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Abstract: Current engineering practice employs clean sand–based procedures to evaluate liquefaction triggering in nonplastic,
coarse-grained soils and low-plasticity, fine-grained soils below level or mildly-sloping ground. Furthermore, existing empirical liquefaction
triggering procedures treat all clean sands (fines content <5%) as identical (i.e., employing a single liquefaction resistance boundary).
To improve these practices, this paper presents a new ΔQ common-origin method to assess level-ground liquefaction susceptibility and
triggering for cone penetration test (CPT)–compatible soils ranging from nonsensitive clays to clean sands using the soil classification index
ΔQ (described elsewhere). This procedure was developed using 401 documented case records of liquefaction and nonliquefaction in clean
sands, silty sands, sandy silts, and low-plasticity fine-grained soils combined into a single data set. Importantly, the proposed procedure
implicitly couples the evaluation of liquefaction susceptibility and triggering and does not require estimating fines content or converting
measured CPT tip resistance to an equivalent clean-sand value. Rather, the proposed procedure yields unique estimates of liquefaction
resistance for soils based on compressibility (as reflected in ΔQ) such that factors that affect penetration resistance (e.g., mineralogy, grain
shape, density, overconsolidation) are incorporated. The new deterministic and probabilistic procedures are illustrated using examples of
liquefaction and no liquefaction in clean sands, silty sands to sandy silts, and low-plasticity fine-grained soils. DOI: 10.1061/(ASCE)
GT.1943-5606.0002515. © 2021 American Society of Civil Engineers.
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Introduction

The assessment of seismic liquefaction of level and mildly-sloping
ground using in situ penetration tests largely is based on the pio-
neering work by Seed and Idriss (1971) and Whitman (1971). Seed
and Idriss (1971) proposed a simplified equation to estimate seis-
mic demand in terms of a cyclic shear stress ratio (CSR) for level-
ground sites that did and did not manifest liquefaction features.
They compared this seismic demand to the resistance of the soil
to cyclic loading, which was characterized using relative density.
A boundary that separates liquefied from not liquefied sites
defines the level-ground liquefaction resistance, or cyclic resistance
ratio (CRR), of sandy soils. Since 1971, numerous investigators
(e.g., Seed and Idriss 1982; Seed et al. 1985; Youd et al. 2001;
Cetin et al. 2004; Boulanger and Idriss 2012, among others) have
expanded the case history database and refined this method to
estimate CSR corresponding to a moment magnitude (M) 7.5
earthquake (CSR7.5) and have used overburden stress-normalized

standard penetration test (SPT) blow count [ðN1Þ60] to define
the cyclic resistance ratio to a M7.5 earthquake (CRR7.5).

Robertson and Campanella (1985) and Seed and de Alba (1986)
extended the cyclic stress approach by defining CRR7.5 using over-
burden stress-normalized cone penetration test (CPT) tip stress, qc1.
These early efforts differentiated soil type using measured fines
content (FC) and/or median grain diameter (D50). Stark and Olson
(1995), Robertson andWride (1998), Moss et al. (2006), Boulanger
and Idriss (2016), and others developed similar liquefaction resis-
tance boundaries using CPT data and variably-interpreted case his-
tory records. Fig. 1(a) presents the Robertson and Wride (1998)
liquefaction resistance boundaries for sandy soils with soil behavior
type index, Ic, values of 1.64, 2.07, and 2.59 corresponding to
approximate FC≈ 5%, 15%, and 35%.

In contrast to these in situ methods developed for coarse-grained
soils, evaluating liquefaction triggering in low-plasticity fine-
grained soils has been more challenging. Engineers have long rec-
ognized that saturated, fine-grained soils can indeed experience
incremental excess porewater pressure generation and strain soft-
ening (or strength loss) when subjected to cyclic loading (often
termed cyclic softening), and cases where low-plasticity, saturated,
fine-grained soils have manifested consequences of liquefaction-
like behavior have been reported in the literature (e.g., Bray and
Sancio 2006). The susceptibility of fine-grained soils to cyclic
softening and liquefaction historically has been assessed using in-
dex properties to describe soil water content (w) and/or plasticity
(liquid limit, wL, and plasticity index, Ip) by relating these index
properties to observed case histories that did and did not manifest
liquefaction effects. These methods originated with the Chinese
criteria (described by Seed and Idriss 1982) and subsequently
have been refined by several researchers (e.g., Seed et al. 2003;
Boulanger and Idriss 2004, 2006; Bray and Sancio 2006).
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In addition to navigating the differences in evaluating liquefac-
tion susceptibility of fine-grained soils, evaluating triggering in
susceptible fine-grained soils has been more contentious and poten-
tially confusing, in part because it often is not apparent when a
fine-grained soil can experience liquefaction and the subsequent
undesirable consequences. Many engineers may not understand
when (or even if) it is appropriate to evaluate liquefaction triggering
in a susceptible fine-grained soil using in situ methods developed
specifically for coarse-grained soils. For example, Boulanger and
Idriss (2006) suggested that fine-grained soils with plasticity indi-
ces (IP) less than 7 can be evaluated using in situ methods devel-
oped for coarse-grained soils, but also cautioned that fine-grained
soils with IP as low as 3–6 may exhibit intermediate behavior
where more detailed in situ and cyclic laboratory testing may be
needed. Similarly, Bray and Sancio (2006) recommended that
fine-grained soils classified as susceptible or moderately suscep-
tible to liquefaction based on index properties should be evaluated
further using laboratory cyclic shear tests performed on undisturbed
samples.

Higher plasticity fine-grained, nonsensitive soils also can expe-
rience cyclic softening, but strength loss associated with cyclic
loading of high-plasticity, fine-grained, nonsensitive soils typically
is less than 20% (Boulanger and Idriss 2004; Ajmena et al. 2019),
and reported cases of manifestations of level-ground liquefaction
(soil boils, settlement, lateral spreading) are relatively rare. In
contrast, sensitive fine-grained soils (e.g., quick clays of Eastern
Canada and Scandinavia) can experience severe undrained strength
loss and manifest liquefaction-like features under level ground
when subjected to modest static or cyclic loads. These high-
sensitivity soils are not considered in this study.

In this paper, we propose a unified method to assess
level-ground liquefaction susceptibility and triggering for CPT-
compatible soils ranging from nonsensitive clays to clean sands
using the soil classification index, ΔQ (Saye et al. 2017). This
new method (1) eliminates the need for a fines-content adjustment
to adjust the CPT tip resistance measured in silty sands to an equiv-
alent clean-sand CPT tip resistance; (2) incorporates case histories
involving low-plasticity, nonsensitive fine-grained soils into the

database and, in doing so, extends and unifies the evaluation of
liquefaction susceptibility and triggering for coarse-grained and
low-plasticity, nonsensitive fine-grained soils; and (3) differentiates
the liquefaction resistance of clean sands based on CPT measure-
ments (which reflect properties such as compressibility and miner-
alogy) rather than treating all clean sands identically. In the
proposed framework, a common origin is defined by replotting tra-
ditional liquefaction resistance boundaries [e.g., Fig. 1(a)] in
log10 CSR7.5 − qc1=pa space (where pa is atmospheric pressure)
to develop a series of linear liquefaction resistance boundaries that
project to a common y-intercept (or common origin).

Using the common-origin framework, 401 liquefaction case re-
cords from a wide variety of original and secondary sources, rep-
resenting 24 earthquakes ranging in moment magnitude from 5.5 to
9.0, were compiled and replotted using transformed axes to develop
deterministic and probabilistic liquefaction resistance boundaries.
Two sites, one where an inclinometer was installed prior to earth-
quake shaking and one where liquefaction-induced silt boils were
manifest, are used to illustrate the application of the ΔQ common-
origin method to assess liquefaction triggering in individual soil
layers ranging from clean sand to low-plasticity, nonsensitive
silty clay. Additional examples are presented in the Supplemental
Materials. Lastly, the authors illustrate aspects of the ΔQ common-
origin method for two particular subsets of the case history
database: (1) the Darfield/Christchurch, New Zealand, cases (Green
et al. 2014) for which existing liquefaction triggering methods
have been only moderately successful in forecasting the observed
liquefaction manifestations; and (2) cases involving low-plasticity,
nonsensitive fine-grained soils where existing liquefaction trigger-
ing methods developed for coarse-grained soils do not apply.

The Common Origin

Robertson and Wride (1998) developed CPT-based liquefaction re-
sistance boundaries for sandy soils as part of the National Center for
Earthquake Engineering Research (NCEER) study that culminated
in the level-ground liquefaction triggering assessment guidelines
summarized by Youd et al. (2001). The three liquefaction resistance

(a) (b)

Fig. 1. (a) Liquefaction resistance boundaries proposed by Robertson and Wride (1998) for Ic ¼ 1.64, 2.07, and 2.59; and (b) liquefaction resistance
boundaries replotted in qc1=pa– logCSR7.5 space to illustrate definitions of common origin and mCRR. (Data from Robertson and Wride 1998.)
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boundaries for FC≈ 5%, 15%, and 35% [Fig. 1(a)] are replotted in
log10CRR7.5 − qc1=pa space in Fig. 1(b). As illustrated in the figure,
when plotted in log10CRR7.5 − qc1=pa space, the Robertson and
Wride (1998) boundaries can be approximated as straight lines
that converge to a common origin of log10 CRR7.5 ¼ −1.35 at
qc1=pa ¼ 0. Table 1 summarizes common-origin log10 CRR7.5 in-
tercepts derived from other published CPT-based liquefaction resis-
tance boundaries. As detailed subsequently, statistical regression
using the liquefaction and nonliquefaction case history data set in-
troduced later in this paper (Table S1) yielded a common origin
of log10 CRR7.5 ¼ −1.34.

As illustrated in Fig. 1(b), each boundary exhibits a unique
slope, defined as mCRR, which is expressed as

mCRR ¼ log10CRR7.5 − co
qc1
pa

ð1Þ

where co = value of the common origin for CRR7.5 (i.e., the
log10CRR7.5-axis intercept at qc1=pa ¼ 0). Slopes of mCRR can
be related to soil-type indices such as D50 or FC, as shown in
Figs. 2(a and b), respectively. Similarly, Fig. 2(c) shows that
mCRR values for the Robertson and Wride (1998) boundaries
can be related to the Robertson andWride (1998) soil behavior type
index, Ic.

As illustrated in Figs. 1(b) and 2, each liquefaction resis-
tance boundary involves three variables: (1) log10CRR7.5, which
characterizes seismic demand required to trigger liquefaction;
(2) qc1=pa, which characterizes soil resistance to seismic loading;

and (3) a parameter describing soil type or behavior (e.g., FC;
D50; Ic). Other CPT-based triggering approaches (e.g., Moss et al.
2006; Boulanger and Idriss 2016) eliminate one variable by using
an empirical fines-content adjustment (Δqc1=pa) to adjust the
qc1=pa measured in silty sands to equivalent values consistent with
clean sands [ðqc1Þcs=pa], thereby yielding a single clean-sand
liquefaction resistance boundary relating CRR7.5 and ðqc1Þcs=pa.
These adjustments tend to be highly uncertain, in part because they
depend on both FC and qc1=pa. Furthermore, these adjustments
may not account for the plasticity and other characteristics of the
fines, which can affect liquefaction resistance. Lastly, the use of a
single clean-sand liquefaction boundary does not account for po-
tential variations in qc1=pa that occur in clean sands with different
fabric compressibility and/or grain mineralogy (e.g., Robertson and
Campanella 1983).

In this paper, we combine the seismic demand required to trig-
ger liquefaction and the soil’s resistance to liquefaction into a single
term, mCRR. To characterize soil type or behavior for liquefaction
triggering assessment, we use the soil classification index ΔQ
(Saye et al. 2017), which implicitly is affected by geotechnical
properties such as plasticity, compressibility, and grain size distri-
bution. Thus, the proposed ΔQ common-origin approach (1) elim-
inates the need for an equivalent clean-sand adjustment or an
estimate of FC from the CPT (i.e., the fines-content adjustment,
Δqc1=pa) used by all other CPT-based liquefaction triggering ap-
proaches for sandy soils; (2) extends CPT-based liquefaction trig-
gering to clayey soils such that all CPT-compatible soils ranging
from nonsensitive clays to clean sands can be evaluated using a
single, unified susceptibility and triggering procedure; and (3) ac-
commodates variations in the liquefaction resistance of clean sands
with different fabric compressibility and/or grain mineralogy.

Soil Classification Using ΔQ

Saye et al. (2017) presented an empirical assessment of soil
classification using CPT data in Qt − fs=σ 0

v0 space, where Qt ¼
ðqt − σv0Þ=σ 0

v0 , qt = corrected CPT tip stress, fs = CPT sleeve fric-
tion, σv0 = initial total vertical stress, and σ 0

v0 = initial effective ver-
tical stress. Fig. 3(a) illustrates individual CPT data for different
soil types interpreted in Qt − fs=σ 0

v0 space. As shown in the figure,
each soil type exhibits a unique linear slope and the family of lines
converge to an offset origin of Qt ¼ −10 and fs=σ 0

v0 ¼ −0.67.
Saye et al. (2017) defined the slope of each set of CPT data as ΔQ,
which is expressed as

ΔQ ¼ Qt þ 10
fs
σ 0
v0
þ 0.67

ð2Þ

Fig. 3(b) illustrates the resulting ΔQ-based soil classification
approach. Saye et al. (2017) showed that the linear ΔQ relations
transform into hyperbolas when plotted in Qt − F space used by
Robertson (1990) [where F ¼ fs=ðqt − σv0Þ] that more effectively
capture changes in soil type and stress history (i.e., overconsolida-
tion) than Ic. By relating mCRR to ΔQ, soil-specific liquefaction
resistance boundaries can be defined for all CPT-compatible soil
types (from low-plasticity fine-grained to clean coarse-grained
soils with differing grain mineralogy) in a manner that accounts
directly for the soil properties that affect penetration resistance,
porewater pressure generation, and liquefaction resistance (includ-
ing plasticity, compressibility, and gradation). Thus, the proposed
mCRR −ΔQ relationship presented in this paper provides unique
liquefaction resistance boundaries for clean sands with different
compressibility and mineralogy (i.e., low-compressibility silica
sands compared to higher compressibility carbonate sands or

Table 1. Common-origin log10CRR7.5 intercepts for several published
CPT-based liquefaction resistance boundaries

Reference Common-origin CRR7.5 intercept, co

Stark and Olson (1995) −1.30
Robertson and Wride (1998) −1.35
Moss et al. (2006) −1.39
Boulanger and Idriss (2016) −1.22

Stark and Olson (1995)
Robertson and Wride (1998)

(a)

(b)

(c)

Fig. 2. Trends of soil indices with mCRR: (a) D50 (mm); (b) FC (%);
and (c) Ic.
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well-graded sands compared to poorly graded sands), as well as for
silty or clayey soils with differing plasticity, as these factors change
the ΔQ value for the soil.

Field Liquefaction Data Set

To create a mCRR −ΔQ relationship, a data set of vetted case his-
tories involving a wide range of soil types where liquefaction was
and was not manifest is required. Table S1 summarizes the lique-
faction and nonliquefaction cases compiled to develop the pro-
posed mCRR −ΔQ relationship in this study. To compile this
data set, the authors carefully reviewed and evaluated liquefaction
and nonliquefaction cases reported in a wide variety of original and
secondary sources, involving 24 earthquakes with moment magni-
tudes ranging from 5.5 to 9.0. Cases involving marginal liquefac-
tion (i.e., reported by the original investigators as “minor,” “sparse,”
or “marginal” surface manifestations) are identified in the table.
Importantly, in contrast to previous investigators we did not differ-
entiate sandy soil case histories from clayey soil case histories. All
field data, from clayey to sandy soils, were processed uniformly as
described below.

Cyclic stress ratios normalized to a M7.5 earthquake (CSR7.5)
were calculated using the simplified equation (Seed and Idriss
1971; Whitman 1971) and the adjustments recommended by Youd
et al. (2001). The CSR7.5 term was defined as

CSR7.5 ¼
CSR
MSF

¼ τ avg=σ 0
vo

MSF
¼

0.65ðamax
g Þðσvoσ 0

vo
Þrd

MSF
ð3Þ

whereMSF = magnitude scaling factor; τ avg = average shear stress;
amax = peak ground surface acceleration; g = acceleration of grav-
ity; and rd = depth reduction factor. The MSF and rd terms were
defined as

MSF ¼ 102.24

M2.56 ð4Þ

and

rd ¼
�
1.0 − 0.00765z for z < 9.15m

1.174 − 0.0267z for 9.15m < z < 23m
ð5Þ

where z = depth below the ground surface (meters). At this time, we
selected the Youd et al. (2001) recommended relationships for
MSF and rd as they are widely recognized, vetted, and still used
in practice. Future iterations of the mCRR −ΔQ relationship may
consider alternateMSF and rd correlations, e.g., Cetin et al. (2004),
Boulanger and Idriss (2014), and others.

The depth of the critical layers reported in Table S1 are rela-
tively shallow, resulting in effective vertical stress corrections
(Kσ) of 1.0 for the vast majority of the cases in the data set using
the Youd et al. (2001) Kσ correction factor. [Here, we considered
the Youd et al. (2001) Kσ correction factor to maintain a consistent,
uniform data processing procedure, as wewere using the Youd et al.
MSF and rd factors.] In fact, greater than 93% of the cases in the
database have σ 0

v ≤ 100 kPa and Kσ ¼ 1.0. For comparison, ap-
proximately 90% of cases in the database have Kσ ¼ 0.98–1.07
using the Boulanger and Idriss (2016) Kσ factor. Therefore, this
study did not incorporate Kσ, which is consistent with some other
previous liquefaction triggering studies (e.g., Kayen et al. 2013).
Additionally, this study considers only level-ground or nearly
level-ground conditions, consistent with most previously published
liquefaction triggering studies; therefore, the static shear stress
adjustment (Kα) was not included in this study. Again, future iter-
ations of the mCRR −ΔQ relationship may consider alternate Kσ
and Kα correlations, e.g., Cetin et al. (2004) and Boulanger and
Idriss (2014).

Dimensionless CPT tip stress was computed as follows:

qc1
pa

¼ Cq

�
qc
pa

�
ð6Þ

where

Cq ¼
�
pa

σ 0
v0

�
n ≤ 1.7 ð7Þ

0 5 10 15 20 25 30

0

400

800

1200

1600

Q
t

0 2 4 6

0

200

400

600
Q

t

Alluvium, Omaha
Peorian Loess 
Platte River sand
Vancouver marine clay
Stillcreek Basin peat, Vancouver
Platte River collapsible loess
Whiskey Springs clay-silt-gravel
Windsor, Ontario low plasticity clay
Blessington sand
I-15 7200S test pile site

(a)

Q
15; Highly organic soils

Q= 19; wL
50

Q
= 31; FC

50%

Q
= 70; FC

12%

Q
=

90
; F

C
5%

Origin

Increasing Dr

Increasing OCR

Increasing IP

[1] [2] [3]

[4]

[5]Typical USCS
[1] SP, SW
[2] SP-SM, SP-SC
[3] SM, SC, GM, GC
[4] ML, CL
[5] MH, CH
[6] OL, OH, Pt

[6]

(b)

fs / 'vofs / 'vo

Fig. 3. (a) Relationships between fs=σ 0
vo and Qt for individual soils; and (b) soil classification assessment chart using ΔQ. USCS = Unified Soil

Classification System; SP = poorly-graded sand; SW = well-graded sand; SP-SM = poorly graded sand with silt; SP-SC = poorly graded sand with
clay; SM = silty sand; SC = clayey sand; GM = silty gravel; GC = clayey gravel; ML = low-plasticity silt; CL = low-plasticity clay; MH = high-
plasticity (elastic) silt; CH = high-plasticity clay; OL = low-plasticity organic soil; OH = high-plasticity organic soil; and Pt = peat. (Adapted from
Saye et al. 2017.)
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and n was defined as 0.5, regardless of soil type. We opted to not
use the Robertson (2009) approach (or similar alternate ap-
proaches) to calculate qc1N based on variations in Ic and instead
computed the dimensionless qc1=pa using a single value of the
exponent n ¼ 0.5 to focus on the soil-type variations related to
ΔQ [computed using Eq. (2)].

Much of the CPT data from legacy liquefaction case histories in
the literature report only qc rather the tip stress corrected for un-
equal end area effects, qt. Furthermore, penetration-induced pore-
water pressures were measured for only a fraction of the cases in
Table S1. Therefore, we elected to process all data as qc, conclud-
ing that uniform and consistent data processing was more important
than the improved characterization of the fine-grained soils with qt.
We note that the critical layer mid-depths reported in Table S1 are
generally shallow (∼70% are <5 m and ∼95% are <8 m). At these
shallow depths, considering a groundwater depth of 1 m and typ-
ical values of penetration-induced excess porewater pressure
(Δu2) for soft, nearly normally consolidated fine-grained soils
(e.g., Robertson and Cabal 2015), the difference in ΔQ computed
from qc and qt is less than 5%. These small differences inΔQ have
a negligible effect on the ΔQ common-origin approach presented
here. Future iterations of themCRR −ΔQ relationship may consider
developing a general approach to correct historical qc data to
equivalent qt values, but such an effort was not attempted at this
time.

Selecting Critical Layers for the ΔQ Common-Origin
Approach

Recent level-ground liquefaction triggering data sets (e.g., Moss
et al. 2006; Green et al. 2014; Boulanger and Idriss 2016) identify
a potential critical soil layer and typically (but not always) report
average qc and fs values within this layer. In contrast, CSR7.5 val-
ues typically are reported for the mid-depth of the critical layer.
When developing conventional liquefaction resistance boundaries,
this intermingling of average CPT values (which typically do not
occur at the layer mid-depth) and mid-depth CSR7.5 values likely
has a minor effect on the resulting boundary. However, in the
ΔQ common-origin approach, the mCSR term [where mCSR ¼
ðlog10CSR7.5 − coÞ=ðqc1=paÞ] includes both CSR7.5 and qc1=pa.
When these values do not correspond to the same specific depth,
the computedmCSR value does not correspond to the depth of either
CSR7.5 or qc1, and therefore is incorrect. Similarly, when average
qc and fs values (which typically do not occur at the layer mid-
depth) are combined with the mid-depth σ 0

v value to compute
ΔQ, the resulting ΔQ value differs from the value that would be
defined if ΔQ were averaged over the layer. Thus, we computed
ΔQ and mCSR for each depth in a sounding, and we then reported
in Table S1 average values within the selected critical layer for all
relevant CPT and seismic parameters.

To select (or verify) the critical layer for each liquefaction case
history in Table S1, we typically identified two depth ranges:
(1) the broader sediment (or stratigraphic/geologic) unit that con-
tains the critical layer; and (2) the critical layer which represents the
weakest-link-in-the-chain zone within the sediment unit. This dif-
ferentiation is important when variations occur within the sediment
unit, and the approach aligns with the recommendations in the
National Academies (2016) study on the state of the art and practice
in liquefaction assessment. Specifically, we consistently identified
the critical layer (within the sediment unit) as the shallowest soil
layer that is both susceptible to liquefaction and most likely to de-
velop surface manifestations at a liquefaction site. At a nonlique-
faction site, the critical layer was defined as the layer that is most

susceptible to liquefaction and could most likely result in at least
minor surface manifestations if triggered to liquefy (Green et al.
2014). As noted by Green et al. (2014), the critical layer needs
to satisfy the depth-thickness-density concepts defined by Olson
et al. (2005) and Green et al. (2005) and be consistent with the
observed surface evidence of liquefaction at the site (e.g., soil com-
position, grain size, and color of the observed ejecta).

Therefore, our selection and/or verification of the critical layer
for each case history consistently considered the following: (1) sim-
ilarity in grain size distribution with documented ejecta (where
available); (2) depth of the critical layer relative to the a low-
permeability confining layer (e.g., clay cap or asphalt pavement)
for cases of hydraulic fracturing; (3) spatial continuity of the critical
layer (i.e., similar soil type, elevation, and penetration resistance)
over the extent of the surface manifestations for cases of lateral
spreading; (4) depth of the critical layer relative to the base of a
free-face (as appropriate) in cases of lateral spreading; (5) obser-
vations from nearby inclinometers, piezometers, or other instru-
mentation (where available); and (6) depth of the critical layer
relative to building foundations in cases of observed postliquefac-
tion building settlement or tilting.

To illustrate how critical layers were evaluated and identified
consistently for all of the case histories in Table S1, we present
four examples that illustrate the (1) use of specific instrumentation
data to subdivide a sediment unit into multiple critical layers;
(2) selection of a shallower potentially liquefiable layer as critical;
(3) minor revision of critical layer depth limits to be more consis-
tent with specific CPT measurements; and (4) identification of a
weakest-link-in-the-chain critical layer within a sediment unit.
Examples 1–3 are presented in the Supplemental Materials, and
Example 4 is presented below.

Fig. 4 presents data from CPT sounding LEN-37 conducted at
the Leonardini Farm site following the 1989 Loma Prieta earth-
quake (Bennett and Tinsley 1995; Charlie et al. 1998). Extensive
cracking parallel to the riverbank and displacements of up to 2 m
occurred near the toe of the lateral spread at this site. Boulanger and
Idriss (2016) identified a critical layer between 2.5 and 7.5 m, with
a reported average depth of 4.9 m. As illustrated in Fig. 4, a sand
with silt sediment unit (as identified by both measured fines content
and ΔQ) occurs from 2.5 to 7.7 m in this sounding, so the authors
extended this sediment unit to a depth of 7.7 m for this sounding.
However, at this site the upper portion of the sand with silt unit
(2.5–5.0 m; ΔQ ≈ 75) exhibits a nontrivial difference in ΔQ com-
pared to the lower portion of the unit (5.0–7.7 m; ΔQ ≈ 62).
Therefore, using the selection rules described previously, we se-
lected the upper portion of the sand with silt sediment unit
(2.5–5.0 m; ΔQ ≈ 75) as the critical layer.

Development of mCRR Model

Fig. 5 presents the revised liquefaction, marginal liquefaction, and
nonliquefaction case history data from Table S1 in both arithmetic
and log-logmCSR −ΔQ space. As noted previously, a common ori-
gin (co) of −1.34 was computed in this study through statistical
regression. Visual inspection of Fig. 5 reveals a separation between
liquefaction and nonliquefaction case histories as a function ofΔQ,
with marginal liquefaction data generally plotting near the visual
boundary between the liquefaction and nonliquefaction cases. In
mCSR −ΔQ space, the boundary between the liquefaction and non-
liquefaction cases is, by definition, mCRR. Based on the data in
Table S1, we computed the most likely location of this boundary
(i.e., themCRR model) using Bayesian updating and maximum like-
lihood estimation (MLE) techniques. This regression is detailed
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thoroughly in the Supplemental Materials. The following summa-
rizes the regression procedure and analysis results.

Bayesian updating is based on a framework for estimating un-
known model parameters, given as

fðΘÞ ¼ cLðΘÞpðΘÞ ð8Þ
whereΘ = set of model parameters to be estimated; pðΘÞ = existing
probability distribution representing our knowledge about Θ prior
to adding additional observations; LðΘÞ = likelihood function
representing our new knowledge gained from a set of new obser-
vations; c ¼ ½∫LðΘÞpðΘÞdΘ�−1 is a normalization factor; and
fðΘÞ = posterior distribution representing our updated state of
knowledge about Θ (Box et al. 1973; Der Kiureghian 1999; Cetin
et al. 2002).

Limit State Function

A limit state function was developed to represent the boundary be-
tween liquefaction and nonliquefaction case histories in mCSR −
ΔQ space. This model is used in the Bayesian updating approach
to regress the most likely model coefficients for mCRR given the
current case history data. Such limit state functions have been ap-
plied by other researchers to develop probabilistic liquefaction trig-
gering models (e.g., Liao et al. 1988; Liao and Lum 1998; Youd
and Noble 1997; Cetin et al. 2004; Boulanger and Idriss 2012).

Consistent with Boulanger and Idriss (2012), the following no-
tation was used for convenience to develop the limit state function:

q ¼ qc1
pa

ð9Þ

S ¼ CSR7.5 ð10Þ
mR ¼ mCRR ð11Þ

mS ¼ mCSR ð12Þ

00101
0.001

0.01

0.1

(b)

Q  20

q c
1

/ p
a

m
C

S
R
 =

 lo
g(

C
S

R
7.

5)
 +

 1
.3

4

Q

0

0.02

0.04

0.06

0.08

0.1
0 50 100 150 200 250

Liquefaction
Marginal
Non-liquefaction

(a)

q c
1

/ p
a

m
C

S
R
 =

 lo
g(

C
S

R
7.

5)
 +

 1
.3

4

mCRR

Q  20
Q

Fig. 5. m̂CRR and m̂CRR � 1σ plotted with liquefaction, marginal lique-
faction, and nonliquefaction case histories from Table S1: (a) arithmetic
scale; and (b) log-log scale.
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The limit state function, including uncertainties, then is formu-
lated as follows:

gðq;ΔQ; S;CÞ ¼ lnðmRÞ − lnðmSÞ ð13Þ

gðq;ΔQ; S;CÞ ¼ ln

�
ΔQ

C1 · ΔQ þ C2

�
− ln

�
log Sþ C3

q

�
ð14Þ

gðq;ΔQ; S;CÞ ¼ ln

�
Δ̂Q

C1 · Δ̂Q þ C2

�
− ln

�
log Ŝþ C3

q̂

�
þ ε ð15Þ

where C = vector representing unknown coefficients C1–C3; and
ε = total uncertainty. Note that ε could be broken further into its
component contributions from ΔQ, S, and q. However, such detail
is not necessary for the mR function at this stage, because Eq. (15)
is only an intermediate function in computing the probability of
liquefaction and/or the factor of safety against liquefaction trigger-
ing. Parametric uncertainties in S and q will be considered later in
the formulation of the liquefaction resistance boundary. Finally, use
of the hat terms in Eq. (15) indicate median values of their asso-
ciated parameters.

For case histories exhibiting liquefaction manifestations (i.e., g ≤
0), the probability of observing liquefaction is computed as

P½gðq;ΔQ; S;CÞ ≤ 0� ¼ Φ

�
− gðq̂; Δ̂Q; Ŝ;CÞ

σlnmR

�
ð16Þ

where Φ = standard normal cumulative probability distribution
function. For case histories showing no liquefaction manifestations
(i.e., g > 0), the probability of observing no liquefaction is
computed as

P½gðq;ΔQ; S;CÞ > 0� ¼ Φ

�
gðq̂; Δ̂Q; Ŝ;CÞ

σlnmR

�
ð17Þ

The likelihood function then can be written as

LðC; εÞ ¼
Y

Liquefied Sites

P½gðq;ΔQ; S;CÞ ≤ 0�

×
Y

Nonliquefied Sites

P½gðq;ΔQ; S;CÞ > 0� ð18Þ

LðC; εÞ ¼
Y

Liquefied Sites

Φ

�
− gðq̂; Δ̂Q; Ŝ;CÞ

σlnmR

�

×
Y

Nonliquefied Sites

Φ

�
gðq̂; Δ̂Q; Ŝ;CÞ

σlnmR

�
ð19Þ

where Π = product of the sequence of terms.

Correcting for Sampling Bias

Cetin et al. (2002) suggested that uneven sampling in liquefaction/
nonliquefaction case histories can potentially bias the maxi-
mum likelihood results. As cited by both Cetin et al. (2002) and
Boulanger and Idriss (2012), Manski and Lerman (1977) suggested
that the bias from an uneven choice-based sampling process could
be corrected by weighting the observations to better represent the
actual population. Rewriting Eq. (19) to correct for this bias, the
modified likelihood function is given as

LðC; εÞ ¼
Y

Liquefied Sites

Φ

�
− gðq̂; Δ̂Q; Ŝ;CÞ

σlnmR

�wliquefied

×
Y

Nonliquefied Sites

Φ

�
gðq̂; Δ̂Q; Ŝ;CÞ

σlnmR

�wnonliquefied

ð20Þ

where wliquefied and wnonliquefied = exponents used to weight the
likelihood function. These exponents could theoretically be
computed as

wliquefied ¼
Qliq;true

Qliq;sample
ð21Þ

wnonliquefied ¼
1 −Qliq;true

1 −Qliq;sample
ð22Þ

where Qliq;true = true proportion of occurrences of liquefaction in
the population; and Qliq;sample = proportion of occurrences of lique-
faction in the sample set. However, Qliq;true is unknown.

Cetin et al. (2002) relied upon an expert panel to develop esti-
mates of wliquefied and wnonliquefied. The panel agreed that the ratio of
wliquefied=wnonliquefied should be between 1.0 and 3.0, with the most
common estimate being between 1.5 and 2.0. Cetin et al. (2004),
Moss et al. (2006), and Boulanger and Idriss (2012, 2016) adopted
a wliquefied=wnonliquefied ratio of 1.5, with wliquefied ¼ 0.8 and
wnonliquefied ¼ 1.2. However, the case histories presented in Table S1
include a significantly larger number of nonliquefaction case
histories [liquefaction/nonliquefaction, L=N, ratio of 252=149,
compared to ratios of 139=43 and 182=71 for CPT-based databases
from Moss et al. (2006) and Boulanger and Idriss (2016), respec-
tively], thus effectively reducing the sampling bias in the data set.
Based on the ratio of liquefaction to nonliquefaction case histories
presented in the data set, we have adopted a wliquefied=wnonliquefied
ratio of 1.22, with wliquefied ¼ 0.9 and wnonliquefied ¼ 1.1. Note that
this ratio remains within the range recommended by the expert
panel described by Cetin et al. (2002).

Results

The likelihood function in Eq. (20) was solved using MLE regres-
sion with the case history data presented in Table S1 to find the
most likely values for C1–C3 and σlnmR

. These values are presented
in Table 2. Using these coefficients, the median function for mCRR
(i.e., 50th percentile) is given as

m̂CRR ¼ Δ̂Q

178ðΔ̂QÞ − 3,349
≤ 0.1 for ΔQ ≥ 20 ð23Þ

Fig. 5 presents the liquefaction case history data from
Table S1 together with m̂CRR (solid line) and m̂CRR � 1σ (dashed
lines). Note from Eq. (23) that the function for m̂CRR is asymptotic
at ΔQ ≈ 20, implying that soils with ΔQ < 20 are generally not
susceptible to liquefaction triggering, regardless of the strength
of shaking.

Soil index property data presented by Saye et al. (2017) indicate
that ΔQ ≈ 20 corresponds approximately to wL ≈ 30%–40%,
IP ≈ 15%–20%, and D50 ≈ 0.03 mm. Therefore, this ΔQ value

Table 2. Regressed coefficients and standard deviation for mCRR

C1 C2 C3 σlnðmRÞ
178 −3;349 1.340 0.471
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marks an approximate change between low-plasticity, nonsensitive
fine-grained soils susceptible to level-ground liquefaction and
medium-plasticity, nonsensitive fine-grained soils and organic soils
not susceptible to liquefaction (although these soils may be suscep-
tible to minor cyclic softening). Specifically, this range of plasticity
estimated from ΔQ is (1) consistent with the transition at IP ¼ 18
from moderate susceptibility to not susceptible to liquefaction re-
ported by Bray and Sancio (2006); (2) reasonably consistent the
transition at IP ≈ 13–20 from significant to minor cyclic softening
[i.e., when defined as the ratio of cyclic undrained shearing resis-
tance to monotonic undrained shear strength (τ cyc=su) at 15 cycles
or 3% shear strain] from data compiled by Boulanger and Idriss
(2004); and (3) reasonably consistent with the transition at IP ≈
15–25 from significant to minor cyclic softening (i.e., when defined
as the ratio of postcyclic to monotonic undrained shear strength)
reported by Ajmera et al. (2019). [As noted earlier, ΔQ values
for fine-grained soils in this study were computed using values
of qc rather than qt, resulting in ΔQ values that are slightly larger
than identified by Saye et al. (2017); however, this difference will
rarely exceed 5%].

Careful inspection of Fig. 5 reveals that nine nonliquefaction
and five marginal liquefaction cases plot more than one standard
deviation above the proposed mCRR relationship, while none of
the liquefaction cases plot more than ½ standard deviation below
the relationship and none of the marginal liquefaction cases plot
more than one standard deviation below the relationship. Most
of these cases that plot more than one standard deviation above
the proposed relationship involve sites with relatively thick nonli-
quefiable soils overlying potentially liquefiable fine-grained or
coarse-grained layers. As originally suggested by Ishihara (1985)
and confirmed by numerous investigators, these thick nonliquefi-
able soils may have prevented the manifestation of surface lique-
faction features, even if the susceptible soils did liquefy. To
maintain consistency in the database, we maintained the site/
liquefaction designations reported by the original investigators.
Further evaluation of these cases is planned.

Overall, this methodology effectively unifies liquefaction sus-
ceptibility and triggering analysis for low-plasticity, nonsensitive
fine-grained soils with the traditional framework for coarse-
grained soils, eliminating the need for fines-content estimates
or equivalent clean-sand adjustments. However, we emphasize
that the data set in Table S1 includes no cases of liquefaction
or nonliquefaction involving quick clays or other potentially sen-
sitive, meta-stable fine-grained soils. As such, the liquefaction
resistance relationships proposed here should not be used with
these types of soils. Future revisions of this work may incorporate
such case histories in the regressed data set and resulting predic-
tive models.

ΔQ Common-Origin Liquefaction Triggering
Evaluation

Probabilistic Liquefaction Resistance Boundaries

Based on the MLE regression results detailed in the Supplemental
Materials, we recommend the following probabilistic relationship
to evaluate liquefaction triggering:

log10CRR7.5 ¼ m̂CRR

�
qc1
pa

�
− 1.34þ σ · Φ−1½PL� ð24Þ

where m̂CRR is computed with Eq. (23) as a function of CSR7.5
[Eq. (3)], qc1=pa [Eq. (6)], and ΔQ [Eq. (2)]; Φ−1 = inverse of
the standard cumulative normal distribution; PL = probability of

liquefaction; and σ = standard deviation and is equal to 0.24 if input
parameters for a given soil layer are uncertain, or 0.20 if input
parameters for a given soil layer are certain. For most typical en-
gineering applications, input parameters for liquefaction triggering
assessment are based on limited site exploration and laboratory
testing data and therefore justify σ ¼ 0.24. The selection of PL
in Eq. (24) is subjective and should be based on the acceptable error
in assessing liquefaction triggering. The median value of CRR7.5
corresponds to PL ¼ 50% and represents the 50th-percentile or
best-fit boundary curve for the liquefaction, marginal liquefaction,
and nonliquefaction case history data in Table S1.

Eq. (24) is limited to values of m̂CRR ≤ 0.1 and qc1=pa ≤ 180
based on the limitations of the empirical data represented in
Table S1 and the general understanding that soil layers with
qc1=pa > 180 are too dense to liquefy (e.g., Robertson and Wride
1998; Idriss and Boulanger 2008; among others). We emphasize
that Eq. (24) should not be thought of as a two-dimensional lique-
faction resistance boundary in qc1=pa–CSR7.5 space, as it has
been portrayed historically. Rather, Eq. (24) represents a three-
dimensional liquefaction resistance boundary surface in qc1=
pa–CSR7.5–ΔQ space, where CRR7.5 is related to qc1=pa as a func-
tion of mCRR, which is, in turn, a function of ΔQ. Fig. 6 illustrates
the resulting three-dimensional surface for PL ¼ 50%.

Once CRR7.5 and CSR7.5 are computed using Eqs. (24) and (3),
respectively, the factor of safety against liquefaction triggering is
computed conventionally as follows:

FSliq ¼ CRR7.5

CSR7.5
ð25Þ

Alternatively, liquefaction triggering can be evaluated and ex-
pressed in terms of probability of liquefaction as

PL ¼ Φ

"
− ðm̂CRRðqc1pa

Þ − 1.34Þ − log10ðCSR7.5Þ
σ

#
ð26Þ

where m̂CRR is computed as a function of CSR7.5 [Eq. (3)], qc1=pa
[Eq. (6)], and ΔQ [Eq. (2)]; and, as discussed above, σ is equal to
0.24 if input parameters (i.e., cone tip resistance and CSR7.5) are
uncertain, or 0.20 if input parameters are assumed to be known with
certainty.

Deterministic Liquefaction Resistance Boundary and
Design Factors of Safety

Historically, liquefaction resistance boundaries (e.g., Seed et al.
1985; Robertson and Campanella 1985; Stark and Olson 1995;
among others) were defined visually (i.e., deterministically), not
statistically. With the introduction of statistically computed lique-
faction resistance boundaries, researchers began identifying the
value of PL that corresponded to their visually determined boun-
dary. This value of PL has often been approximately 15% (Cetin
et al. 2004; Moss et al. 2006; Boulanger and Idriss 2012, 2016).

Here, we recommend using PL ¼ 35% with CRR7.5 in Eq. (24)
to define a deterministic liquefaction resistance boundary for use in
design. This approach shifts the liquefaction resistance boundary
down by approximately one-half of a standard deviation, effec-
tively creating a conservative boundary for liquefaction triggering
assessment. Thus, for deterministic liquefaction triggering assess-
ment, we recommend computing CRR7.5 as

log10CRR7.5 ¼ m̂CRR

�
qc1
pa

�
− 1.34 − X ð27Þ
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where m̂CRR is computed using Eq. (23) and X is an uncertainty
term equal to σ · Φ−1½PL�. The term X therefore equals 0.092 if
cone tip resistance for the soil and seismic loading are uncertain,
or 0.077 if cone tip resistance for the soil and seismic loading

(CSR7.5) are assumed to be known with certainty. For typical geo-
technical engineering projects, a value of X ¼ 0.092 is recom-
mended. With CRR7.5 computed deterministically from Eq. (27),
FSliq can be computed using Eq. (25).

Fig. 6.Median (i.e., PL ¼ 50%) CRR7.5 liquefaction resistance boundary surface from Eq. (24) plotted in qc1=pa–CSR7.5–ΔQ space: (a) without and
(b) with case history data.
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To understand why we recommend using the probabilistic CRR
boundary surface corresponding to PL ¼ 35% as the deterministic
liquefaction resistance boundary rather than the more traditional
and widely accepted CRR boundary corresponding to PL ¼ 15%,
it is necessary to understand the relationship between PL and FSliq
as it is computed from the median (i.e., best-fit) or PL ¼ 50%CRR
boundary. In general, the following equation applies to all probabi-
listic liquefaction triggering relationships with uncertain input
parameters:

PL ¼ Φ

�
− lnðFSliq;PL¼50%Þ

σT;ln

�
¼ Φ

�
− logðFSliq;PL¼50%Þ

σT;log

�
ð28Þ

where FSliq;PL¼50% = factor of safety against liquefaction computed
with the median or PL ¼ 50%CRR boundary; σT;ln = total standard
deviation in natural log units; and σT;log = total standard deviation
in logarithmic (base 10) units.

Boulanger and Idriss (2016) did not formally report a single re-
gressed value of total standard deviation, σT;ln (which includes un-
certainties in the input parameters, i.e., qc1=pa and CSR7.5, as well
as uncertainties in the model regression). Instead, they reported a
recommended value of model standard deviation (i.e., assuming
known and certain input parameters) of σlnR ¼ 0.20. If this model
uncertainty value is substituted into Eq. (28) for σT;ln, and a value of
15% is assigned to PL, then a value of FSliq;PL¼50% ¼ 1.23 is com-
puted, which is intentionally conservative. However, re-regression
of the Boulanger and Idriss (2016) liquefaction case history data set
with their published model produces a value of σT;ln ¼ 0.51 (Arndt
2017). Interestingly, if this value of σT;ln is inserted into Eq. (28)
with FSliq;PL¼50% ¼ 1.23, a resulting value of PL ¼ 34% is
computed.

Consider now the value of σT;log ¼ 0.24 for the ΔQ common
origin liquefaction resistance boundary introduced in this study.
Inserting this value of σT;log into Eq. (28) with a value of
FSliq;PL¼50% ¼ 1.24 produces a value of PL ¼ 35%, which is ef-
fectively the same as that computed with the Boulanger and Idriss
(2016) model if σT;ln is used. We therefore emphasize that the deter-
ministic CRR7.5 boundary (with PL ¼ 35%) recommended here
actually corresponds to the same FSliq;PL¼50% as other previously
published liquefaction triggering relationships that recommend
PL ¼ 15% for their deterministic CRR7.5 boundaries.

It is common in engineering practice to incorporate an overall
FSliq ≥ 1.2 to assess deterministically whether soils will (or will
not) liquefy. When a deterministic liquefaction boundary corre-
sponds to PL ¼ 50%, it is appropriate to increase the assumed
liquefaction triggering threshold in this manner to conservatively
assess liquefaction. However, when a deterministic liquefaction re-
sistance boundary is defined as PL < 50%, this boundary is inher-
ently (and intentionally) conservative. In this study, the CRR7.5
boundary corresponding to PL ¼ 35% is inherently conservative
in that it already corresponds to FSliq;PL¼50% ¼ 1.24, as described
previously. Therefore, practitioners should define any additional in-
creases in FSliq and the assumed liquefaction resistance boundary
based on the initial value of FSliq;PL¼50% and the desired level of
conservatism required for a particular project.

Applications of ΔQ Common-Origin Liquefaction
Assessment

As discussed previously, the proposed ΔQ common-origin lique-
faction assessment provides a unified methodology to evaluate
liquefaction susceptibility and triggering in CPT-compatible soils
(from low-plasticity, nonsensitive fine-grained soils to coarse-
grained soils). In the Supplemental Materials, we present several

examples that illustrate the advantages of the proposed approach,
using both deterministic and probabilistic analyses. For defining
FSliq below, we used the median (PL ¼ 50%) liquefaction resis-
tance boundary in the calculations. Therefore, as previously dis-
cussed, FSliq ¼ 1.0 corresponds to PL ¼ 50%. The example
field sites involve sites with clean sands, silty sands to sandy silts,
and low-plasticity fine-grained soils. For brevity, we present two
examples here—one that involved liquefaction-induced lateral
spreading in both fine-grained and coarse-grained soils and one
where liquefaction-induced silt boils were observed following
the earthquake. We then illustrate the efficacy of the proposed
ΔQ common-origin liquefaction methodology for two particular
subsets of the case history database: (1) the Darfield/Christchurch,
New Zealand case records (Green et al. 2014), where other lique-
faction triggering methods have been only moderately successful in
forecasting the observed manifestations of liquefaction; and
(2) cases involving fine-grained soils, where other liquefaction trig-
gering methods (originally developed for coarse-grained soils) do
not apply.

Example Applications from Moss Landing, California

Fig. 7 presents data from CPT UC-4, SPT boring UC B-10, and
slope indicator SI-2 along Sandholdt Road at Moss Landing fol-
lowing the 1989 Loma Prieta earthquake (M ¼ 6.9; Boulanger
et al. 1997; Mejia 1998). As indicated by the inclinometer,
liquefaction-induced lateral spreading occurred between depths of
approximately 2 and 4.6 m. The adjoining channel bottom is near
a depth of 5 m relative to the CPT UC-4 profile (Boulanger
et al. 1997). Near the bottom of the zone of lateral displacement,
Boulanger et al. (1997) identified an approximately 0.5-m-thick
soft clayey silt unit (depth of about 3.7–4.2 m) sandwiched be-
tween units of poorly graded sand. The clayey silt unit exhibits
LL ¼ 32 and IP ¼ 7 (USCS = ML; ΔQ ≈ 25−30), but is discon-
tinuous at other areas of the site. Boulanger et al. (1997) also iden-
tified a 1.2-m-thick clayey silt unit (depth of about 4.6–5.8 m) just
below the zone of lateral deformations with LL ¼ 46 and IP ¼ 21
(USCS ¼ CL; ΔQ ≈ 20−30) in the upper portion and classified as
ML in the lower portion. They suggested that the entire depth range
from about 2 to 4.6 m liquefied, including both the sand and clayey
silt units.

Figs. 7(d and e) present computed FSliq with depth for CPT UC-
4, indicating that the ΔQ common-origin approach correctly fore-
casts liquefaction in the clayey silt units between the groundwater
table and a depth of 6 m, with the channel base as well as the
presence of denser sand (4.2–4.6 m) and higher plasticity soil
(4.6–5 m) likely preventing significant lateral spreading of the
clayey silt below a depth of 5 m. Specifically, the ΔQ common-
origin method forecasts liquefaction in the lower silty portion
(5–5.8 m; PL > ∼85%) of the clayey silt unit, but indicates that
the upper clayey portion (∼4.6–5 m) of the clayey silt unit is
unlikely to liquefy (PL < ∼10%). Higher calculated FSliq (PL ≈
0%) below a depth of 6 m are consistent with the observations.
However, only the uppermost portion (depth of about 2.1–2.3 m)
of the deformed sand unit (depths of about 2.1–3.6 m) is predicted
to be marginally liquefiable, with qc1=pa ≈ 85–90, ΔQ ≈ 135−
140, FSliq ≈ 1.0–1.5, and PL ≈ 25%–50%.

Similarly, Boulanger and Idriss (2016) identified multiple criti-
cal layers in this location: a zone of the deformed sand from depths
of 2.0–3.0 m and the deeper undeformed sand from 6.0 to 10.0 m.
These authors reported that the deformed sand exhibited an average
qc1=pa ¼ 77, although this depth range includes approximately
0.1 m of clayey soil (from depths of 2.0–2.1 m) and the CPT data
indicate an average qc1=pa ¼ 133 from 2.0 to 3.0 m (and
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qc1=pa ¼ 146 from 2.1 to 3.0 m). The corresponding FSliq using
the Youd et al. (2001) procedure is approximately 0.6–12 from 2.1
to 3.0 m. Similar to the ΔQ common-origin method, the cyclic
stress method forecast FSliq ≫ 1.0 in the deeper undeformed sand.
Importantly, Boulanger and Idriss (2016) did not include the clayey
silt units in their database.

Similar to the Boulanger and Idriss (2016) analysis, Robertson
and Wride (1998) reported that only the uppermost zone (depths of
2.1–2.7 m) was marginally liquefiable, while the remainder of the
upper deformed sand (depths of 2.7–3.7 m) and the entire lower
undeformed sand (depths of 5.8–10.1 m) exhibited FSliq ≫ 1.0.
In contrast to the ΔQ common-origin method, the Robertson
and Wride (1998) cyclic stress method forecasts that zones from
3.8 to 4.2 m, 4.6 to 5.0 m, and 5.5 to 5.8 m of the clayey silt units
are not susceptible to liquefaction.

During the 1989 Loma Prieta earthquake (M ¼ 6.9), the
Moss Landing Marine Laboratory (MLML) was also damaged be-
yond repair (Boulanger et al. 1997; Mejia 1998) as a result of
liquefaction-induced lateral spreading. Of particular interest at the
MLML was the formation of a fine-grained clayey silt boil in the
volleyball court near the southeast corner of the site. Fig. 8 presents
data from CPT C-3, SPT borings UC-7 and JB-2, and test pit TP-A,
which were performed near the silt boil. Mejia (1998) indicated that
numerous clayey silt vents were encountered in the 2.4-m-deep test
pit, suggesting that the “silt flowed to the surface in a liquefied
state.” Samples from the silt boil exhibited an average wL ≈ 38,
IP ≈ 17, FC≈ 78, and clay fraction (percent smaller than 5 μm)
≈ 24. Based on these observations, Boulanger et al. (1997) con-
cluded that liquefaction occurred in both the clayey silt unit and
the uppermost loose to medium-dense portion of the beach sand
unit, although they did not list the clayey silt unit as having expe-
rienced liquefaction or cyclic softening.

In this study, we considered the entire clayey silt unit (below
the groundwater table) from depths of 1.5–4.0 m as the critical

layer to be consistent with the silt boil observed at the site.
As shown in Fig. 8, this unit generally exhibited ΔQ ≈ 20–40,
FSliq ≈ 0.4–0.6, and PL ≈ 85%–95%, consistent with the ob-
served lateral spread and clayey silt boil. Only a thin zone of
looser sand (depths of about 4.0–4.5 m) at the top of the sand unit
underlying the clayey silt was forecast to liquefy using the ΔQ
common-origin method. This thin zone of liquefiable sand would
be unlikely to liquefy the overlying clayey silt via porewater
and porewater pressure redistribution or to create, via erosion
and entrainment with fluidized sand, the silt boils observed at the
surface.

Christchurch/Darfield, New Zealand Sites

Green et al. (2014) presented CPT data for 25 sites that were sub-
jected to the 2010 Darfield (M7.1) and 2011 Christchurch (M6.2),
New Zealand, earthquakes. These 25 sites were selected because
many of them involved minor (i.e., marginal) liquefaction manifes-
tations or experienced liquefaction during one of the earthquakes
and did not liquefy during the other earthquake. In addition, the 25
sites selected by Green et al. had relatively well-constrained ground
motions as well as CPT and surface wave geophysical data avail-
able. Unfortunately, the CPT sleeve friction readings were highly
suspect at site RCH-14 (nearly all recorded fs values were practi-
cally zero), resulting in the sounding being unusable for this study.
Discounting this site, the Green et al. (2014) data set yielded 48
usable case records.

Fig. 9 presents the New Zealand data set in ΔQ-mCSR space. As
illustrated in the figure, all liquefaction cases classify correctly and
all but one of the nonliquefaction cases classify correctly (or plot on
the mCRR boundary) with respect to the median (50th percentile)
mCRR liquefaction resistance boundary. However, 6 of 18 marginal
cases are misclassified in the nonliquefaction region (with one
of those six nearly on the line). The one nonliquefaction and six
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Fig. 7. Summary of Sandholdt Road site CPT sounding UC-4, adjacent SPT boring UC-B10, and adjacent slope indicator SI-2: (a) dimensionless tip
resistance; (b)ΔQ soil classification index; (c) fines content; (d) inclinometer deflections; (e) factor of safety against liquefaction using proposedΔQ

common-origin method for 1989 Loma Prieta earthquake; (f) probability of liquefaction using proposed ΔQ common-origin method for 1989 Loma
Prieta earthquake; and (g) soil log. Included in the figure are the mid-depths of the critical layers (deformed sand, deformed clayey silt, and
undeformed sand) used in this study.
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marginal liquefaction cases that are misclassified represent only
15% of the New Zealand data set presented here.

Fine-Grained Soil Case Histories

Moss et al. (2006) suggested that while low-plasticity, fine-grained
soils are not susceptible to sandlike liquefaction, these soils can
experience cyclic softening and shear failure and can produce
observable liquefaction-like ground failures, including building tilt-
ing, punching, and settlement that are similar to ground failures
observed in nonplastic, coarse-grained soils. However, in some
cases such as the aforementioned MLML, low-plasticity silty
and clayey soils have manifest fluidization features including sub-
surface dikes (vents) and surface boils, which often are presumed to
occur only in sandy soils. Currently, screening-level assessment of
liquefaction susceptibility in nonsensitive, fine-grained soil in-
volves using index properties including Atterberg limits, water con-
tent, and clay fraction (e.g., Youd et al. 2001; Seed et al. 2003;
Boulanger and Idriss 2004, 2006; Bray and Sancio 2006; among
others). If the soil is susceptible to liquefaction, these (and similar)
approaches commonly recommend retrieving high-quality undis-
turbed samples and performing laboratory cyclic testing to assess
the potential for liquefaction triggering.

The Robertson and Wride (1998) liquefaction triggering ap-
proach suggests that soils with Ic > 2.6 are not susceptible to sand-
like liquefaction. However, Table S1 includes a number of liquefied
sites with soils that exhibit Ic > 2.6. To investigate these cases,
Fig. 10 presents all the cases in Table S1 withΔQ ≤ 31, which cor-
responds (on average) to FC≈ 50% (Saye et al. 2017). Fig. 10
includes the relationships for ΔQ ¼ 19 and 21. These liquefaction
and nonliquefaction data and the comparisons to Ic andΔQ suggest
that ΔQ ≈ 20 is a reasonable threshold to identify nonsensitive,
fine-grained soils that are susceptible to significant cyclic softening
and liquefaction-like behavior. That is, the ΔQ common-origin ap-
proach essentially couples the index property-based liquefaction
susceptibility analysis (as proposed by others) with the CPT-based
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triggering analysis for low-plasticity, nonsensitive fine-grained
soils. This is illustrated previously using examples at Moss Landing
during the 1989 Loma Prieta earthquake and additional examples in
the Supplemental Materials.

Conclusions

In this study, we compiled and consistently interpreted 401
documented case records of liquefaction and nonliquefaction in
clean sands, silty sands, sandy silts, and low-plasticity, nonsensitive
fine-grained soils to develop a new procedure to simultaneously
assess liquefaction susceptibility and level-ground liquefaction trig-
gering for CPT-compatible soils ranging from nonsensitive clays
to clean sands using the soil classification index, ΔQ (Saye et al.
2017). The new procedure is based on the concept of a common
origin, which is defined as the y-axis intercept (co) for liquefac-
tion resistance boundaries when the boundaries are plotted in
log10 CSR7.5–qc1=pa space. The slopes of the boundaries are de-
fined as mCRR in log10 CSR7.5–qc1=pa space, which can be related
to soil index properties and ΔQ.

Using Bayesian maximum likelihood regression, a probabilistic
ΔQ common-origin model was created. The probabilistic regres-
sion indicates a threshold of ΔQ ≥ 20 for soils to be susceptible
to liquefaction or significant cyclic softening. Based on soil index
property data presented by Saye et al. (2017), this threshold of
ΔQ ≈ 20 corresponds approximately to a liquid limit of about
30%–40%, plasticity index of about 15%–20%, and D50 of about
0.03 mm. This ΔQ value marks a change between low-plasticity,
nonsensitive fine-grained soils susceptible to level-ground liquefac-
tion and medium-plasticity, nonsensitive fine-grained soils and or-
ganic soils not susceptible to liquefaction.

Coupled with the simplified equation to estimate cyclic stress
ratio (Seed and Idriss 1971; Whitman 1971), adjusted for earth-
quake moment magnitude, CSR7.5, theΔQ common-origin method
can be used to estimate a factor of safety against liquefaction

(FSliq) and/or a probability of liquefaction (PL). Assuming a value
of PL ¼ 35% consistent with standard engineering practice today, a
deterministic ΔQ common-origin model also was created and pre-
sented. This deterministic boundary corresponds to an equivalent
FSliq of approximately 1.24 (relative to the median cyclic resistance
boundary, i.e., PL ¼ 50%). Therefore, when used for design, any
additional factor of safety should be defined based on the desired
level of conservatism needed for an individual project.

The proposed probabilistic and deterministic ΔQ common-
origin method (1) eliminates the need for a fines-content adjust-
ment to adjust the CPT tip resistance measured in silty sands to
an equivalent clean-sand CPT tip resistance; (2) incorporates case
histories involving low-plasticity, nonsensitive fine-grained soils
into the database and, in doing so, extends and unifies the evalu-
ation of liquefaction susceptibility and triggering for coarse-grained
and low-plasticity, nonsensitive fine-grained soils; and (3) differen-
tiates the liquefaction resistance of clean sands based on CPT mea-
surements (which reflect properties such as compressibility and
mineralogy) rather than treating all clean sands identically. These
advantages are illustrated using a series of example applications
for cases of liquefaction, marginal liquefaction, and no liquefaction
in clean sands, silty sands to sandy silts, and low-plasticity fine-
grained soils.
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