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Abstract

The severity of surficial liquefaction manifestation was significantly over-predicted for a large subset of case histories from
relatively recent earthquakes that impacted the Canterbury region of New Zealand. Such over-predicts generally occurred for
profiles having predominantly high fines-content (FC), high-plasticity soil strata. Herein, the liquefaction case histories from
the Canterbury earthquakes are used to investigate the performances of three different manifestation severity index (MSI)
models. The prevalence of high FC, high-plasticity strata in a profile is quantified through the soil behavior type index aver-
aged over the upper 10 m of a profile (Ic10). It is shown that for each MSI model (1) the threshold MSI value distinguishing cases
with and without manifestation increases as I.;o increases and (2) the ability of the MSI to segregate cases with and without
manifestation decreases with increasing I.o. Additionally, probabilistic models are proposed for evaluating the severity of
surficial liquefaction manifestation as a function of MSI and I¢10. The approaches presented in this study allow better interpre-
tations of predictions made by existing MSI models, although their efficacy decreases at sites with high I;o. An improved MSI

model is ultimately needed that better accounts for the effects of high-FC, high-plasticity soils more directly.
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Introduction

The objective of this study is to investigate the effect of
high fines-content (FC), high-plasticity soils on the prediction
of the occurrence and severity of surficial liquefaction mani-
festations at free-field sites, which has been shown to corre-
late to liquefaction damage potential for near-surface infras-
tructure at developed sites (e.g., Iwasaki et al. 1978). Towards
this end, the predictive performance of three existing man-
ifestation severity index (MSI) models [i.e., liquefaction po-
tential index (LPI), Ishihara-inspired LPI (LPIyy,), and liquefac-
tion severity number (LSN)] is investigated as a function of the
cone penetration test (CPT) soil behavior type index (I;) aver-
aged over the upper 10 m of the soil profile (I;0), wherein I
is used to infer the amount of high-FC, high-plasticity strata
in the profile. Specifically, manifestation severity thresholds
for distinguishing cases with different manifestation severi-
ties (e.g., cases with and without manifestation) for each MSI
model considered herein are evaluated as a function of I 4,.
Additionally, probabilistic models are proposed to evaluate
the severity of surficial liquefaction manifestation as a func-
tion of the computed MSI and I4.

The M,7.1 September 2010 Darfield earthquake, the
Mw6.2 February 2011 Christchurch earthquake, and the
M,,5.7 February 2016 Valentine’s Day earthquake, collec-
tively referred to herein as the Canterbury earthquakes
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(CEs), resulted in widespread liquefaction that caused ex-
tensive damage to infrastructure throughout the city of
Christchurch and its surroundings (e.g., Cubrinovski and
Green 2010; Cubrinovski et al. 2011; Green et al. 2011a, b,
2014; Maurer et al. 2014; van Ballegooy et al. 2014b). While
the Canterbury region of New Zealand was impacted by more
than ten relatively recent earthquakes that triggered lique-
faction (Quigley et al. 2013), the M,7.1, 4 September 2010
Darfield; the M,6.2, 22 February 2011 Christchurch; and the
M,,5.7 Valentine’s Day earthquakes were the most notable in
terms of the well-documented spatial extent and the severity
of liquefaction damage. The ground motions from these
earthquakes were recorded by a large network of strong
motion stations in the area (Bradley and Cubrinovski 2011;
Bradley 2012). Following the 2010 Darfield event, an exten-
sive geotechnical site characterization program was initiated
in Christchurch and its environs, the majority of which was
funded by the New Zealand Earthquake Commission (EQC),
resulting in more than 35000 CPT soundings performed to
date. Additionally, the ground surface observations were well
documented via post-earthquake ground reconnaissance and
high-resolution aerial photos and satellite imagery. All of this
data are stored in the New Zealand Geotechnical Database
(NZGD 2016), an online repository available for use by re-
searchers and practitioners. This unprecedented quantity of
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data has been utilized by multiple studies to investigate the
accuracies of various procedures that predict liquefaction
triggering and the resulting severity of surficial liquefaction
manifestations (e.g., Green et al. 2014; 2015; Maurer et al.
2014, 2015b, c; van Ballegooy et al. 2012, 2014b, 2015). These
studies have shown that while existing procedures are gen-
erally effective in predicting the liquefaction response, the
severity of manifestation was systematically over-predicted
for a non-trivial number of sites. For example, Maurer
et al. (2014) shows that the LPI framework is relatively
accurate in predicting the severity of surficial liquefaction
manifestations in eastern Christchurch but “excessively”
over-predicted the severity in western Christchurch.

Such over-predictions may be attributed to several factors
associated with the uncertainties in site characterization and
in the procedures that predict liquefaction triggering and the
severity of manifestations (e.g., Boulanger et al. 2016; Yost
et al. 2021, 2022). Predominant factors include the presence
of a thick non-liquefiable crust and (or) interbedded non-
liquefiable soils high in FC and plasticity (e.g., Maurer et al.
2014, 2015a, b; Green et al. 2018). In particular, the presence
of plastic soils with low permeability can affect the genera-
tion and redistribution of excess pore pressure within a soil
profile, potentially suppressing surface manifestation of the
liquefied soils (e.g., Ozutsumi et al. 2002; Juang et al. 2005;
Jia and Wang 2012; Maurer et al. 2015b; Beyzaei et al. 2018;
Cubrinovski et al. 2019). In this regard, proposed manifes-
tation severity thresholds specific to different MSI models
have been found to be less applicable at sites with predom-
inantly silty or clayey soils. For example, Lee et al. (2003)
used LPI to analyze case histories from the 1999 chi-Chi (Tai-
wan) earthquake, mainly comprising sites with silty sands
and sandy silt strata, and proposed that a threshold LPI of
13 be used to distinguish between sites with and without
manifestations of liquefaction (in contrast to LPI=5 thresh-
old originally proposed by Iwasaki et al. 1978). Similarly,
Maurer et al. (2015b) analyzed some of the CE case histo-
ries and found the threshold LPI value to be significantly
higher at sites with predominantly silty and clayey soil mix-
tures than at sites with predominantly clean sands or silty
sands. Maurer et al. (2015b) made this distinction using I
to parse sites into those comprising predominantly clean
sands or silty sands (I¢10 < 2.05) and those comprising predom-
inantly silty or clayey soil mixtures (I¢0 > 2.05). They found
that sites with I o< 2.05 had an optimum threshold LPI for
distinguishing sites with and without manifestation of 4.9,
whereas sites with Ic10 = 2.05 had an optimum threshold LPI
of 13. The findings from these studies indicate that the rela-
tionship between the computed MSI and the severity of sur-
ficial liquefaction manifestation is dependent on the extent
to which a soil profile contains high-FC, high-plasticity soil
strata.

This study rigorously investigates the effects of high-FC,
high-plasticity soils on the predictive performance of three
existing MSI models using empirical liquefaction case histo-
ries resulting from three of the relatively recent earthquakes
that have impacted the Canterbury region of New Zealand.
Using an approach similar to that of Maurer et al. (2015b),
this study uses I.yo to parse soil profiles by their average in-
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ferred soil type but considers multiple finer bins of I to
study the influence of I on the predictive performance of
MSI models with greater resolution. Specifically, receiver op-
erating characteristic (ROC) analyses are performed to inves-
tigate the optimum MSI thresholds specific to LPI, LPl;y,, and
LSN models, as well as their predictive efficacies, as a function
of I.0. Additionally, using logistic regression, probabilistic
models are proposed for predicting the severity of manifesta-
tion as a function of MSI and I0. In the following, overviews
of the LPI, LPIy,, and LSN models are presented, which is fol-
lowed by a summary of the liquefaction case-history data set
and the methodologies used to analyze them, to include an
overview of ROC analysis. Finally, the results are presented
and discussed in detail.

Overview of existing manifestation
severity index models

Liquefaction potential index

The LPI proposed by Iwasaki et al. (1978) is commonly used
to predict the severity of the surficial liquefaction manifesta-
tion:

Zmax
(1) LPI:f F (FS) - w(z)dz
(1]

where FS is the factor of safety against liquefaction trigger-
ing, computed using a liquefaction triggering model; z is
depth below the ground surface in meters; zpyay is the max-
imum depth considered, generally taken as 20 m; and F(FS)
and w(z) are functions that account for the weighted con-
tributions of FS and z to the severity of surficial liquefac-
tion manifestation. Specifically, F(FS)=1-FS for FS<1 and
HEFS) =0 otherwise, and w(z) = 10-0.5z. Thus, LPI assumes that
the severity of surface manifestation depends on the cumula-
tive thickness of liquefied soil layers, the proximity of those
layers to the ground surface, and the amount by which FS
in each layer is less than 1.0. Given this definition, LPI can
range from zero to 100. Analyzing the standard penetration
test data from 55 sites in Japan, Iwasaki et al. (1978) proposed
that severe liquefaction is expected for sites where LPI > 15
but not where LPI< 5. This criterion, defined by two thresh-
old values of LPI, is commonly referred to as “Iwasaki Cri-
terion”. In today’s practice, LPI=5 is commonly used as a
deterministic threshold for predicting surficial liquefaction
manifestation, such that some degree of manifestation is ex-
pected where LPI > 5, but no manifestation is expected where
LPI<5.

Ishihara-inspired liquefaction potential index
Maurer et al. (2015a) proposed modifications to LPI to ac-
count for the influence of non-liquefied crust thickness on
the severity of surficial liquefaction manifestations using the
relationship proposed by Ishihara (1985), which relates the
thicknesses of the non-liquefiable crust (H,) and the liquefied
stratum (H3) to the occurrence of surficial liquefaction man-
ifestation. The modified LPI was termed LPI;s, and is defined

643



Can. Geotech. J. Downloaded from cdnsciencepub.com by Tech Services/Serials Recvg on 11/26/23
For personal use only.

‘Canadian Science Publishing

as (Maurer et al. 2015a)

Z,

25.56

(2a) LPIIsh:[mF[FS}-T-dz

H,
where

1 FSifFS < 1NH, -m(FS) < 3

0 otherwise

(2b) F(ES)= I
and

(2c) m(FS)= exp( ) — 1;m(FS = 0.95) = 100

5
25.56 (1 — FS)

where z, FS, and zp,,, are as defined previously for LPI (eq. 1).
As can be surmised from eq.2a, the LPl; framework ac-
counts for the relative thicknesses of H; and H; by impos-
ing an additional constraint on F(FS). Additionally, LPI, uses
a power-law depth-weighting function, consistent with Ishi-
hara’s boundary curves, which results in LPIy, giving a higher
weight to shallower layers than LPI in predicting the severity
of surficial manifestations.

Liquefaction severity humber

Liquefaction severity number (LSN) was proposed by van
Ballegooy et al. (2012, 2014b) and uses post-liquefaction vol-
umetric strain (ey) as an index to account for the influence
of contractive and dilative tendencies of soils at moderate to
large strains on the severity of surficial manifestation. LSN is
given by

Zmax Ev
(3) ISN= f 1000 dz
0

where z and zp,,, are as defined previously for LPI and LPIy,
(egs. 1 and 2a). zpax is generally taken as 10 m for LSN; how-
ever, this study uses 20 m. &, can be estimated as a function
of the relative density (D) of the soil and FS using the re-
lationships originally proposed by Ishihara and Yoshimine
(1992) and later modified by Zhang et al. (2002) to express &y
as a function of normalized cone tip resistance (g¢ne) and FS.
Similar to LPIj,, LSN also uses a power-law depth-weighting
function.

Data and methodology

Canterbury earthquakes liquefaction case

histories

This study utilizes about 3 800 CPT soundings from sites
where the severities of surficial manifestation were well doc-
umented after at least one of the following earthquakes: the
M,,7.1 September 2010 Darfield earthquake, the M,,6.2 Febru-
ary 2011 Christchurch earthquake, and the M,5.7 Febru-
ary 2016 Valentine’s Day earthquake (i.e., the CEs). The CPT
soundings were selected to provide a spatial representation of
soil profiles across Christchurch and a balance among differ-
ent severities of surficial liquefaction manifestations. A map
showing the spatial distributions of the CPT sounding loca-
tions used in this study is shown in Fig. 1, and Table S1 in
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Fig. 1. Map of spatial distributions of CPT sounding locations
from CEs (Google Satellite imagery, base image data® 2022
Google).

© CPT Location il

i
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the electronic supplement provides additional details about
the case histories. Furthermore, a detailed description of the
quality-control criteria used in compiling these CPT sound-
ings is provided in Maurer et al. (2014, 2015b) and Geyin et al.
(2021). Cases where the predominant form of manifestation
was lateral spreading were excluded from the analyses, since
none of the MSI models considered in this study account for
the factors governing the occurrence and severity of lateral
spreading. For all other cases, the severity of manifestation
was classified as either “No Liquefaction”, “Marginal”, “Mod-
erate”, or “Severe” following the Green et al. (2014) criteria.

As implied by the naming scheme, “No Liquefaction” in-
cludes all the cases where no liquefaction surface manifes-
tations were observed, “Minor Liquefaction” includes all the
cases where minor surficial liquefaction manifestations were
observed, etc. Table 1 provides quantitative metrics for the
severity categorization used herein (Green et al. 2014). How-
ever, because the severity of surficial liquefaction manifesta-
tions is a continuum ranging from none to very severe, any
sort of discrete categorization of “Minor”, “Moderate”, and
“Severe” is inherently subjective, regardless of the best ef-
forts to quantify liquefaction severity. As a result, the reader
is directed to Green et al. (2014), which gives examples of
high-resolution aerial images of the different severity man-
ifestation categories to help reduce ambiguity in how the au-
thors classified the case histories. With all these considera-
tions, 9631 high-quality case histories were used in further
analyses in this study.
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Table 1. Liquefaction severity classification criteria (after Green et al. 2014).

Classification Criteria
No liquefaction No surficial liquefaction manifestation or lateral spread cracking
Minor liquefaction Small, isolated liquefaction features; streets had traces of ejecta or wet patches less than a vehicle width; <5%

of ground surface covered by ejecta
Moderate liquefaction

Groups of liquefaction features; streets had ejecta patches greater than a vehicle width but were still passable;

5%—40% of ground surface covered by ejecta

Severe liquefaction
surface covered by ejecta

Large masses of adjoining liquefaction features; streets impassible due to liquefaction; >40% of ground

Peak ground accelerations (PGAs) are required to estimate
the seismic demand at the case-history sites. In prior CE stud-
ies (e.g., Green et al. 2014; Maurer et al. 2014, 2015b, c, d,
2017a, 2017b, 2019; van Ballegooy et al. 2015; Upadhyaya et al.
2018; among others), PGAs were obtained using the Bradley
(2013b) procedure, which combines the unconditional PGA
distributions as estimated by the Bradley (2013a) ground mo-
tion prediction equation, the actual recorded PGAs at the
strong motion stations (SMSs), and the spatial correlation
model of Goda and Hong (2008), to compute the conditional
PGAs at the sites of interest. However, the PGAs at four
SMSs during the M,6.2 February 2011 Christchurch earth-
quake were inferred to be associated with high-frequency
dilation spikes as a result of liquefaction triggering in the
soil profiles at the stations and were higher than the pre-
liquefaction PGAs (e.g., Wotherspoon et al. 2014, 2015). Such
artificially high PGAs at the liquefied SMSs can result in
over-estimated PGAs at the nearby case-history sites (hence,
overly conservative seismic demand), which in turn can lead
to over-predictions of the severity of surficial liquefaction
manifestations (Upadhyaya et al. 2019a). Accordingly, in the
present study, pre-liquefaction PGAs at the four liquefied
SMSs were used to estimate PGAs at the case-history locations
for the 2011 Christchurch earthquake. Note that for the 2010
Darfield and 2016 Valentine’s Day earthquakes, previously es-
timated PGAs remain unchanged.

Accurate estimation of ground-water table (GWT) depth is
critical to evaluating liquefaction triggering and the resulting
severity of surficial manifestations (e.g., Chung and Rogers
2011; Maurer et al. 2014). The GWT depth at each case-history
site immediately prior to the earthquake was estimated using
the robust, event-specific regional ground-water models of
van Ballegooy et al. (2014a), as in prior CE studies (e.g., Maurer
et al. 2014; 2015b, c, d; 2017a, b; 2019; van Ballegooy et al.
2015; Upadhyaya et al. 2018; 2022; among others). Due to sea-
sonal ground-water fluctuations, these GWT depths may dif-
fer from the GWT depths determined from the pore water
pressure transducer measurements immediately behind the
cone tip (i.e., u2) at the time that the CPT soundings were
performed, where the latter GWT depths were used for CPT
stress normalization as a part of sounding data processing.

Evaluation of liquefaction triggering and
severity of surficial liquefaction manifestation
Factor of safety (FS) against liquefaction is used as a
primary input in computing LPI, LPliy, and LSN. In this
study, FS was computed using the deterministic liquefaction-
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triggering model of Boulanger and Idriss (2014). Inherent to
this process, an I cutoff value of 2.5 was used to distinguish
between liquefiable and non-liquefiable soils, such that soils
with I. > 2.5 were considered to be non-liquefiable (Maurer
etal. 2017b, 2019). Moreover, the FC was estimated using the
Christchurch-specific I~FC correlation proposed by Maurer
etal. (2019). Finally, for each of the 9631 case histories consid-
ered in this study, LPI, LPI;,, and LSN values were computed
using eqs. 1, 2, and 3, respectively.

Receiver operating characteristic analyses

To investigate the influence of high-FC, high-plasticity soils
on the predictive performance of each MSI model considered
in this study, the CE case histories were divided into multiple
subsets on the basis of I19. As stated previously, I.o is used
herein to infer the extent to which a profile contains high-FC,
high-plasticity soils. The use of I for inferring soil type was
first proposed by Jeffries and Davies (1993) and then modified
and popularized by Robertson and Wride (1998). Using CPT
data and lab tests on samples from parallel borings, Maurer
et al. (2017b, 2019) confirmed the suitability of using I to in-
fer FC and soil type within the CE study area. ROC analyses
(e.g., Fawcett 2005) were then performed on each I subset
to evaluate: (1) the optimum threshold MSI values for distin-
guishing cases with and without manifestation and (2) the
predictive efficacy of the MSI model, as a function of I19. An
overview of the ROC analysis is presented in the following
section.

Overview of ROC analysis

ROC analyses have been widely used to evaluate the perfor-
mance of diagnostic models, including extensive use in medi-
cal diagnostics (e.g., Zou 2007) and to a much lesser degree in
geotechnical engineering (e.g., Oommen et al. 2010; Maurer
et al. 2015b, c, d, 2017a, b, 2019; Green et al. 2017; Zhu et al.
2017; Upadhyaya et al. 2018, 2019b, 2022; Yost et al. 2021).
In particular, in cases where the distribution of “positives”
(e.g., cases of observed surficial liquefaction manifestation)
and “negatives” (e.g., cases of no observed surficial liquefac-
tion manifestations) overlap, ROC analyses can be used (1) to
identify the optimum diagnostic threshold (e.g., MSI thresh-
olds) for distinguishing between the positives and negatives
and (2) to assess the relative efficacies of competing diagnos-
tic models, independent of the thresholds used. The primary
focus of this paper is on (1).

An ROC curve is a plot of the true positive rate (Ryp) (i.e., sur-
ficial liquefaction manifestation was observed as predicted)
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Fig. 2. Conceptual illustration of ROC analyses: (a) frequency distributions of surficial liquefaction manifestation and no surfi-
cial liquefaction manifestation observations as a function of LPI and (b) the corresponding ROC curve (after Maurer et al. 2015b,
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versus the false positive rate (Rgp) (i.e., surficial liquefaction
manifestation is predicted but was not observed) for varying
threshold values (e.g., MSI thresholds). Figure 2 shows a con-
ceptual illustration of ROC analysis using LPI as an example.
The distributions of LPI for positives and negatives is shown
in Fig. 2a, and the relationship among the distributions, the
threshold values, and the ROC curve is shown in Fig. 2b. For
example, consider LPI=8.75 is the threshold value that sep-
arates no surface manifestation from surface manifestation
(i-e., if LPI > 8.75 liquefaction manifestations are predicted).
From Fig. 2a, it can be seen that ~50% of the cases exhibit-
ing no manifestation have LPI values greater than this thresh-
old, while ~90% of the cases exhibiting manifestations have
LPI values greater than this threshold. Accordingly, Rrp ~ 90%
and Rgp~50% for an LPI threshold value of 8.75 are plotted
as Point B in Fig. 2b.

In ROC curve space, a diagnostic test that has no predic-
tive ability (i.e., a random guess) results in an ROC curve that
plots as a 1:1 line through the origin, which would be the
case if the distributions of the no manifestation and man-
ifestation cases have the same means and standard devia-
tions (i.e., LPI has no ability to predict the occurrence of
surface manifestations). In contrast, a diagnostic test that
has a perfect predictive ability (i.e., a perfect model) plots
along the left vertical and upper horizontal axes, connect-
ing at the point (0,1) and indicates the existence of a thresh-
old value that perfectly segregates the data set (e.g., all cases
with observed surficial manifestation will have MSI above
the threshold, and all cases with no observed surficial man-
ifestation will have an MSI below the threshold). The area
under the ROC curve (AUC) is statistically equivalent to the
probability that cases with observed surficial liquefaction
manifestation have higher computed MSI values than cases
without observed surficial liquefaction manifestations (e.g.,
Fawcett 2005). Therefore, a larger AUC indicates better pre-
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dictive capabilities. To put this into perspective, a random
guess returns an AUC of 0.5, whereas a perfect model re-
turns an AUC of 1. The optimum operating point (OOP)
in an ROC analysis is defined as the threshold value (e.g.,
threshold LPI) that minimizes the rate of misprediction [i.e.,
Rpp + (1—R1p)]. A contour of the quantity [Rgp + (1—Rgp)] plots
as a straight line in the ROC space with slope of 1, also called
an iso-performance line, as illustrated in Fig.2b. As such,
an iso-performance line is tangent to the ROC curve at the
0O0P.

Results and discussion

Relationship between MSI and severity of
surficial liquefaction manifestation as a

function of I 44

For each MSI model, ROC analyses were performed on the
entire data set as well as the subsets of the data set formed
by grouping the data into different bins of I.4¢. Similar to
Maurer et al. (2015b), the data set was initially divided into
two bins of I0: Iq10 < 2.05 and I = 2.05, where [.=2.05 is
the I boundary between clean to silty sands and silty sands to
sandy silts (Robertson and Wride 1998). Table 2 summarizes
the ROC statistics (i.e., AUC and OOP values) for LPI, LPl;g,,
and LSN models, considering the entire data set as well as the
two different subsets of I.p. It can be observed that, for each
MSI model, the OOP for the subset of cases with I > 2.05 is
significantly higher than that for the subset with I;<2.05,
indicating that the relationship between computed MSI and
the severity of surficial liquefaction manifestation varies with
I¢10- For example, for I49 <2.05, the threshold LPI for distin-
guishing cases with and without manifestation was found
to be 3.7. In contrast, the threshold LPI for I.0> 2.05 was
found to be 7.5. Note that these threshold LPI values differ
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Fig. 3. Example of I. versus depth profiles from the CE data set that have I falling in different ranges considered in this
study: Ic10<1.7; 1.7 <10 <1.9; 1.9 <19 <2.1; 2.1 <110 <2.3; and 49 = 2.3.
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Table 2. Summary of ROC statistics on two subsets of I
for different MSI models.

All Ie10 Ic10<2.05 Ic10 = 2.05
MSI model AUC OOP AUC OOP AUC OOP
LPI 0.825 3.7 0.850 3.7 0.764 20
LPIjsn 0.828 1.7  0.847 1.7 0.776 4.4
LSN 0.775 10 0.798 11 0.695 15

from those computed by Maurer et al. (2015b), who found
the threshold LPI values for I.<2.05 and I > 2.05 to be
4.9 and 13, respectively. Potential factors for this discrepancy
may include the use of a significantly larger number of case
histories in the present study due to the addition of case his-
tories from the 2016 Valentine’s Day earthquake, updated es-
timates of PGAs for the 2011 Christchurch earthquake, and
the I. cutoff of 2.5 used herein versus the I. cutoff of 2.6 used
by Maurer et al. 2015b. Moreover, it was observed that, while
the OOPs for I9< 2.05 were very similar to those obtained
using the entire data set, the OOPs for I1o = 2.05 were signifi-
cantly higher. This is likely because the I49 <2.05 subset con-
tains a significantly larger number of case histories than the
Ic10 = 2.05 subset (note that 75% of the CE case histories have
Ic10 < 2.05). Consequently, MSI thresholds that are derived us-
ing the entire data set may accurately predict the manifesta-
tions’ severity for profiles having predominantly clean to silty
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sands but may over-predict the manifestation severity for pro-
files having predominantly silty to clayey soil mixtures. Fur-
thermore, it may be observed that for each MSI model, the
AUC values for I < 2.05 are higher than those for I.4¢ = 2.05,
indicating that each MSI model performs better at predicting
the severity of surficial liquefaction manifestation for sites
with Il:ll) < 2.05.

Similar analyses were performed using multiple finer bins
of I¢10 to evaluate the influence of Iy on the predictive per-
formance of the MSI models in greater resolution. For exam-
ple, I. versus depth profiles that have I, falling in five dif-
ferent ranges of I¢10: [c10<1.7; 1.7 <0< 1.9; 1.9 <149 <2.1;
2.1 <I¢0<2.3; and I0 = 2.3 are shown in Fig. 3. Table 3 sum-
marizes AUC and OOP values for these five different bins of
Ic10 for the LPI, LPliy,, and LSN models. In general, regard-
less of the MSI model used, the threshold MSI values were
found to increase with increasing I.;o, which clearly indicates
that for each MSI model the relationship between computed
MSI and the severity of surficial liquefaction manifestation
is I;1p-dependent. As such, for a given MSI value, the severity
of manifestation decreases as Icio increases. Therefore, Icio-
specific MSI thresholds may be employed to more accurately
estimate the severity of surficial liquefaction manifestation
at a given site. Furthermore, it can be observed that AUC val-
ues generally decrease with increasing I.qo, indicating that
the predictive efficacy of the MSI models decreases with in-
creasing I 4.
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Table 3. Summary of ROC statistics on multiple finer subsets of I for different MSI models.

Ic10<1.7 1.7=<I4p<1.9 1.9=I4p<2.1 21=l49<2.3 [-10=2.3
MSI model AUC ooP AUC 00P AUC 00P AUC 0O0P AUC 00P
LPI 0.860 2.3 0.855 39 0.808 7.5 0.798 7.1 0.791 8.8
LPIig 0.850 0.5 0.857 17 0.814 3.1 0.804 3.9 0.737 44
LSN 0.812 8 0.801 13 0.745 13 0.718 15 0.659 15
Table 4. P(S|MSI, I419) model coefficients. Fig. 4. Probability of surficial liquefaction manifestation as a
MSI model B B, B, function of LPI and I,.
LPI -1.677 0.645 —0.206 i
LPLs, —1.408 0.747 —0.233 ]
LSN —~1.580 0.147 —0.033 o 09 1
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The high I soil profiles in Christchurch are generally g ]
found to be non-uniform with multiple interbedded layers of é 0.6 ]
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function of MSI and I o ] — - 140=27

As may be inferred from the results shown in the previ- 0 5 10 15 20 25 30

ous section, for any computed MSI, the probability of surfi-
cial liquefaction manifestation decreases as I increases. As
such, the probability of manifestation may be empirically es-
timated as a function of MSI and I using a logistic regres-
sion approach. Logistic regression is a tool that can be used
to estimate the probability that an event occurs given one or
more predictor variables. Multiple liquefaction studies in the
literature (e.g., Li et al. 2006a, b; Papathanassiou 2008; Chung
and Rogers 2017; among others) have used logistic regression
to estimate the probability of surface manifestation as a func-
tion of independent predictor variables (e.g., LPI).

The following empirical model was adopted in this study
to express the probability of surficial liquefaction manifesta-
tion, S, as a function of MSI and I,:

1
4+ e—[Bo+(By+By-Irao)-MSI|

(4)  P(S|MSI, Ic10) = 5

where, By, By, and B; are the model coefficients that can be
determined through regression analyses.

For each MSI model, By, By, and B; were obtained by per-
forming generalized linear model regression (glmfit) with a
logit link function in MATLAB (The Mathworks 2018), which
is based on the maximum likelihood estimation approach
(Baker 2011, 2015). Table 4 summarizes these model coeffi-
cients obtained using LPI, LPIy;,, and LSN. Moreover, Figs. 4,
5, and 6 show plots of eq. 4 for different values of I, using
LPI, LPIi, and LSN models, respectively. As such, the curves
shown in Figs.4-6 can be used to estimate the probability
of surficial liquefaction manifestation for any computed MSI
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Liquefaction Potential Index (LPI)

Fig. 5. Probability of surficial liquefaction manifestation as a
function of LPlj, and Iqp.
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value as a function of I4o. For example, using Fig. 4, for com-
puted LPI=10, the probability of surficial liquefaction man-
ifestation would be ~84% for a site with I =1.7 but only
~31% for a site with I =2.7.
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Fig. 6. Probability of surficial liquefaction manifestation as a
function of LSN and I,.
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Note that in Figs.4-6, the probability of surficial man-
ifestation has low but nonzero values when the MSI are
zero. This occurs because both LPI and LPI;, use a deter-
ministic liquefaction triggering curve to obtain the factor
of safety against liquefaction (eqs. 1 and 2). The determinis-
tic curve corresponds to the probability of liquefaction trig-
gering of about 15% (Boulanger and Idriss 2014); thus, while
the FS may be greater than one, the probability of liquefac-
tion triggering, and thus surface manifestation, is nonzero.
Likewise, when LSN is used (Fig. 6; eq. 3), the expected value
of &, is used to compute the LSN (Zhang et al. 2002).
Thus, even for cases when the expected value of ¢, is zero,
some low percentage of cases would be expected to exceed
this value and thus retain the potential to exhibit surficial
manifestation.

Using the CE data set, the predictive performance of the
P(S|MSI, I19) model was compared with that of a probabilistic
model expressed solely as a function of MSI [i.e., P(S|MSI)], to
investigate whether including I,¢ as a supplementary predic-
tor variable to MSI provides any added benefit. The P(S|MSI)
model is defined as

1
(5)  P(SIMSI) = T

where, Cy and C; are the model coefficients and were deter-
mined through the regression approach described previously.
The P(S|MSI) coefficients obtained using LPI, LPI;,, and LSN
are summarized in Table 5.

Two different performance metrics were used to compare
the predictive efficacies of the P(S|MSI, I;o) and P(S|MSI) mod-
els: (a) AUC from ROC analysis and (b) Akaike information cri-
terion (AIC) (Akaike 1973). While the AUC from ROC analysis
is already discussed in a previous section, a brief description
of the AIC is provided herein. AIC is a likelihood-based met-
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Table 5. P(S|MSI) model coefficients.

MSI model (e G

LPI ~1.567 0.208
LPIi —1.358 0.259
LSN —1.549 0.079

ric that can be used to select the best-performing model from
a set of competing models fitted to the same data; the best-
fitted model is the one that has the minimum AIC. AIC can
be computed as

6) AIC= —2-In(L)+2K

where L is the likelihood of producing the observed data for
a given model and K is the number of model parameters.

Table 6 compares the AUC and AIC values for the P(S|MSI,
I10) and P(S|MSI) models derived using LPI, LPIy,, and LSN.
It may be observed that regardless of the MSI model being
used, the P(S|MSI, I.0) model has a slightly higher AUC and
a lower AIC than the P(S|MSI) model, which is indicative of
the improved performance of the former over the latter. Also
shown in Table6 are the increase in AUC and decrease in
AIC values, designated as AAUC and AAIC, respectively. It
can be observed that among the three MSI models consid-
ered in this study, AAUC and AAIC values follow the order:
LPI > LPl1s, = LSN. This indicates that inclusion of I¢10 as the
supplementary predictive variable was most effective for LPI
and least effective for LSN. It should be noted, however, that
the increase in AUC for each MSI is very small, indicating
that the improvement in the model due to the inclusion of
I.10 may not be statistically significant. This is likely because
the CE data set is largely dominated by cases with lower I.
As mentioned previously, 75% of the CE case histories have
Ic10 <2.05. As a result, the improvements in prediction due to
the inclusion of I is likely being averaged out among the
different Iy ranges.

Manifestation severity indices have been shown to corre-
late with the observed severity of surficial liquefaction mani-
festation, such that as MSI increases, the degree of manifesta-
tion severity increases. It is thus implied that the probability
of surficial liquefaction manifestation would similarly corre-
late with the observed degree of manifestation severity. As
such, the criteria based on probability of surficial liquefac-
tion manifestation may be established to assess the severity
of manifestation as a function of MSI and I . For each MSI
model, using CE case histories, ROC analyses were performed
on the P(S|MSI, I40) values computed using eq. 4 to obtain op-
timum threshold probabilities distinguishing (a) cases with
no manifestation from cases with any manifestation sever-
ity; (b) cases with no manifestation from cases with marginal
manifestation; (c) cases with marginal manifestation from
cases with moderate manifestation; and (d) cases with mod-
erate manifestation from cases with severe manifestation.
The MSI model-specific threshold probabilities of manifesta-
tion for different classes of manifestation severity are sum-
marized in Table 7. Thus, instead of using I4¢-specific thresh-
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Table 6. Comparison of AUC and AIC values between P(S|MSI, I) and P(S|MSI) models.

AUC AIC
MSI model P(SIMST, I10) P(S|MSI) AAUC  P(SMSLIno)  P(SMSI)  AAIC
LPI 0.833 0.825 0.008 9741 10054 313
LPIjsp 0.834 0.828 0.006 10080 10275 195
LSN 0777 0.775 0.002 11175 11222 47

Table 7. Optimum threshold probabilities for different severities of surficial lique-

faction manifestation.

Probability thresholds
Manifestation severity P(S|LPI, Ic10) P(S|LPI;sp, Ic10) P(S|LSN, Ic10)
Any manifestation 0.37 0.31 0.35
Marginal manifestation 0.25 0.28 0.31
Moderate manifestation 0.59 0.49 0.48
Severe manifestation 0.82 0.78 0.60

old MSIvalues as determined previously (e.g., Table 3), one set
of probability-based criteria as shown in Table 7 may be used
to assess the severity of the surficial liquefaction manifesta-
tion at any site.

Conclusions

Utilizing 9 631 high-quality liquefaction case histories from
the M,,7.1 September 2010 Darfield earthquake, the M,,6.2
February 2011 Christchurch earthquake, and the M,5.7
February 2016 Valentine’s Day earthquake (i.e., CEs), this
study investigated the predictive performances of LPI, LPIy,,
and LSN models as a function of the CPT soil behavior type
index (I.) averaged over the upper 10 m of a soil profile (Ic).
In the context of this study, I is used to infer the extent to
which a profile contains high-FC, high-plasticity soils. It was
shown that for each MSI model (1) the relationship between
the computed MSI and severity of surficial liquefaction man-
ifestation is I.jo-dependent, such that for a given MSI value,
the severity of manifestation decreases as I increases and
(2) the predictive efficacy of the MSI model (i.e., the ability to
segregate cases based on observed manifestation severity us-
ing MSI thresholds) decreases as I increases. These findings
suggest that Io-specific severity thresholds are needed to ac-
curately estimate the severity of surficial liquefaction mani-
festations using an MSI model.

Additionally, using logistic regression, probabilistic mod-
els were proposed for evaluating the severity of surficial lig-
uefaction manifestation as a function of MSI and I,. It was
shown that the predictive efficacies of these models were
higher than those of the models defined solely as a function
of MSI, suggesting that including I as an additional predic-
torvariable improves the predictions of the liquefaction man-
ifestation severity. Furthermore, optimum threshold proba-
bilities for different severities of surficial liquefaction man-
ifestation were determined by performing ROC analyses on
the CE data set.
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It should, however, be noted that the findings of this study
are artifacts of inherent limitations in the existing MSI mod-
els to account for the influence of high-FC, high-plasticity
soils on the occurrence and severity of surficial liquefaction
manifestations. Given that the MSI models perform more
poorly in profiles having high-FC, high-plasticity soils, the ap-
proaches presented herein are indirect ways to correct the
predictions made by the existing MSI models. The ultimate
goal of this research is to understand and incorporate the
influence of high-FC, high-plasticity soils within the mani-
festation model itself. Finally, the findings from this study
are entirely based on the case histories from Canterbury,
New Zealand; their applicability to sites having stratigra-
phies that differ significantly from those used in this study is
unknown.

List of symbols

AIC Akaike information criterion—a likelihood-
based metric that can be used to select the
best-performing model from a set of compet-
ing models fitted to the same data; the best-
fitted model is the one that has minimum AIC.
Area under the ROC curve—statistically equiv-
alent to the probability that cases with
observed surficial liquefaction manifestation
have higher computed MSI values than cases
without observed surficial liquefaction man-
ifestations (e.g., Fawcett 2005). Therefore, a
larger AUC indicates better predictive capabil-
ities.
CEs Canterbury earthquakes—specific to this
study, the CEs consider the M,,7.1 September
2010 Darfield earthquake, the M,,6.2 February
2011 Christchurch earthquake, and the M,,5.7
February 2016 Valentine’s Day earthquake
CPT Cone penetration test—in situ test used in
characterizing a soil profile

AUC
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New Zealand Earthquake Commission

Fines content—percentage by weight of the
soil particles have an effective diameter less
than 0.075 mm

Factor of safety against liquefaction
triggering—computed by a triggering model
(e.g., Boulanger and Idriss 2014)

Depth to ground-water table

Thickness of the non-liquefied capping layer—
associated with the Ishihara (1985) surficial lig-
uefaction manifestation model and incorpo-
rated in the LPIj, MSI model

Thickness of the liquefied layer—associated
with the Ishihara (1985) surficial liquefaction
manifestation model and incorporated in the
LPI;g, MSI model

Soil behavior type index—an index computed
from CPT data to estimate soil type

Average I in the upper 10 m of a soil profile
Liquefaction potential index, a type of an MSI
model

Ishihara LPI, a type of an MSI model
Liquefaction severity number, a type of an MSI
model

Optimum operating point—associated with
ROC analysis to define the threshold value
(e.g., threshold LPI) that minimizes the rate of
misprediction

Peak ground acceleration

Manifestation severity index models

Moment magnitude

New Zealand geotechnical database
Normalized cone penetration resistance
Receiver operator characteristic analysis—
used to evaluate the performance of MSI mod-
els

False positive rate—the rate of falsely predict-
ing surficial liquefaction manifestations that
occurred for a given MSI threshold value

True positive rate—the rate of correctly pre-
dicting surficial liquefaction manifestations
that occurred for a given MSI threshold value
Strong motion stations—instruments used to
record earthquake motions

Standard penetration test—in situ test used in
characterizing a soil profile

Pore water pressure measurement made im-
mediately behind the cone tip on a cone pen-
etrometer during CPT testing

Depth

Maximum depth of liquefaction assumed to
contribute to surficial liquefaction manifesta-
tions

Increase in AUC as a result of including I as a
conditioning variable in the probability model
Decrease in AIC as a result of including I 0 as a
conditioning variable in the probability model
Volumetric strain in soil due to post-
liquefaction consolidation
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