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ABSTRACT: Liquefaction vulnerability indices (LVIs) are computed for an
interbedded soil site at St. Teresa's School, Christchurch, New Zealand to evaluate
how various factors may have contributed to the standard LVI computations
overestimating the potential for liquefaction damages during the 2010-2011
Canterbury Earthquake Sequence. The observed performance of the St. Teresa School
site and its subsurface conditions are reviewed. An inverse filtering procedure is used
to correct the cone penetration test (CPT) data for thin-layer and transition zone
effects. LVI indices are computed using the CPT data from the site for a range of
assumptions, including common default practices, site-specific fines content
calibrations, inverse filtering of the CPT data, uncertainty in the triggering
correlation, uncertainties in the correlations for shear and volumetric strains, and
partial saturation. Other sources of potential conservatism in the LVI evaluations are
discussed, including the potential contributions of the surface crust layer, dynamic
response and excess pore water pressure diffusion.

INTRODUCTION

Case history studies have shown that liquefaction evaluations using various one-
dimensional (1-D) liquefaction vulnerability indices (LVIs) tend to over-predict the
potential for earthquake-induced liquefaction effects in interbedded deposits of sand,
silt and clay. One-dimensional LVIs are computed using data from individual borings
or cone penetration test (CPT) soundings, and include the lateral displacement index
(LDI), liquefaction potential index (LPI), liquefaction severity number (LSN), and
post-liquefaction reconsolidation settlement (Sv-1p). The tendency for LVIs, computed
following common practices, to over-predict liquefaction effects at interbedded sites
was observed for several areas of Christchurch, New Zealand, during the 2010-2011
Canterbury Earthquake Sequence (e.g., Beyzaei et al. 2018, Maurer et al. 2014,
Stringer et al. 2015, van Ballegooy et al. 2014, 2015).

The potential for standard LVIs or other liquefaction analysis procedures to over-
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predict liquefaction effects in interbedded deposits of sand, silt, and clay may be
attributed to several factors, each of which may be important in different situations or
for different analysis procedures. Possible factors can be grouped into those
associated with (Boulanger et al. 2016): (1) limitations in site characterization tools
and procedures, (2) limitations in liquefaction triggering or consequence correlations,
and (3) limitations in the analysis procedures and the role of neglected mechanisms.
The first group of limitations includes challenges with characterizing thin layers,
transition zones, graded beddings, lateral continuity of lenses, and partial saturation
below the groundwater table. The second group of limitations includes uncertainty in
the correlations for cyclic resistance ratio (CRR), shear strain potential, or post-
liquefaction reconsolidation strain, given they are generally not well-constrained for
intermediate soils (e.g., low-plasticity silty sands, sandy silts, and silts) and do not
explicitly account for factors such as age, stress-strain history, over-consolidation, or
cementation. The third group of limitations includes challenges with accounting for
spatial variability, the beneficial effect of thick crust layers, key features of the
nonlinear dynamic response, the two- or three-dimensional geometry of any
deformation mechanism, and the role of excess pore pressure diffusion. For
interbedded sites where LVIs have over-predicted the effects of liquefaction in past
earthquakes, the bias toward over-prediction is likely due to the cumulative effects of
several of these limitations.

An inverse filtering procedure was recently developed by Boulanger and DeJong
(2018) to provide an objective, repeatable, and automatable means for correcting CPT
data for thin layer and transition zone effects, with a specific focus on eventual
application to liquefaction evaluation problems. The inverse filtering procedure has
three primary components: (1) a model for how the cone penetrometer acts as a low-
pass spatial filter in sampling the true distribution of soil resistance versus depth, (2) a
solution procedure for iteratively determining an estimate of the true cone penetration
resistance profile from the measured profile given the cone penetration filter model,
and (3) a procedure for identifying sharp transition interfaces and correcting the data
at those interfaces. The inverse filtering procedure was developed to improve the
interpretation of CPT data in interbedded deposits, while recognizing that any
inversion process will be neither unique nor perfect.

The present study examines the application of LVI procedures to the interbedded
soil site at St. Teresa's School in Christchurch, New Zealand to evaluate how certain
assumptions and factors may have contributed to the standard LVI computations
over-estimating the potential for liquefaction damages during the 2010-2011
Canterbury Earthquake Sequence. The observed performance of the site and its
subsurface conditions are described, followed by a brief summary of the inverse
filtering procedure that is used to correct the CPT data for thin-layer and transition
zone effects. LVI indices are computed using the CPT data with a range of
assumptions to evaluate alternate practices and key sources of uncertainty. LVI results
are presented for cases that consider common industry standard practices, site-specific
fines content calibrations, inverse filtering of the CPT data, uncertainty in the
triggering correlation, uncertainties in the correlations for shear and volumetric
strains, and partial saturation. Other sources of potential conservatism in the LVI-
based liquefaction evaluations are discussed, including the potential roles of the
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surface crust layer, dynamic response, and pore pressure diffusion. The implications
of these results for practice and future research needs are addressed.

ST. TERESA'S SCHOOL: SITE DATA

St. Teresa's School, located in the Riccarton suburb of Christchurch, New Zealand,
had no observed manifestation of liquefaction during the September 2010 Mw=7.1
Darfield earthquake or the February 2011 Mw=6.2 Christchurch earthquake. The peak
ground acceleration (PGA) at the site was estimated to be about 0.22 g and 0.34 g for
these two earthquakes, respectively (Cox et al. 2017), based on the conditional
distributions described in Green et al. (2014) and Bradley (2014). The buildings at the
site were single story structures on shallow foundations.

The aerial view in Figure 1 indicates the locations of the four CPT soundings, two
borings, and direct-push cross-hole (DPCH) tests performed at the site. The CPT and
borehole data were obtained from the New Zealand Geotechnical Database (NZGD
2018) and the DPCH data were previously described in Cox et al. (2017).

The cross-sectional profile in Figure 2 shows the borehole and CPT data along the
north-south section labeled on Figure 1. The cone tip resistances (qin = qiv/Pa, where Pa
= atmospheric pressure) are colored coded by the Soil Behavior Type Index (Ic)
ranges that approximately separate silt mixtures (Ic > 2.6), sand mixtures (2.05 < Lc <
2.6), and sands (I < 2.05) (Robertson 1990, 2009). The surface layer of fill or
reworked material appears to be less than about 1 m thick, and is underlain by a
stratum of interbedded silt, sandy silt, silty sand and sand to a depth of about 17 m.
The borehole data for this stratum (Figure 2) indicate that the silts have fines contents
(FC) of 84-92% and plasticity indices (PI) of 4-8, the majority of the stratum is
comprised of sandy silts and silty sands with FC of 44-59% (average 52%), and there
are relatively few, thin lenses of clean sands. The stratum below 17 m is comprised of
dense and very dense sand and gravel. The groundwater table is at a depth of about
.1 m.

The compression wave velocity (Vp) and shear wave velocity (Vs) data from the
DPCH testing (Figure 3) indicates that the soils are partially saturated to depths of
about 5.5 m. The Vj, ranges from 800-1,100 m/s for depths of 2.2-5.0 m, and then
increases to about 1,600 m/s for depths of 5.5 m and greater.

Profiles of undrained shear strength ratio (su/G'vc) for the silts that classify as clay-
like based on Ic > 2.6 were computed using a cone bearing factor (Nkt) of 14. The
resulting profiles of su/c've for SCPT 57345 are shown in Figure 3 using both the
measured CPT data and the inverse filtered CPT data (details of the inverse filtering
are described later). The su/c've for the weaker intervals at depths of 15-17 m are in
the range expected for normally consolidated clay-like soils (e.g., 0.224). The su/G've
ratios progressively increase with decreasing depth, with the lowest values reaching
0.4-0.6 near a depth of 5.5 m and 0.8-1.2 near a depth of 2 m. This profile of su/G'vc is
consistent with the effect that a prior lower water table (e.g., perhaps to depths of 4-6
m) would have had on consolidation stress history throughout the profile. Prior water
table fluctuations would also be consistent with the soils being partially saturated
above depths of 5.5 m, as indicated by the low V, values.
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FIG. 1. Location of subsurface explorations at St. Teresa's School (base image
sourced from the New Zealand Geotechnical Database 2018).
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FIG. 2. North-south section across St. Teresa's School site.
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FIG. 3. SCPT 57345: (a) qe profile, (b) undrained shear strength ratios from
measured CPT data, (c¢) undrained shear strength ratios from inverse filtered
CPT data, and (d) Vs and V,, profiles from direct-push, cross-hole tests.

INVERSE FILTERING OF CPT DATA

An inverse filtering procedure was developed by Boulanger and DeJong (2018) to
provide an objective, repeatable, and automatable means for correcting CPT data for
thin layer and transition zone effects. The inverse filtering procedure has three
primary components: (1) a model for how the cone penetrometer acts as a low-pass
spatial filter in sampling the true distribution of soil resistance versus depth, (2) a
solution procedure for iteratively determining an estimate of the true cone penetration
resistance profile from the measured profile given the cone penetration filter model,
and (3) a procedure for identifying sharp transition interfaces and correcting the data
at those interfaces. Detailed descriptions of the inverse filtering procedure and its
evaluation against experimental, numerical, and field data are provided in Boulanger
and DeJong (2018).

One of the ways that the inverse filtering procedure was evaluated was by
generating equivalent thin layer correction factors for the idealized case of a uniform
strong layer (with a true tip resistance of ('swong) embedded in a uniform weak
material (with a true tip resistance of q'weak). The thin layer correction factor is q'strong
divided by the peak tip resistance measured in the stronger layer (q™peak). The
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equivalent thin layer correction factors derived by Boulanger and DeJong (2018)
using a baseline set of inverse filtering parameters are shown in Figure 4. These
equivalent thin layer correction factors include dependence on the q'strong/q'weak ratio
and were calibrated using data from experimental and numerical studies (e.g., Ahmadi
and Robertson 2005, Xu and Lehane 2008, Mo et al. 2017, Khosravi et al. 2018). The
baseline set of parameters used to generate Figure 4 were also used for the inverse
filtering in the present study.

Profiles of g and ¢ for the measured and inverse filtered SCPT 57345 are shown
in Figure 5. The inverse filtering results in increased qiv values for the stronger thin
layers and decreased qiv in the weaker thin layers, as expected. The interface
detection and correction scheme replaces many of the transition zones in the
measured profile with discrete steps in qiv values for the inverse filtered profile. The
reduction in qu in the thin, weaker silt layers is why the inverse filtered data produced
smaller undrained shear strength ratios for the clay-like soils (as shown previously in
Figure 3).

The cross-sectional profile for the site with the inverse filtered CPT data is shown
in Figure 6. Comparing the profiles in Figures 2 and 6, the inverse filtering generated
an overall increase in the portion of the profile that the CPT data would classify as
sand (Ic < 2.05), which is a direct consequence of increasing the g (and thereby
decreasing the Ic) in the numerous thin, stronger layers. The effects of inverse filtering
on the estimated properties of the sand-like soils for the purpose of liquefaction
evaluations is examined in greater detail in the next section.
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’% in Boulanger & DeJong (2018):
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FIG. 4. Net thin-layer correction factor for a strong layer embedded in a weak
deposit based on the inverse filtering procedure by Boulanger and DeJong (2018)
with a baseline set of filter parameters.
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SITE AND LIQUEFACTION EVALUATIONS
LVI Procedures

Four liquefaction vulnerability indices were used in the present study: LDI, LPI,
Sv-ip, and LSN. For all four LVIs, the potential for liquefaction triggering was
evaluated using the simplified procedure (Seed and Idriss 1971) with the CPT-based
liquefaction correlation by Boulanger and Idriss (2015). The four LVIs were also
computed using the full depths of the CPT soundings.

The LDI, as named by Zhang et al. (2004), represents a potential maximum lateral
ground surface displacement computed by integrating potential maximum shear
strains (ymax) over depth as,

LDI = [ pdz 1)
0

For the analyses presented herein, the potential maximum shear strains were
computed using the approximation of Ishihara and Yoshimine's (1992) relationship
described in Idriss and Boulanger (2008). For level ground conditions away from a
free face, Tokimatsu and Asaka (1998) recommended that the dynamic strains (for
computing dynamic ground lurch) are only about 10-20% of the above potential
maximum shear strains. Thus, the dynamic ground lurch can be expected to be about
10-20% of the LDI value computed herein using potential maximum shear strains.

The LPI, developed by Iwasaki et al. (1978), is a depth-weighted function of the
factor of safety against liquefaction triggering (FS) computed as,

Zmax

LPI = [ (1-FS)(10m—0.5z)dz 2)
0
where the Macaulay brackets () restrict their arguments to be greater than or equal to
Zero.
The Sv-1p represents a potential ground surface settlement computed by integrating
post-liquefaction 1-D reconsolidation strains (&v-1p) over depth as,

SV—ID = J. 8v—1DdZ (3)
0

For the analyses presented herein, the potential reconsolidation strains were computed
using the relationship by Zhang et al. (2002).

The LSN was introduced by van Ballegooy et al. (2014) based on experiences in
Christchurch, and is a depth-weighted function of the post-liquefaction 1-D
reconsolidation strains computed as,

LSN =1000 | %dz (4)
0

where the potential reconsolidation strains are based on the relationship by Zhang et
al. (2002).

The strengths and limitations of these LVIs for predicting the observed effects of
liquefaction in Christchurch during the 2010-2011 Canterbury Earthquake Sequence,
both at local and regional scales, have been studied extensively by others (e.g., van
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Ballegooy et al. 2014, 2015, Maurer et al. 2014, 2015). These prior studies have
generally concluded that liquefaction evaluations based on various LVIs and different
liquefaction triggering correlations tend to over-predict liquefaction effects in the
interbedded soil deposits encountered in various areas of Christchurch.

The following sections examine the application of these LVIs to the St. Teresa's
School site. First, the site data are processed using the CPT-based triggering
procedures by Boulanger and Idriss (2015) to calibrate the fines content parameter
(Crc) and develop distributions for the equivalent clean sand, overburden corrected,
cone penetration resistances (qeciNes). Second, results of the LVI evaluations are
presented for several different sets of assumptions representing alternative practices
and key sources of uncertainty in the LVI calculations. Lastly, more general
limitations in the use of LVI procedures for predicting liquefaction effects are
discussed.

Distributions of FC, I, and qcines

The CPT and borehole data were processed using the CPT-based liquefaction
triggering procedures by Boulanger and Idriss (2015) to calibrate the Crc parameter
for the interbedded stratum and develop distributions for gcines with and without the
site-specific Crc calibration. The vertical and lateral variability of the interbedded
stratum makes it extremely difficult to map individual FC measurements at the
borehole 57241 location to corresponding Ic values at the nearby SCPT 57345
location. In such situations, it is often preferable to base the calibration of Crc on
mapping the median FC value in a given geologic stratum at a borehole location to
the median Ic value in that same stratum at an adjacent CPT location. This approach is
often a more stable basis for calibration of Crc than a point-by-point comparison, and
only requires that the distributions of FC and Ic are similar at the two adjacent
locations.

Accordingly, the cumulative distributions of gen and Ic in the interbedded stratum
at each of the four CPT locations were compared, as shown in Figure 7 for the
measured CPT data, and found to be very similar at all four locations. The CPT data
were subsequently binned into the sand-like and clay-like categories (using an Ic of
2.6 as the boundary) and the distributions for each category found to also be similar at
the four locations. The cumulative distributions of Ic for SCPT 57345 (adjacent to
borehole 57241) are shown in Figure 8 to illustrate both typical values and the effects
of inverse filtering on these distributions; Figure 8a shows the distributions for all
soils in the interbedded stratum, whereas Figure 8b shows separate distributions for
the sand-like and clay-like categories. Inverse filtering reduced Ic values for the sand-
like category (due to increases in g values) and increased Ic values for the clay-like
category (due to decreases in qi values). The median Ic value for the sand-like
category without inverse filtering was 2.06 for SCPT 57345 or 2.08 if all four CPTs
are considered. The median Ic value for the sand-like category with inverse filtering
was reduced to 1.82 for SCPT 57345 or 1.86 if all four CPTs are considered. The
median FC for the sand-like soils in boring 57241 is about 52%, from which the fines
content parameter Crc can be estimated as,
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This approach results in a Crc value of 0.28 for use with the measured CPT data in
the interbedded stratum and 0.50 for use with the inverse filtered CPT data. Note that
the correlation by Boulanger and Idriss (2015) is based on measured CPT data (not
inverse filtered data) and the corresponding standard deviation in Crc is 0.29.
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FIG. 7. Cumulative distributions of (a) qc~ and (b) I values for the interbedded
stratum using the four measured CPT profiles.
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The above site-specific calibration for Crc is compared in Figure 9 to the dataset
and correlation for Christchurch soils compiled by Maurer et al. (2018). The
correlation for Christchurch soils by Maurer et al. (2018) is approximately equal to
the correlation by Boulanger and Idriss (2015) with Crc = 0.13. The calibration of
Crc = 0.28 for the St. Teresa School site is below the general correlation, but within
the scatter of the data. The calibration of Crc = 0.50 for use with inverse filtered CPT
data is toward the lower range of the scatter in the data, and this is partly attributed to
the data in Figure 9 being based on measured CPT data and not inverse filtered data.

Cumulative distributions for FC in the sand-like soils of the interbedded stratum, as
estimated using the data from SCPT 57345, are shown in Figure 10a. The median FC
is estimated to be 28% using the measured CPT data with the default Crc = 0.0 value,
illustrating that the default correlation significantly underestimates the FC for these
soils. The median FC is correctly estimated to be about 50% (matching the borehole
data) using the measured and inverse filtered CPT data with their respective Crc
calibrations.

Cumulative distributions for geines in the sand-like soils of the interbedded stratum,
as estimated using the data from SCPT 57345, are shown in Figure 10b. The median
qciNes using the measured CPT data increases from about 122 to 142 when Crc is
increased from its default of 0.0 to the calibrated value of 0.28. The median qciNes
further increases to about 186 using the inverse filtered CPT data with its calibrated
Crc value of 0.50. Similarly, the 33" percentile values of qcines were 102, 121 and
152 for these three cases, respectively. These shifts in the cumulative distributions are
particularly important when selecting properties for use in nonlinear dynamic
analyses, as prior studies have shown that 30" to 70" percentile values (or the 33
percentile for deterministic practice) are generally appropriate as the equivalent
representative values for use in numerical models with uniform properties (e.g.,
Montgomery and Boulanger 2016).
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FIG. 9. Correlations between fines content and I. compared to data from
Christchurch (modified from Maurer et al. 2018)
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Results of LVI Evaluations

The four LVIs were computed for several cases involving some implementation
alternatives, key sources of uncertainty, and a range of earthquake loadings. The LVIs
computed using all four CPTs at the site gave similar results, and thus results are only
presented for SCPT 57345 herein. In addition, the LVIs computed for the Mw=6.2
Christchurch earthquake (site PGA of 0.34 g) were greater than for the Mw=7.1
Darfield earthquake (site PGA of 0.22 g), so resolving the LVI results with the field
observations for the Christchurch earthquake would resolve results for the Darfield
earthquake as well. Accordingly, the trends and findings from the LVI evaluations are
well represented by the subset of results shown in Figure 11. This figure shows the
four LVIs versus PGA for an My = 6.2 earthquake using the data from SCPT 57345.
Each plot shows results for five analysis cases, each of which is described below.

The first analysis case used the measured CPT data with the default Crc = 0.0 often
used in practice. All four LVIs begin to increase sharply once the PGA exceeds about
0.12 g, and all four LVIs reach values that would indicate major/severe liquefaction
damage at a PGA of 0.34 g (the estimated PGA for Christchurch earthquake). For
example, correlations between LPI and LSN values and observed damage levels have
been developed by several investigators, from which the results in Table 1 are
illustrative. The LPI and LSN values at a PGA of 0.34 g for the first analysis case in
Figure 11 are consistent with severe liquefaction manifestation during the
Christchurch earthquake based on the correlations in Table 1.

The second analysis case used the measured CPT data with the site-specific
calibration of Crc = 0.28. The inclusion of this site-specific fines content calibration
reduced all four LVIs by about 20-35% across the range of PGAs examined
(Figure 11). The LPI and LSN values for this analysis case, however, are still large
enough that severe liquefaction manifestation would be expected during the
Christchurch earthquake based on the correlations in Table 1.
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FIG. 11. Liquefaction vulnerability indices versus PGA computed for SCPT
57345 for an M,=6.2 earthquake with different combinations of analysis
assumptions.

Table 1. Threshold values for the LPI and LSN liquefaction vulnerability indices

Index Reference Severity of liquefaction manifestation
None to minor Moderate Major/severe
(non-damaging) (damaging)

LPI Wotherspoon et al. (2013) <5 5-15 > 15
Maurer et al. (2014) <38 8-15 > 15
McLaughlin (2017) <8 8-15 >15

LSN Wotherspoon et al. (2013) <20 20 - 50 > 50
Tonkin+Taylor (2015, 2016) <16 16 - 30 >30
McLaughlin (2017) <16 16 - 26 > 26
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The third analysis case used the inverse filtered CPT data with the site-specific
calibration of Crc = 0.50. The combination of inverse filtering with site-specific fines
content calibration reduced all four LVIs by about 55-65% relative to the first
analysis case. These two refinements to the LVI analysis are technically well justified
and relatively easy to perform, and together they significantly reduce the discrepancy
between predicted and observed damage levels. The LPI of about 12 and LSN of
about 20 at a PGA of 0.34 g for this analysis case are now both consistent with
moderate liquefaction manifestation during the Christchurch earthquake (Table 1).

The fourth analysis case examines the sensitivity of the LVIs to the uncertainty in
the CPT-based triggering correlation. For deterministic applications, the CPT-based
triggering correlation by Boulanger and Idriss (2015) is commonly used to obtain
minus one standard deviation estimates of the CRR. For any given soil deposit, it is
reasonable to expect that CRRs may be consistently bias high or low relative to the
expected values. For example, the standard deviation is 0.20 (in natural logarithm
units) for the Boulanger and Idriss correlation, such that the plus one standard
deviation value for CRR is about 49% larger than the minus one standard deviation
value (Figure 12). To illustrate the potential effect that this range of uncertainty in
CRR values has on LVIs, the fourth analysis case uses the plus one standard deviation
estimates for CRR in combination with the inverse filtering and site-specific fines
content calibration (i.e., building on the third analysis case). The results in Figure 11
show that the four LVIs only begin to increase sharply after the PGA exceeds about
0.20 g, and reach values at a PGA of 0.34 g that are 67-83% smaller than obtained in
the first analysis case. The LPI of about 5 and LSN of about 15 at a PGA of 0.34 g
for this analysis case are now both near the thresholds between none-to-minor and
moderate liquefaction manifestation based on Table 1.
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FIG. 12. CPT-based triggering correlation by Boulanger and Idriss (2015).
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The fifth analysis case builds on the fourth case by adding the potential effects of
uncertainty in the correlations used to estimate maximum potential shear strains and
1-D post-liquefaction reconsolidation strains. These correlations for shear and
volumetric strains are primarily based on laboratory test data for clean sands and
involve considerable uncertainty. For example, Cetin et al. (2009) developed a
probabilistic correlation for reconsolidation strains, and obtained a standard deviation
of 0.689 in natural logarithm units which corresponds to a factor of about 2.0
arithmetically. In addition, extending these correlations to silty sands and sandy silts
is likely to involve even greater uncertainty. The shear and volumetric strains
estimated by the correlations applicable for each LVI were reduced by a factor of 2.0
as an approximation of moving from expected values to minus one standard deviation
values. In this regard, it seems reasonable to expect that soils that fall close to plus
one standard deviation for CRR (e.g., due to age, over-consolidation, cementation,
plasticity, or other factors), as considered in the fourth analysis case, would also tend
to give lower than expected shear and volumetric strains. The results in Figure 11
show that the LDI, LSN, and Sv-ip values are reduced by about 50% relative to the
fourth analysis case while the LPI is unaffected, as expected. The LDI, LSN, and
Sv-ip at a PGA of 0.34 g are now only about 15% of the values obtained in the first
analysis case. At a PGA of 0.34 g, the LPI of about 5 is at the threshold between
none-to-minor and moderate liquefaction manifestation (Table 1), the LSN of about 8
is consistent with none-to-minor liquefaction manifestation (Table 1), the LDI of
about 0.5 m would correspond to a dynamic ground lurch of only 50-100 mm based
on the recommendations of Tokimatsu and Asaka (1998), and the computed Sv-ip of
about 40 mm is small enough that only minor surface manifestation would be
expected for this level site with its lightly loaded structures.

The magnitudes of these LVIs for the fifth analysis case are at levels that would be
consistent with the lack of observed liquefaction damages at this site in the 2010-2011
Canterbury Earthquake Sequence. These results suggest that the discrepancy between
no observed liquefaction manifestations at the site and high LVIs computed using
default practices (i.e., the first analysis case) can largely be resolved or understood by
combining inverse filtering of the CPT data with site-specific calibration of the Crc
parameter, and then allowing for reasonable bounds on the accuracy of the
correlations used to estimate cyclic strengths and resulting strains. The inverse
filtering and Crc calibration steps are technically justifiable in a forward analysis,
whereas the results for the fourth and fifth analysis case demonstrate that the lack of
observed liquefaction manifestations are within the expected accuracy limits of these
LVI parameters once the other factors have been accounted for.

The effect of partial saturation in the upper portion of the soil profile was also
examined. The cyclic resistance ratios for the sand-like soils in the upper 5.0 m were
multiplied by a factor of 1.15 based on the measured V; of 800-1,100 m/s in these soil
types and the relationships in Ishihara and Tsukamoto (2004). Combining this effect
with the fifth analysis case reduced the four LVIs by relatively small amounts for this
case, in part because the factors of safety against liquefaction triggering at shallow
depths were already relatively large. Combining this effect with the first analysis case
caused a greater percentage reduction in the LVIs, but it was still of secondary
importance to the other factors for this site.
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Other Potential Sources of Bias in LVI-based Evaluations

Other potential sources of conservative bias in LVI-based liquefaction evaluations
for interbedded soil deposits stem from basic limitations in the analysis approach.
LVI procedures rely on the Seed-Idriss Simplified Procedure for estimating the cyclic
stresses imposed at different depths in the soil profile, which inherently neglects key
aspects of dynamic response and excess pore pressure diffusion, which can have a
strong effect on ground deformations. For example, Cubrinovski et al. (2017)
performed nonlinear dynamic analyses for layered soil profiles representative of
conditions encountered in different areas of Christchurch (including the St. Teresa
School site), and showed that the system response can: (1) intensify liquefaction
damages for sites with relatively thick, vertically continuous, liquefiable zones in the
upper 10 m, where the upward flow of pore water can intensify strength loss and
deformations at shallow depths, or (2) mitigate liquefaction manifestation in
interbedded sites where liquefaction in a deeper layer may reduce seismic demands on
overlying layers and the lower permeability layers reduce the rate of upward seepage
and its associated damaging effects. The manifestation of liquefaction effects at an
interbedded site can also be reduced by the presence of a sufficiently thick, competent
crust layer (e.g., Ishihara 1985), or by the composite resistance that interbedded
liquefied and nonliquefied soils may provide against ground deformations (e.g.,
Munter et al. 2017).

The expected distribution of liquefaction versus depth at the St. Teresa School site
is illustrated in Figure 13, showing profiles of Sv.ip during the Darfield earthquake
(Figure 13b) and Christchurch earthquake (Figure 13c) for the various analysis cases
presented previously. Liquefaction and associated strains are expected to occur in
multiple thin intervals of sand-like soils that are relatively uniformly distributed
throughout the interbedded stratum (i.e., depths of 1.1 to 15 m). The soil profile
indicates relatively continuous horizontal layering (Figure 2), such that liquefaction of
layers at larger depths (e.g., depths greater than 6 to 10 m) would be expected to
cause relatively uniform ground surface settlements (i.e., limited differential
settlement) that may be difficult to observe. In addition, liquefaction along any of the
deeper sand-like layers would be expected to reduce demands on the shallower layers,
as shown by Cubrinovski et al. (2017), which would contribute to a thicker, stronger
surface crust layer. The buildings at the site are also relatively light, which reduces
the demands imposed on the surface crust layer. Overall, it is reasonable to expect the
system response for this interbedded soil profile to have helped mitigate against
liquefaction manifestations, which also could explain possible discrepancies between
the LVIs computed by the third or fourth analysis case and the lack of observed
damages at this site during these earthquakes.
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CONCLUSIONS

A liquefaction evaluation using four different liquefaction vulnerability indices
(LDI, LPI, Sv-ip, LSN) was performed for St. Teresa's School site in Christchurch,
New Zealand to evaluate why LVI computations using common practices
overestimated the potential for liquefaction damages at this interbedded soil site
during the 2010-2011 Canterbury Earthquake Sequence. The site is underlain by an
approximately 16-m-thick stratum of interbedded silt, sandy silt, silty sand and sand.
There was no reported liquefaction damage following either the 2010 Mw=7.1
Darfield earthquake or the 2011 Mw=6.2 Christchurch earthquake despite estimated
peak ground accelerations of 0.22 g and 0.34 g in these two events, respectively.

All four LVIs were reduced by about 55-65% relative to default practices by
incorporating two additional steps in the analysis: (1) applying an inverse filtering
procedure to the CPT data to approximately correct for thin-layer and transition zone
effects, and (2) performing a site-specific calibration for the fines content parameter
used in the CPT-based liquefaction triggering correlation. The inverse filtering
procedure was recently developed by Boulanger and DelJong (2018), and thus this
case study provides an assessment of its application to a liquefaction evaluation.

The LVI values obtained using the above additional steps, combined with
allowances for uncertainty in the correlations used to estimate cyclic strengths and
resulting strains, can reach levels that are consistent with the lack of observed
liquefaction manifestations. These results illustrate that the field observations are
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within the expected accuracy limits of these LVI parameters once the other factors
have been accounted for. These results also illustrate the need for additional work
examining potential biases in current liquefaction correlations when applied to the
types of silty soils encountered at this site.

The system response for this interbedded soil site can be expected to have further
mitigated liquefaction manifestation as shown by the numerical analyses of
interbedded profiles performed by Cubrinovski et al. (2017): (1) liquefaction in a
deeper layer may reduce seismic demands on overlying layers and (2) the lower
permeability layers will reduce the rate of upward seepage and thus reduce the
strength loss and deformation it can cause at shallow depths.

In summary, the tendency for LVIs computed using default practices to over-
predict liquefaction effects at interbedded sites during the 2010-2011 Canterbury
Earthquake Sequence, such as at the St. Teresa School site, is most likely due to the
cumulative effects of various limitations in our site characterization tools,
correlations, and analysis procedures. Eliminating the tendency for LVI-based
liquefaction evaluations to overestimate liquefaction damages will require efforts to
address limitations in each of these areas.
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