquake. The datasets
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are presented and compared across the observation area. Pre-
diction performance of each model is measured by comparing
the calculated liquefaction probability and spatial extent with
the observed liquefaction manifestation. The assessment is di-
vided into two parts. First, the model performance is measured
using a receiver operating classification (ROC) analysis for the
Blenheim and Kaikoura area, where most of the liquefaction
manifestation was observed (focus area). Second, to evaluate the
models for the remaining cases, the entire observation area is
assessed based on a neighbourhood analysis for the explanatory
variables Vs30 and water table depth. The findings of both parts
are compared to the performance results of the CES events by
Lin et al. [26]. Limitations of the geospatial models regarding
its applicability for national-scale liquefaction assessments are
discussed, providing a better understanding of the model’s po-
tential as a tool to identify areas exposed to liquefaction in New
Zealand.

GEOSPATIAL LIQUEFACTION MODEL

Using logistic regression analysis, Zhu et al. [21] correlated
observational data from 27 earthquakes around the globe with
geospatial data related to liquefaction manifestation. They found
that the most promising results are achieved with a combination
of peak ground velocity (PGV) in cm/s, shear wave velocity in
the upper 30 m (Vs30) in m/s, annual precipitation (PRECIP) in
mm, distance to the closest water body (DW) in km and water
table depth (WTD) in m below ground level (m.b.g.1). The
liquefaction probability (P) is calculated using the equation

1

P(X) = I+e X

(O]

where X is a function of the explanatory variables

X = 8.801 4 0.334 In(PGV) — 1.918 In(Vs30)
+5.408 10~* PRECIP — 0.2054 DW — 0.0333 WTD

The liquefaction probability (P) describes the likelihood of sur-
face manifestation. Assuming that liquefaction does not occur
for very low ground shaking intensities or for very high Vs30,
the model estimates a liquefaction probability of zero (P = 0)
for PGV lower than 3 cm/s or Vs30 above 620 m/s. Further vali-
dation by Rashidian & Baise [25] showed that the model tends
to overestimate liquefaction manifestation for large epicentral
distances, high precipitation, and low magnitude events, which
was addressed by introducing additional thresholds: liquefaction
does not manifest for a peak ground acceleration lower than
0.1 g, PRECIP is restricted to a maximum value of 1700 mm,
and for events with a magnitude below 6, a magnitude scaling
factor is applied for PGV.

In addition to the liquefaction probability, Zhu et al. [21] devel-
oped the liquefaction spatial extent (LSE) to describe the areal
coverage (in percent) of surface manifestation. LSE is estimated
by

42.08
LSE(P) = (1+62.59¢ 1143P)2 ®

where P is the liquefaction probability calculated by Equation 1.
While the liquefaction probability allows for the assessment of
past and future events on the basis of a binary classification
analysis (liquefaction manifests versus liquefaction does not
manifest), the liquefaction spatial extent can be used to illustrate

the area that is potentially affected by liquefaction manifestation
(percentage of raster cell covered by liquefaction manifestation),
for example in order to develop liquefaction hazard maps for
disaster risk management.

The geospatial model does not account for the liquefaction sever-
ity (e. g. minor to severe) or the liquefaction type (e. g. soil ejecta,
cracking, etc.). Although it is likely that there is a link between
these two characteristics and the LSE, the complexity of these
processes exceeds the abilities of the geospatial approach.

The model was evaluated in detail for the major four events of
the 2010-2011 Canterbury Earthquake sequence (CES) using
ROC analysis and comparing the LSE maps with observational
data [26]. Results suggest overall good performance for each
earthquake scenario. However, the model is not able to directly
represent the complexity of soil characteristics (e. g. interbedded
layers with different liquefaction potential or seasonal changes in
water table depth) as well as the effects of geomorphic features
(e. g. constructed fills or historic channels) and seismic condi-
tions (e. g. preceding earthquakes) [2327], leading to potential
discrepancies in the model outcome. Further limitations arise
from the global input variables, which show a lack of spatial
accuracy due to simplified methods and low resolution that are
evident at a global scale. Lin et al. [26] proposed the use of
New Zealand specific datasets for Vs30, DW and WTD to im-
prove the model results for regional and local hazard assessments.
Despite minor changes in the ROC performance, the increased
spatial accuracy of the LSE maps supports the modification of
the geospatial model.

DATA AND METHODOLOGY

Based on the geospatial model by Zhu et al. [21], liquefaction
probability and spatial extent are calculated for the 2016 Kai-
koura earthquake using both the global and the New Zealand
specific variables. Prediction performance is evaluated by com-
paring the model results with observational data. Furthermore,
the findings are discussed in relation to the assessment of the
model performance for the CES events by Lin et al. [26]. The fol-
lowing sections focus on the processing of the observational data,
the spatial differences between the global and the New Zealand
specific input variables, and the data sampling as a requirement
for the ROC analysis across the focus areas.

Observed Liquefaction Manifestation

The My 7.8 Kaikoura earthquake occurred on 14 November
2016, involving the rupture of multiple faults in the upper South
Island of New Zealand. The rupture originated approximately
15 km north east of Culverden and propagated to the north-east
along the east coast of Canterbury and Marlborough. The Kai-
koura earthquake triggered tens of thousands of landslides [28]
and caused wide ranging surface displacements, leading to se-
vere damage of buildings and infrastructure networks [29-31].
Despite high shaking intensity, the extent of liquefaction and lat-
eral spreading was relatively limited [3233]. The QuakeCoRE
historic liquefaction database [34] contains the observational
data collected during post-event reconnaissance. The entries con-
sist of different data formats including points (23 %), lines (e. g.
roads, 60 %) and polygons (e. g. areas, 17 %), and describe both
the land damage type (e. g. liquefaction without lateral spread-
ing) and the liquefaction manifestation severity (e. g. minor).
The database does not include the liquefaction manifestation and
lateral spreading observed at CentrePort in Wellington [35].

Figure la presents an example of the data retrieved from the
QuakeCoRE historic liquefaction database, showing an overlap
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Figure 1: Illustration of the data processing from the (a) original format [34] to the (b) converted format, and observed liquefaction
manifestation during the 2016 Kaikoura earthquake for the (c) observation area and the focus areas (d) Blenheim and (e) Kaikoura.

of different data formats (e. g. points and polygons). As the appli-
cation of the geospatial liquefaction model requires a consistent
data format, the lines and polygons are converted to points and
point grids, respectively (Figure 1b, the point size indicates the
severity of the observed liquefaction manifestation). The ob-
servational data that intersects water bodies is not considered
in the converted data as some input datasets do not cover these
areas. The point spacing along lines and the grid size across the
polygons are set to 100 m in order to be in alignment with the
resolution of the input variables. Overlapping datasets that could
result in multiple points in one raster cell and potentially lead to
information redundancy are treated as a single layer. All points
are merged to one sample, leading to a final count of 416 points.
The outcome of the conversion process for the observation area
is shown in Figure 1c. Locations with observed liquefaction
manifestation are scattered across the coastal region from the
north of Marlborough to the north of the Canterbury region, as
well as the area around the epicentre. Higher concentration of
liquefaction manifestation (focus area) can be found in Blenheim
(285 points) (Figure 1d) and Kaikoura (95 points) (Figure 1e).
The observational data in Blenheim shows a higher manifesta-
tion severity, with most of the points located along the Wairau
River (north) and the Opaoa River (south). The distribution
pattern in Kaikoura does not directly relate to the surrounding
rivers; however, many observation points are close to the eastern
coastline.

Comparing the observational data of the 2016 Kaikoura earth-
quake with the liquefaction manifestation during the four CES
events (4 September 2010, 22 February 2011, 13 June 2011
and 23 December 2011), three key differences can be identified.
First, the observed liquefaction manifestation during the CES
events is more extensive compared to the land damage of the

Kaikoura earthquake. The CES dataset contains between 695
(4 September 2010) and 2 908 (22 February 2011) points where
liquefaction manifested, leading to more reliable results for both
the LSE and ROC analysis as they provide a better coverage of
the area, hence, a better representation of the spatial features.
The difference in sample size could lead to differences in the
model performance when comparing the findings of 2016 Kai-
koura earthquake with the CES events. Second, the CES data
was collected on the basis of residential properties including sites
with and without liquefaction manifestation. The Kaikoura data,
on the other hand, only consists of positive cases (liquefaction
manifested) and requires a sampling of negative cases (lique-
faction did not manifest) to perform the ROC analysis (further
details are discussed in the following section). Third, while the
liquefaction manifestation during the CES events occurred on a
relatively small area and close to the epicentre for each event,
the land damage observed during the 2016 Kaikoura earthquake
is much more geographically spread due to the number of faults
involved and the geographic extent of the ruptures. Most of the
liquefaction manifested in the Wairau Plains (Blenheim area),
which mainly consists of alluvial soil similar to the Canterbury
Plains; however, other sites with liquefaction manifestation are
located across mountainous terrain, providing further insights
into the model’s prediction performance across different geolog-
ical settings.

Explanatory Variables

The global datasets for PGV, which is estimated by the United
States Geological Survey (USGS) ground motion and shaking
intensity tool Shakemap [36], and PRECIP, which is retrieved
from the global weather and climate database WorldClim [37],
are used as both global (glo) and New Zealand specific (NZ)
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Figure 2: Peak ground velocity (PGV) during the 2016
Kaikoura earthquake.

input variables since no alternative sources are available for New
Zealand.

While Vs30g), is based on the global approach by Wald & Allen
[38], Vs30nz is retrieved from the Vs30 map of New Zealand
developed by Foster et al. [39]. The difference between the
global and the region specific dataset is that Vs30gy, uses a cor-
relation with topographic slope, assuming that steeper gradients,
which are more likely to occur in rock deposits, result in higher
Vs30. Vs30nz on the other hand, relies on both geology- and
terrain-based variables and includes different sources of direct
Vs30 measurements across New Zealand. It also offers a higher
resolution (100 m) compared to Vs30g, (30 arcsec £ 1km).

WTDy, is based on a groundwater model developed by Fan et
al. [40], which uses climate, terrain and sea level to estimate
water table depth on a global scale. Since the resolution of
WTDy, (30arcsec £ 1 km) might restrict its application for New
Zealand, especially for areas with fast changing topography [41],
Westerhoff et al. [42] developed a 200 m resolution water table
map (WTDnz) that uses New Zealand specific input variables
such as a national terrain model and long-term time series of
recharge estimates.

DW is defined as the minimum of the distance to the closest
river (DR) and the distance to the nearest coastline (DC). DR
is retrieved from the global platform Hydrological data and
maps based on Shuttle Elevation Derivatives at multiple scales
(HydroSHEDS) [43], which provides global hydrographic in-
formation. Apart from an inconsistent resolution (3 arcsec to
5 arcmin), the use of radar-based sources can lead to errors, for
example in flat areas [4445]. The calculation of DWyz is based
on two national datasets: The New Zealand River Environment
Classification provides the location of river lines, which were de-
rived from a 30 m digital elevation model (DEM) and manually
corrected by the National Institute of Water and Atmospheric
Research (NIWA) [46]. As the resolution of this dataset is much
higher compared to the global dataset that was used in the origi-
nal liquefaction model, it is advised that only rivers of a stream
order 4 or above should be used for the calculation of DR;,0q

PRECIP [mm] Liquefaction severity
E ——D
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Figure 3: Precipitation (PRECIP).

to avoid overprediction [26]. The stream order represents the
position of a river section in the entire network: 1 and 2 for head-
water streams, 3 and 4 for tributaries, and 5 or greater for main
stems [46]. The second dataset contains the water related areas
(estuaries, lakes etc.) from the New Zealand Land Resource
Information (LRNZ) [47], which better accounts for lakes and
the areal extent of large rivers. The dataset to estimate DC is
provided by Crown Minerals [48] and does not differ much from
the global dataset [49] used by Zhu et al. [21]; however, its
format (polylines) is more practical for the calculation of DC
compared to the point format of the global dataset.

The datasets for the explanatory variables are converted to a
raster and resampled using bilinear interpolation to achieve a con-
sistent resolution of 100 m. While the Zhu et al. [21] approach
uses a resolution of 30 arcsec, Rashidian & Baise [25] suggest
that 3 arcsec (approx. 100 m) is more appropriate for the compar-
ison with observational data, especially in fast changing terrains
such as coastal areas. The maps of the explanatory variables for
the observation and focus areas are shown in Figure 2 to 6. PGV
(Figure 2) is very high (up to 120 cm/s) around the epicentre and
along the eastern coastline following the direction of fault rup-
ture. Despite showing higher liquefaction severity, the PGV val-
ues in Blenheim are lower than in Kaikoura. PRECIP (Figure 3)
is low in all locations (PRECIP < 1250 mm), suggesting that
the annual rainfall in the observation area does not significantly
contribute to an increased liquefaction probability and spatial
extent. Vs30y, (Figure 4a) is relatively low in both focus areas,
especially in Blenheim (min Vs30g, = 180 m/s), which likely
leads to a higher liquefaction susceptibility. Vs30nz (Figure 4b)
is even lower in this region with a minimum Vs30nzof 140 m/s.
A wider range of values can be found for both Vs30g4, and
Vs30nz in the locations with liquefaction manifestation outside
the focus areas. WTDy, (Figure 5a) and WTDnz (Figure 5b)
are close to the ground level in both Blenheim and Kaikoura,
with minimum values of 0 m. b. g. 1., increasing the possibility of
higher liquefaction estimates. Differences between the global
and the New Zealand specific datasets are rather subtle across
the two focus areas; however, WTDyz appears to be higher in
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Figure 4: Vs30 based on the (a) global (Vs30g4,) and (b) New Zealand specific (Vs30yz) datasets. The scales are adjusted for the
Blenheim and Kaikoura regions to better illustrate spatial differences.

(b)

WTDgo [Mm.b.g.1.] WTDgo [M.b.g.1.] WTDnz [m.b.g.1.] WTDnz [m. b.g. 1]
0 2100 0 275 0 2100 0 27.5
Liquefaction severity Liquefaction severity
 —
minor severe minor severe

Figure 5: WTD based on the (a) global (WTDy,) and (b) New Zealand specific (WITDyz) datasets. The scales are adjusted for the
Blenheim and Kaikoura regions to better illustrate spatial differences.

the elevated regions, which could affect the model outcome for of the stream flow with the Wairau River (Blenheim) not being
the locations outside the focus areas. DW across the observation represented at all, leading to a higher DWyy, (up to 2.9 km) in
area is primarily driven by DR. To better illustrate the impact of this area. DRy (Figure 6b), on the other hand, better represents
DR, the river datasets are presented as blue lines/polygons in the river flow and leads to lower DWyz, especially in Blenheim.

the DW maps. DRy, (Figure 6a) results in an oversimplification Since most of the liquefaction manifestation was observed along
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Figure 6: DW based on the (a) global (DWyy,) and (b) New Zealand specific (DWyz) datasets. The blue lines represent the river
datasets used to calculate DR.

the rivers, it is assumed that the differences in the DR/DW
datasets will significantly affect the model performance.

Sampled Data

The performance of the geospatial liquefaction models is as-
sessed using a ROC analysis, a common tool to evaluate binary
classification problems. Plotting the true positive rate (percent-
age of positives predicted correctly) against the false positive rate
(percentage of negatives predicted incorrectly) for different prob-
ability thresholds results in the ROC curve. The area under the
curve (AUC) indicates how well the models distinguish between
positive (liquefaction manifested) and negative cases (liquefac-
tion did not manifest). Usually, the ROC AUC ranges from 0.5
(random prediction) to 1.0 (perfect prediction). In addition to
the AUC values, the optimal threshold (opt TH) is estimated and
evaluated for each model. The optimal threshold is the probabil-
ity value that best distinguishes between positive and negative
cases. It can be used as a reference for the assessment of future
earthquake scenarios. For instance, if a location results in an
estimated liquefaction probability that is equal to or greater than
the opt TH, liquefaction manifestation can be expected to occur.
However, consistency in the optimal threshold for different areas
and events is required to provide a robust reference. Both the
ROC curve and the calculation of the opt TH are illustrated in
Figure 7. Both the ROC AUC and the opt TH are compared to
the ROC AUC/opt TH for all four CES events combined [26],
referred to as the CES reference herein.

Since the observational data of the 2016 Kaikoura earthquake
only consists of positive cases, additional points representing the
negative sample are generated using spatial sampling. Zhu et
al. [21] used random sampling, which involved the creation of
buffers with a radius of 15 km around the positive cases. Across
this area, random points were generated to represent the locations
where no liquefaction manifested. A sensitivity analysis showed
that the chosen radius did not affect the outcome of the ROC
evaluation. However, due to the differences in spatial distribution
of the observational data and the resolution of the explanatory
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Figure 7: Illustration of the receiver operating classification
(ROC) area under the curve (AUC) and the calculation of the
optimal threshold (opt TH).

variables, the buffer dimensions proposed by Zhu et al. [21]
are unsuitable for the assessment of the 2016 Kaikoura earth-
quake. Because of the higher point density in the focus areas, it
is expected that the positive cases in these regions will result in
similar probability values (positive spatial autocorrelation). A
large buffer area would lead to a wider distribution of the nega-
tive cases, hence, a higher variation across the probability results
and possibly a distortion of the ROC outcome. On the other
hand, a small buffer area would not sufficiently cover the study
area, limiting the validity of the assessment. To better account
for these uncertainties, this paper uses the standard deviational
ellipse, which summarizes spatial characteristics such as the
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Figure 8: Illustration of the sampling method, including observed liquefaction manifestation for (a) Blenheim and (b) Kaikoura.

dispersion or directional trend of the positive cases, and the stan-
dard distance, which describes the compactness of the positive
cases. The ellipse features are generated for the Blenheim and
Kaikoura areas, and buffered to the standard distance for each
sample in order to create the sampling areas (Figure 8). The
data outside the focus areas is not suitable due to its small size
(36 points) and large distribution, therefore, requires a different
evaluation approach. A few positive cases in the Kaikoura region
are outside the sampling area (Figure 8b), indicating that those
might need to be considered spatial outliers. However, as the
total area is relatively small, they remain in the sample. It is
assumed that no liquefaction manifested in any location across
the sampling areas (excl. water bodies) that is at least 100 m
away from a positive case. The negative cases are generated by
randomly selecting points from these locations. For class bal-
ance, the number of negative cases equals the number of positive
cases. Although the ROC analysis is suitable for datasets with
a skewed distribution, class balance is chosen to minimize the
(spatial) bias towards the negative cases. To be in alignment with
the (converted) observational data, an intersample distance of
100 m or above is chosen. Compared to the observational data of
the CES events, which included both positive and negative cases,
the assessment of the 2016 Kaikoura earthquake likely involves
a higher level of uncertainty due to the sampling process, which
needs to be considered when interpreting the ROC AUC results.

For both the positive and negative samples, the liquefaction prob-
ability is estimated in each point by extracting the values from
the explanatory variable rasters and applying Equation 1 and 2.
The ROC AUC is calculated to compare the model outcome of
the global and New Zealand specific variables, and to further
discuss the ROC performance for the 2016 Kaikoura earthquake
with regard to the CES events.

RESULTS

Liquefaction probability and LSE are calculated for the 2016
Kaikoura earthquake using both the global and the New Zealand
specific model. The LSE maps are compared to the observational
data. Although LSE cannot be directly linked to the liquefaction
severity, the comparison helps to discuss the models in a spatial

context. For the Blenheim and Kaikoura area, a ROC analysis
is used to evaluate the models’ prediction potential based on
the calculated liquefaction probability. For the remaining area,
model performance is discussed using a more intuitive approach,
involving of a more detailed evaluation of the explanatory vari-
ables Vs30 and WTD as well as a neighbourhood analysis.

Model Performance across Blenheim and Kaikoura

The ROC analysis is performed separately for the Blenheim and
Kaikoura areas, since the AUC of a combined dataset would be
biased towards the Blenheim samples due to their much larger
size.

Original Explanatory Variables

Figure 9a presents the LSE maps for the observation area and
the focus areas (Blenheim and Kaikoura) using the global ex-
planatory variables. In Blenheim, higher values which imply
that a larger area is affected by liquefaction manifestation can
be found along the coast and the main river channels, for exam-
ple the Opaoa River where many of the observation points are
located. However, the low LSE around the remaining observa-
tion points (e. g. Wairau River) suggests a rather poor prediction
performance. The underestimation is caused by the misleading
river dataset, increasing DWy, (Figure 6a) in the central part of
Blenheim, which demonstrates the limitations of the global input
variables and their use for regional or local liquefaction assess-
ments. The LSE map of the Kaikoura area shows lower values,
which aligns with the overall fewer observations of liquefaction
manifestation across this region. However, in comparison to the
range of LSE values covered in the Blenheim map (AUC < 0.36),
the LSE range of the Kaikoura map (AUC < 0.15) is much
shorter and might not properly reflect the observed extent of
liquefaction manifestation.

The ROC curves of the original model are presented in Figure 9b.
Both the Blenheim (0.64) and Kaikoura (0.71) samples lead
to AUC below the CES reference (0.80), suggesting that the
original model performs better for the 2010-2011 CES events
than the 2016 Kaikoura earthquake. The relatively low AUC of
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Figure 9: Results of the model performance analysis using the original model: (a) LSE including observed liquefaction
manifestation, and (b) ROC curves and (c) opt TH for the Blenheim (BLE) and Kaikoura (KAI) area as well as the CES reference.

the Blenheim sample reflects the inconsistent results from the
LSE map. The comparison of the optimal thresholds (Figure 9c)
shows a similar value for the Blenheim region (44 %) and the
CES reference (43 %), supporting the use of the opt TH for
the assessment of future earthquakes. The opt TH of the Kai-
koura region (35 %), on the other hand, is much lower as a result
of the overall decreased liquefaction estimates. Applying the
opt TH of the other samples would lead to an underestimation
of the liquefaction hazard in this area, reducing the prediction
performance of the original model.

Modified Explanatory Variables

Figure 10a presents the LSE map of the observation area using
the modified model, showing higher values in the north, in scat-
tered areas along the east coast, and around the epicentre. The
outcome is similar to the LSE map in Figure 9a; however, values
in the modified LSE map are overall higher. The LSE distribution
in Blenheim aligns well with the observational data, showing
hotspot areas along the Wairau River and Opaoa River. However,
higher LSE is also presented in regions where no liquefaction
manifested, for example, north east of the Wairau River or along
the coast. The LSE map of Kaikoura shows higher values de-
spite the lower ground shaking intensity and the fewer cases of
liquefaction manifestation observed in this area. The increased
LSE along the east coast aligns well with the observational data.
However, high values can also be found along the coast in the
north and along the water stream in the east, where no liquefac-
tion manifested, indicating that the model might overestimate
liquefaction manifestation. It is likely that the low Vs30nz (Fig-
ure 4b) and DWyz (Figure 6b) are the reason for the high LSE
in these areas.

The ROC curves of the modified model (Figure 10b) show a sig-
nificantly higher AUC for the Blenheim sample (0.75) compared
to the original model, which is the result of the better represen-
tation of the liquefaction manifestation along the Wairau River.
Despite the evident differences in the LSE maps, the modified
model leads to the same ROC AUC for the Kaikoura sample
(0.71), indicating similar prediction potential. However, the ROC
analysis does not cover the eastern area where LSE map demon-
strates an overprediction of liquefaction manifestation along the
river (Figure 10a). Again, the values cannot reach the AUC
of the CES reference (0.82). Following the overall increased
liquefaction estimates, the opt TH for all samples are higher
(Figure 10c) with values of 48 % and 46 % for the Blenheim and
Kaikoura areas, respectively. In contrast to the opt TH of the
original model, they provide more consistency when compared
to the CES reference (50 %), leading to the conclusion that the
modified model likely results in a better prediction performance
for the Kaikoura region.

The comparison of the LSE maps and the ROC analysis suggest
that the modified model performs better than the original model
as it better represents the observed liquefaction manifestation
and provides higher AUC values as well as more certainty in the
opt TH. However, the ROC results emphasize that the prediction
performance for the 2016 Kaikoura earthquake is not as high
as the 2010-2011 CES events. Furthermore, the tendency for
overestimation shows potential for improvement, especially for
areas close to water bodies where the model does not effectively
distinguish between positive and negative cases. Other data
sources could be integrated to better account for geotechnical
details in the soil profile and to reduce the risk of false prediction.
For example, Rashidian and Baise [25] found that a liquefaction
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Figure 10: Results of the model performance analysis using the modified model: (a) LSE including observed liquefaction
manifestation, and (b) ROC curves and (c) opt TH for the Blenheim (BLE) and Kaikoura (KAI) area as well as the CES reference.

potential index (LPI) map based on cone penetration testing
based triggering analysis better reflects the heterogeneity of the
soil across the Christchurch region.

Model Performance across the Entire Observation Area

Outside Blenheim and Kaikodura, the LSE map of both models
show increased values for the positive cases close to the epicen-
tre. However, the locations of positive cases scattered along the
coast have very low LSE values, indicating inconsistencies in the
model’s prediction performance. Considering that these cases are
surrounded by mountainous terrain in areas with variable topog-
raphy, the underestimation of liquefaction may be caused by the
false estimates of the topography dependent variables Vs30 and
WTD. This section focuses on the variation of Vs30 and WTD
in the positive samples, and analyses the change in elevation in
the neighbourhood (surrounding area) of the positive cases.

Distribution of Vs30 and WTD

While Vs30 is expected to be higher in elevated areas due to
the presence of rock, WTD naturally increases with elevation
moving away from water bodies. Figure 11 shows the distri-
bution of Vs30 and WTD as box plots (excl. outliers) for the
positive samples of the Blenheim (BLE) and Kaikoura (KAI)
areas as well as the remaining cases outside these areas (OUT).
To compare the explanatory variables in a wider context, the
plots also include a CES sample, a subset of the CES reference
that contains the locations that liquefied during at least one of
the CES events [26]. While the maps in Figure 4 and 5 illustrate
the spatial distribution of each variable, the box plots provide

a better visualisation of the quantitative differences across the
samples.

For Vs30 (Figure 11a), the original dataset leads to a similar
median for the BLE sample (median Vs304, = 212m/s) and
the CES sample (median Vs30g, = 222 m/s). The KAI sam-
ple shows a slightly higher value (median Vs30g, =311 m/s),
which could explain the overall lower liquefaction probability
and LSE in this area. All three plots have a similar range (val-
ues between the minimum and the maximum value). The plot
of the OUT sample results in both a higher median Vs30g, of
375 m/s and a wider range with values up to Vs30gj, = 695 m/s,
which could be explained by the low resolution of the input data-
set not properly capturing the fast changing topography, hence,
smearing Vs30y, in this area. This effect is likely amplified by
the fact that Vs30g, is derived from slope. For the modified
dataset, the CES sample shows the overall lowest median with
Vs30nz = 189 m/s. The BLE and KAI samples lead to slightly
lower values compared to the global (median Vs30nz = 203 m/s
and Vs30nz = 232 m/s, respectively). Also, the range is smaller
as values remain constant across Blenheim and Kaikoura. Sim-
ilar to Vs30g)o, Vs30nz shows a wider range of values for the
OUT sample; however, the variation is not as significant, which
could be the result of a higher resolution and/or due to the as-
sumption that the modified model is less biased towards slope.
Moreover, the median is much closer to the other samples.

Compared to Vs30, WTD has a minor contribution to the cal-
culation of the liquefaction probability and LSE. However, it
increases quickly with elevation. As presented in Figure 11b, the
box plots of the OUT sample show a wider range in WTDy,, and
WTDnz. In contrast to Vs30g), and Vs30nz, both the range and
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Figure 11: Distribution of (a) Vs30 and (b) WTD for the positive samples of the 2016 Kaikoura earthquake based on the global and
New Zealand specific explanatory variables.

the median of the original and the modified WTD are similar.
In addition, the positive skewness is more distinct, indicating
that the higher values (above the median) are more dispersed,
which supports the assumption that WTDg|, / WTDnz increase
abruptly as a result of a fast changing terrain and elevation. For
the BLE, KAI and CES samples, the median of WTDyg, and
WTDyz are below 1 m.b.g.1. The BLE sample based on the
New Zealand specific variable leads to a slightly wider range
with a maximum WTDxyz of approx. 7m.b. g.1. This is likely
caused by the slightly elevated areas in the north and south of
the Blenheim area.

The wider range and the positive skewness of the positive cases
outside the Blenheim and Kaikoura areas (OUT) suggest that
Vs30 and WTD are affected by the fast changing elevation in the
mountainous areas. It is possible that the resolution of the input
variables is not able to properly capture the Vs30 and WTD of
lower areas that are surrounded by mountains (e. g. river valleys),
leading to increased Vs30 and WTD values, hence, decreased
liquefaction probability and LSE for locations where liquefaction
manifestation was observed.

Neighbourhood Analysis

In order to better understand the influence of a fast changing
environment on Vs30, WTD and, ultimately, on the model out-
come, the neighbourhood of each positive case is analysed with
respect to its variation in elevation. Based on the digital eleva-
tion model (DEM) by Land Information New Zealand [50], a
100 m resolution elevation raster is created across the observa-
tion area. For each cell, the standard deviation of the elevation
(SDpgm) of the surrounding cells in a 1 000 m radius is cal-
culated. SDpgm indicates how fast the neighbourhood of a
particular location changes. Flat areas result in lower SDpgwm,
mountainous areas in higher SDpgym. Figure 12 presents the
variation of SDpgy with respect to the calculated liquefaction
probability (P) for the positive cases of the BLE, KAl and OUT
samples. The BLE sample shows the lowest values with an aver-
age SDpgMm of 2 m, while the KAI sample leads to slightly higher
results (average SDpgm = 5 m). Both samples confirm a rela-
tively stable elevation across the Blenheim and Kaikoura areas.

The OUT sample, on the other hand, presents a wider range of
SDpgMm from 1 m to 109 m. For the original model (Figure 12a),
a few cases of the KAI sample with a lower liquefaction probabil-
ity (P < opt TH) have increased SDpgy values (SDpgym > 10 m).
The same trend can be observed for the OUT sample, which
supports the assumption that cases in areas with fast changing el-
evation tend to result in lower probabilities regardless of whether
liquefaction manifested or not. A similar conclusion can be
drawn for the modified model (Figure 12b). However, the cases
of all samples are shifted to the right (higher liquefaction prob-
ability), indicating that the effect of SDpgy is less significant
compared to the original model. Primarily, positive cases with
a SDpgMm of 20 m or above show a clear tendency to result in
lower liquefaction probability.

To visualize SDpgMm in a spatial context, Figure 13 presents
SDpEgMm across the observation area including the estimated lig-
uefaction probability (P) of the positive cases. The magenta
area has a SDpgym of 10 m or above for the original model (Fig-
ure 13a) and a SDpgym of 20 m or above for the modified model
(Figure 13b). The observation sites with the lowest liquefaction
probability (P < 0.2) are scattered across this area, while points
with higher liquefaction probability (P > 0.3) are located in re-
gions with lower SDpgy such as Blenheim, Kaikoura and the
area around the epicentre. Considering SDpgm as a potential
threshold to identify regions that could lead to false liquefac-
tion estimates, the affected area covers most of the South Island,
which is dominated by mountains. Although liquefaction man-
ifestation is less likely to occur in this region, the findings of
the SDpgMm assessment show that the models might not produce
reliable results for large areas in New Zealand.

The Canterbury Plains show overall low SDpgy values. For
most of the locations with liquefaction manifestation during the
CES, the SDpgy is below 10m. As it is unclear how higher
SDpEgMm could affect the model outcome of these events, a cross
validation is not possible.

DISCUSSION

The geospatial liquefaction model by Zhu et al. [21] was used
to calculate liquefaction probability and LSE for the 2016 Kai-
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koura earthquake based on the global and New Zealand specific
explanatory variables. Comparing the LSE maps with observa-
tional data across Blenheim and Kaikoura shows discrepancies
related to the low spatial accuracy of DWy,, highlighting the
importance of high quality input datasets. The LSE maps of
the modified model better capture regions where liquefaction
manifestation was observed. However, it tends to overpredict in
areas close to water bodies.

Although the soil conditions in the Blenheim and Kaikoura areas
are similar to the Canterbury Plains, the ROC results indicate
that the original and modified models perform better for the
CES events. The comparison demonstrates that that the model
performance in one location is not necessarily representative
for another location. Howeyver, it should be noted that the ROC
results of the 2016 Kaikoura earthquake hold a higher level of
uncertainty due to the much smaller sample size and the lack of
directly observed negative cases. Furthermore, the ROC AUC
results are likely biased due to the sampling approach, especially
for the Kaikoura sample which is very small in terms of number
of cases and the area covered by the assessment. Therefore, it
is important to evaluate the prediction performance based on
both the ROC AUC/opt TH and the LSE maps. For example,
although the original and the modified model lead to relatively
high AUC values (0.71) for the Kaikoura region, the results
overestimate the prediction performance as illustrated by the
inconsistent opt TH in the original model and by the overpre-
diction in the LSE map of the modified model. In addition,
the assumption that the observational data was comprehensive,
implying that no liquefaction manifestation occurred in any loca-
tion outside the observation area, increases the uncertainty of the
performance results as well. Despite the limitations, particularly
for the Kaikoura sample, the findings demonstrate the benefits
of region specific input variables over the global datasets and the
model’s potential for further improvements.

In order to better understand its applicability on a national level,
the model needs to be further evaluated for more earthquake
case histories. This should also include investigating potential
impacts of using New Zealand specific input datasets over the
global variables. Since the model was trained on the global

datasets, an adjustment of the coefficients in Equation 2 might
be appropriate to better account for the changes in liquefaction
probability and spatial extent caused by the modified model. For
example, DWnz appears to significantly increase LSE along
water bodies (e. g. Kaikdura) and might lead to overprediction
of liquefaction manifestation. Using case histories across New
Zealand (e. g. the QuakeCoRE historic liquefaction database),
the model could be adjusted by performing a regression analysis
based on the New Zealand specific datasets. This could also pro-
vide more details on the correlation behaviour of each variable,
helping to better understand their prediction potential.

Moreover, the potential link between P/LSE and the observed
liquefaction severity could be further investigated and might
improve the model as a tool to generate hazard maps. As the
severity depends on subsurface factors such as the depth and
thickness of liquefiable layers or the presence of both liquefiable
and non-liquefiable layers, other metrics (e. g. LPI) may need to
be incorporated to represent soil profile characteristics. However,
current methods based on site specific geotechnical data are also
restricted in their ability to accurately predict liquefaction mani-
festation [51]; thus, cannot fully compensate for the limitations
of the geospatial model.

The neighbourhood analysis of the observed liquefaction mani-
festation during the 2016 Kaikoura earthquake outside the focus
areas shows decreased liquefaction estimates in mountainous ter-
rain (SDpgy > 10 m for the original model and SDpgy > 20 m
for the modified model), leading to the conclusion that WTD
and Vs30 are not able to capture the areas where the change in
topography is more rapid than the grid spacing of the input vari-
ables. Although liquefaction manifestation is expected to be less
likely, the smearing of properties can influence the prediction
results. However, more observational data for different terrain
is required to better understand the impact of rapidly changing
topography on the model performance. For example, based on
the assessment of 2016 Kaikoura earthquake, the “threshold”
to determine which areas are more likely to underestimate lig-
uefaction probability and LSE is SDpgy = 10 m and 20 m for
the original and the modified model, respectively. This thresh-
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Figure 13: DEM standard deviation (SDpgyy) and liquefaction probability (P) of the observed liquefaction manifestation during the
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old might vary for other earthquakes scenarios, changing the
interpretation of the model results.

The findings help to better understand the (modified) geospatial
liquefaction model by Zhu et al. [21] regarding its applicability
for New Zealand, highlighting limitations such as the uncertain-
ties across mountainous terrain and emphasizing the potential

for further improvement, for example, by incorporating more
data that represents soil profile characteristics in order to further
refine the model’s development. Although the modified model al-
lows for a rapid estimation of liquefaction hazards, which can be
used for large-scale assessments, the limitations demonstrate that
the model is not suitable as a stand-alone tool for site-specific



assessments. In these cases, geotechnical investigation data and
the current state-of-practice liquefaction evaluation procedures
should be utilised.

CONCLUSION

The evaluation of the 2016 Kaikoura earthquake provides a bet-
ter understanding of the geospatial liquefaction models and their
applicability across different areas in New Zealand. Based on
the ROC analysis and neighbourhood assessment, the modified
model is preferred over the original model because of the high-
resolution and/or more updated input variables, which lead
to higher AUC values, a more consistent opt TH and a lower
sensitivity to smearing Vs30 and WTD across fast changing to-
pography. However, the tendency for overprediction along water
bodies and the potential underestimation across mountainous
terrain highlight the uncertainty in the calculated liquefaction
probability and LSE and the need for further research. Although
more observational data is required to validate the results and
assess the prediction performance across other areas in New
Zealand, the findings support the use of region specific datasets
in order to improve the model outcome. The modified model
allows for a time- and cost-efficient estimation of liquefaction
hazards for regional and national assessments. However, due
to the uncertainties, it should be mainly applied as a high-level
screening tool or in combination with other resources.
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