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ABSTRACT
The influence of fines content (FC) and soil type on the cyclic resistance of soils to liquefaction
has been widely studied. The soil behaviour type index (Ic), correlated to CPT tip resistance (qc)
and sleeve friction (fs), is commonly used to define soils too clay-like to liquefy (i.e. Ic > 2.6). The
Ic parameter has also been correlated with FC and is commonly used in liquefaction assessments.
Following the 2010 to 2011 Canterbury Earthquake Sequence (CES), a regional geotechnical
investigation programme of 15,000 Cone Penetration Tests (CPT) and 6,000 laboratory tests were
undertaken to characterise the subsoil conditions and assess future seismic land performance, so
that Canterbury can be rebuilt with greater resilience. The extensive laboratory test data has been
linked to adjacent CPTs to examine the regional liquefaction susceptibility and FC-Ic correlations.
The analyses indicate that Christchurch soils with Ic > 2.6 are, in general, not liquefaction
susceptible. Also the Boulanger and Idriss (2014) FC-Ic correlation with a fitting parameter (CFC)
of 0.2, provides a good fit to the laboratory data for the Christchurch soils.

Introduction
The understanding of the influence of Fines Content (FC) and soil type on the cyclic resistance
of soils to liquefaction has been developing since the work of Wang (1979). Since then the
influence of these two soil characteristics have been widely studied, including the development
of criteria for assessing the susceptibility of fine grained soils to liquefaction, development of
correlations for estimating FC from Cone Penetration Tests (CPT) and development of clean
sand equivalent correction correlations to estimate the soils Cyclic Resistance Ratio (CRR) to
liquefaction.
The soil behaviour type index (Ic) developed by Robertson and Wride (1998) is calculated from
measured CPT tip resistance (qc) and sleeve friction (fs). The inability of the CPT to obtain a soil
sample means that calculated Ic values are the only indication of soil type and these are therefore
inferred from soil behaviour at large strains. In spite of such limitations, the CPT (and more
specifically the Ic parameter) have been used to estimate the soil properties necessary for
liquefaction analyses. The Ic parameter has also been correlated to FC (Roberston and Wride,
1998; Suzuki, et al., 1997 Boulanger and Idriss, 2014) and hence used to approximate FC for the
Boulanger and Idriss (2014) CPT-based liquefaction triggering procedures.
There is considerable scatter in the data on which the FC-Ic correlations are based. Boulanger
and Idriss (2014) attributed the large scatter observed within each dataset to three main factors;
(1) geologic variability which can occur over very short horizontal and vertical distances; (2) the
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fundamental limitations in the Ic parameter when attempting to categorise a wide array of soil
types; and; (3) the uncertainty associated with the influence of soil plasticity. Because the Ic
parameter is based on correlations with the mechanical behaviour of soils, and due to inherent
soil variability, it is considered best practice to develop site-specific correlations by plotting
laboratory FC test results with Ic values from adjacent CPT at the same depth. Boulanger and
Idriss (2014) includes a site-specific fitting parameter, CFC, which can be adjusted to calibrate the
empirical FC-Ic equations to site-specific conditions (based on laboratory testing of samples from
adjacent boreholes).
An Ic value of 2.6 is often used to differentiate between clay-like and sand-like soils that are
susceptible to liquefaction. This limit is termed the Ic cutoff. Robertson and Wride (1998), Idriss
and Boulanger (2008) and Boulanger and Idriss (2014) recommend selecting site-specific values
of Ic cutoff. These are assessed using laboratory testing and a liquefaction susceptibility criteria
for fine grained (Bray and Sancio, 2006) and clay-like (Boulanger and Idriss, 2006) soils. Bray
and Sancio (2006) discuss the development of a number of procedures over time based on case
history data. They recommended using Plasticity Index (PI) and the ratio of natural water content
(wc) to Liquid Limit (LL) to identify soils susceptible to liquefaction. Also, the Bray and Sancio
work recommends that the Modified Chinese Criteria (as described in Seed and Idriss, 1982) not
be used because they did not see the merit in using a clay size criteria.
An extensive geotechnical investigation programme was undertaken following the 2010 -2011
Canterbury Earthquake Sequence (CES), including 15,000 CPT, 3,000 machine drilled boreholes
with in-situ Standard Penetration Testing (SPT) and 6,000 laboratory tests (as at June 2014). The
spatial distribution of the investigations is shown in Scott et al. (2015). It is noted that the
majority of cases where CPT and machine drilled boreholes were put down in close proximity to
each other, the CPT was put down first. The laboratory testing mainly comprised FC, Particle
Size Distribution (PSD), Atterburg Limits (AL) and wc. This data was obtained to better
understand the subsurface conditions within residential areas of Christchurch for assessment of
liquefaction vulnerability and inform repair or reconstruction of foundations during the
Canterbury rebuild. This geotechnical dataset is available from the Canterbury Geotechnical
Database
(CGD)
which
can
be
accessed
from
the
following
link:
https://canterburygeotechnicaldatabase.projectorbit.com.
This study has used this extensive database to link the laboratory AL and FC data to Ic values
from adjacent CPTs to examine the liquefaction susceptibility and FC correlations at a regional
scale in Christchurch. The results from this study have been used by Leeves et al. (2015) to
understand the sensitivity of calculated liquefaction vulnerability parameters to the Christchurchspecific regional Ic cutoff and FC-Ic correlations relative to the default parameters often used in
CPT-based liquefaction assessments.
Matching the Laboratory Test Data with Corresponding CPT-based Ic Parameter Values
The scale of the investigation, and the urgent need for results meant that the investigation
predominantly comprised CPT with a nearby borehole for every 5 to 10 CPT. The boreholes
were continuously cored with regular SPT sampling. These SPT soil samples were logged in the
field and depending on the description, sent to the laboratory for testing. The majority of field

investigations were carried out in the Technical Category 3 (TC3) area of Christchurch (Figure
1). This is where the building regulator stipulated geotechnical investigation and assessment
should be undertaken for rebuilding on the land, as summarised in Scott et al. (2015). Less
intensive investigation was undertaken on the TC2 land (Figure 1) because of an exemption from
undertaking deep geotechnical investigation when rebuilding with standardised residential
construction. Less field investigation was also undertaken in the residential Red Zone (Figure 1)
because rebuilding in this area would not occur following the CES. Many additional
investigations have been undertaken in these three areas for the purpose of settling insurance
claims.

Figure 1. Spatial distribution of laboratory FC and AL results paired with adjacent CPT Ic values
for 0 to 5m below the ground surface (bgs) (a & b respectively) and 5 to 10 m bgs (c & d).
Laboratory testing (FC and wc) of recovered soil samples were carried out depending on whether
they would help refine the material index properties required for liquefaction assessment. Where
SPT soil samples could not be obtained at the intended depth (for example if there was base
heave in the borehole) a sample was taken from the borehole core. AL testing of materials
visually observed to exhibit some plasticity was also conducted. The laboratory scheduling
approach is summarised in Figure 2. The FC testing was initially conducted with a 63μm sieve as

this particle size defines between silt/clay size particles in New Zealand testing standards.
However, a 73μm sieve was added to be consistent with the majority of the international
liquefaction case history database.

Figure 2. Soil sampling and laboratory test scheduling approach.
In order to compare the calculated CPT Ic parameter with laboratory test results, it was necessary
to associate CPT traces and soil samples (from adjacent boreholes). This process introduces
scatter into the dataset as soil variability can be significant over small horizontal and vertical
distances. Different maximum offset distances were investigated to determine a data pairing
methodology for the analyses. Offset distances greater than 5 m appeared to introduce excessive
scatter into the datasets, whereas smaller offset distances significantly reduced the number of
data pairs. A horizontal offset of 5 m between boreholes and CPT soundings was adopted on this
basis. In cases where this included multiple CPT, the closest CPT was used. The locations of all
laboratory test-CPT pairs are shown in Figures 1a and 1b, for FC and AL test results
respectively, at 0 to 5 m bgs. Similarly, Figures 1c and 1d show the respective locations for FC
and AL test results respectively at 5 to 10 m bgs. Using this criteria, 2,600 FC laboratory test
results and 600 AL test results could be linked to adjacent CPT traces.
The continuous nature of the CPT can result in rapidly fluctuating qc, fs and corresponding Ic
values. It was therefore considered inappropriate to select CPT parameter values at the exact
corresponding depth to the centre of the soil sample. Instead, 15th, 50th (median) and 85th
percentile as well as average Ic values were calculated over a 500 mm CPT depth range (centered
at the laboratory soil sample) as shown in Figure 3.
Liquefaction Susceptibility and the Ic Cutoff Threshold
Atterberg limits represent the wc at which a soil transitions from non-plastic to plastic behavior,
and plastic to liquid behavior. Soil plasticity (PI) and the limiting wc at which it behaves as a
liquid (i.e. the LL) both influence the soil’s resistance to liquefaction. Bray and Sancio (2006)
developed a liquefaction susceptibility criteria relating PI and wc/LL from numerous liquefaction

case histories. They also describe potential short comings they observed in previously used
criteria (e.g. the Chinese criteria). The Bray and Sancio (2006) criteria are defined by the
following: soils with a PI < 12 and wc/LL > 0.85 are susceptible to liquefaction, those with 12 <
PI < 18 and wc/LL > 0.8 are moderately susceptible to liquefaction, and those with wc/LL < 0.8
or PI < 18 are not susceptible to liquefaction. Figure 4 plots the Christchurch laboratory data
with these criteria and categorises data points by ranges of corresponding Ic to evaluate the
appropriateness of applying an Ic cutoff of 2.6 on a regional basis for Christchurch soils.

Figure 3. The methodology used to determine representative corresponding Ic parameter values
for soil samples with laboratory FC and/or AL test results.

Figure 4. (a) Associated AL, wc and Ic data obtained from the Christchurch area plotted onto the
Bray and Sancio (2006) liquefaction susceptibility criteria. (b & c) Percentage of dataset
identified as not susceptible with values below the Ic cutoff threshold (defined by point x) and
susceptible above the Ic cutoff threshold (defined by point y).

It is noted that the laboratory testing methodology has a bias toward laboratory FC tests without
associated AL tests. All soil samples that were visually classified as having insufficient plasticity
were assumed to be susceptible to liquefaction according to the Bray and Sancio (2006) criteria.
This is because the fine sand/silt mixtures comprising these samples were assessed in the field, or
in the laboratory, as being insufficiently cohesive to warrant AL testing. This expanded the
dataset relevant to the liquefaction susceptibility criteria analyses to a total of 2,400 data points.
It is evident in Figure 4 that there are some data points above and some below the default Ic
cutoff value of 2.6 in the dataset which are representative of samples that are susceptible and
others that are not susceptible according to the Bray and Sancio (2006) criteria. This variability is
partially attributed to the sources described earlier, as well as the application of the Bray and
Sancio (2006) criteria on a regional scale. By assuming an Ic cutoff of 2.6, some samples
susceptible to liquefaction would be assumed non-liquefiable in a liquefaction triggering analysis
(i.e. non-conservative) and some which are not susceptible to liquefaction would be analysed
assuming the contrary (i.e. conservative). The spatial variability of the susceptible and not
susceptible soil samples are shown in Figure 1a and 1c and are categorised by the associated Ic
values. It is evident that there are localised areas, particularly in the upper 5 m of soil profile,
where applying an Ic cutoff of 2.6 is both conservative and non-conservative. For example, in the
area to the north of the central business district (CBD), there is a significant number of cases
where soil samples associated with Ic values > 2.6 are identified as susceptible to liquefaction.
Conversely, there are also cases located east of the CBD where soil samples associated with Ic
values < 2.6 are not susceptible to liquefaction according the Bray and Sancio (2006).
Two pie graphs which break down the influence of an Ic cutoff of 2.6 on the dataset are shown in
Figure 4b. These indicate that applying an Ic cutoff is reasonable. For 25% of the “not
susceptible” grouping, the Ic cutoff should be lower (the light blue section of the upper pie graph,
denoted by the portion x). For 18% of the “susceptible” grouping, the data indicates that the Ic
cutoff should be higher (the dark red section of the lower pie graph, denoted by proportion y).
Figure 4c shows, for a given Ic cutoff value, the percentage of data points which are in the
susceptible zone of the criteria and the percentage of data points which are in the not susceptible
zone of the criteria. It shows that at a low Ic cutoff (i.e. 2.4), between 10% and 25% of the data
points are not susceptible to liquefaction and would potentially be falsely identified as
liquefiable. Conversely, at this cutoff, between 25% and 30% of the data points would be
incorrectly identified as non-liquefiable in a liquefaction triggering assessment. Similarly, at an
Ic cutoff of 2.8, while the number of data points incorrectly identified as non-liquefiable (but
considered susceptible according to the Bray and Sancio 2006 criteria) reduces to less than 10%,
the number of data points identified as not susceptible that would incorrectly be identified as
liquefiable increases to 40 to 45%. Figure 4c shows that an Ic cutoff ranging between 2.5 and 2.6
is the optimal value when comparing false positive and false negative identification of soil layers
with the potential to liquefy.
Fines Content Correlations with the CPT Ic Parameter
Figure 5b shows the results of the FC-Ic paired data for the 50th percentile calculated Ic values
and can be compared with the FC-Ic paired data from the international case history data (Figure
5a) on which the various published correlations are based. The Christchurch data in the FC-Ic
scatter plot (Figure 5b) generally follows the same shape as the Boulanger and Idriss (2014)

correlations and most of the data is bounded by the CFC = ±0.29 boundaries. The data was also
plotted for the 15th and 85th percentile and average Ic values (not included in this paper). There
were only small differences between the scatterplots for these different Ic values (i.e. 15th and
85th percentile and average values), which were generally within the CFC = ±0.29 boundaries. On
this basis, the median assessed FC-Ic scatter plot has been adopted for the analyses herein to
characterise the 500mm interval of a CPT trace. Furthermore, there does not appear to be a
significant difference between data points between 0 and 5 m depth bgs and data points between
5 and 10 m depth bgs.

Figure 5. (a) Robertson and Wride (1998) and Boulanger and Idriss (2014) FC-Ic correlations
overlain onto the international liquefaction case history database. (b) FC vs median Ic for data in
the Christchurch area with the Boulanger and Idriss (2014) FC-Ic correlations using a CFC
of -0.29, 0 and 0.29 overlaid. (c) Percentage of the FC-Ic dataset below the Boulanger and Idriss
(2014) FC-Ic correlation for a varying site specific fitting parameter, CFC.
Using the measured FC and associated Ic values, a CFC parameter was calculated for each paired
sample. By mapping the back calculated value of CFC across the Canterbury region, it was hoped
that spatial patterns of areas with higher or lower back-calculated CFC values could be identified
(refer to Figures 1b and 1d). No such patterns are immediately evident in the dataset. The
majority of points fall within the CFC > 0.2 category (indicated as red points in both maps) and
this appears to be reasonably consistent across the entire region. While random variation is
evident (which is expected to be attributed to the sources of uncertainty described earlier), there
are some localised areas with back-calculated CFC values which are consistently lower.
The majority of the FC-Ic pairs lie below the CFC = 0 correlation indicating that at a regional
scale, a best-fit CFC parameter would be greater than 0 (i.e. a correlation that generally predicts
higher FCs compared with a CFC = 0). This trend appears consistent to a depth of 10 m depth

bgs. In order to clarify where most of the data lies, a distribution of the percentage of the dataset
below a given back-calculated CFC was computed for CFC values between -0.3 and 0.3 (Figure
5c). 84% of the back-calculated values were greater than the default value of 0. This suggests
that liquefaction analyses using a CFC of 0 significantly underestimates FC from CPT data in the
majority of cases in Christchurch and thereby overestimates the liquefaction potential. Figure 5c
also shows that 49% of the back-calculated CFC values are below a value of 0.2. Separate
cumulative frequency graphs have also been included for the FC-Ic pairs between 0 and 5m, and
between 5 and 10m bgs. There is not a substantial difference between the different lines for the 2
depth intervals. There is a maximum separation of approximately 10% for CFC values between 0
and 0.1. For the regional Christchurch dataset, the best fit CFC appears to be approximately 0.2.
Conclusions
The CGD, developed in the aftermath of the CES, has provided a unique opportunity to carry out
a regional study of two of the key parameters used for CPT-based liquefaction triggering
assessments. Borehole and CPT data were used to assess the appropriateness of the FC-Ic
correlations as well the Ic cutoff threshold. The analyses demonstrate that at a regional scale, in
Christchurch, an Ic > 2.6 cutoff threshold for liquefaction assessment is justified. However, there
are localised areas, particularly in the upper 0 to 5 m soil layers, where a slightly higher or lower
Ic cutoff could also be justified. Similarly, the Boulanger and Idriss (2014) FC-Ic correlation with
a CFC parameter of 0.2 is appropriate for Christchurch soils. However, there are localised areas,
where a slightly higher or lower value would be justified. This best fit FC-Ic correlation
calculates considerably higher FC for a given Ic compared to the recommended default value of
zero, which suggests that liquefaction triggering analyses undertaken in Christchurch are
generally conservative.
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