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First insights for a simplified state parameter-based model for cyclic liquefaction
triggering

Primeros acercamientos para un modelo simplificado basado en parametro de estado para el
desencadenamiento de licuacion ciclica

Vicente San Martin V. & Gonzalo Montalva A.
Department of Civil Engineering, Universidad de Concepcién, Chile, vicsanmartin@udec.cl

ABSTRACT: Despite the constant emergence of new case histories of liquefaction from recent earthquakes, the incorporation of these
data has not led to substantial changes in semi-empirical methodologies, generating considerable uncertainties of their performance on
underrepresented data. Accordingly, the aim of this study is to explore liquefaction models that are less empirically derived. To
accomplish this, correlations derived from calibration chambers and cyclic tests from the literature were re-visited to develop a new
triggering model based on the CPT-based state parameter approach. When using a purely state-parameter-based approach, the cyclic
resistances (CRR7.5) in dense sands appear to be considerably lower than those predicted by most state-of-practice models. To validate
the resulting model, empirical databases were used to compare its prediction performance, showing important improvements over most
of state-of-practice models. These results highlight that accounting for the possible mixed triggering and manifestation effects on back-

analyzing case histories databases is essential to improve the prediction performances of a simplified state parameter approach.

KEYWORDS: state parameter, critical state soil mechanics, liquefaction triggering, liquefaction case histories.

1 INTRODUCTION

Soil liquefaction is a major area of interest in geotechnical
engineering due to its known damage potential and the substantial
economic impact that liquefaction mitigation can have on large-
scale projects. Previous research regarding liquefaction has
established that the primary factors influencing the triggering of
liquefaction in sand samples are initial confining stresses, the
intensity of shaking, and soil state (Seed and Idriss, 1971; Ishihara,
1993). Also, several methods of liquefaction triggering have been
developed, primarily based on the "simplified procedure" proposed
by Seed and Idriss (1971) which has a semi-empirical basis using
liquefaction case histories from sites with free field conditions
subjected to past earthquakes (Cetin et al., 2004; Idriss and
Boulanger, 2006; Youd et al., 2001), where surface manifestations
were documented.

While several semi-empirical liquefaction triggering
methodologies are currently available in the state-of-the-art, the
evidence that backs up these methodologies is limited in the range
of the available data. Since these data is not always representative
of all local conditions, significant efforts have been made to
overcome the problem of a lack of case histories to improve state-
of-practice methodologies (Geyin et al., 2021; Montalva et al.,
2022; Zimmaro et al., 2019).

However, even with databases containing a comparable
number of case histories to Boulanger and Idriss (2014), the
differences between model performances could be too low to
ensure statistically significant improvements (Geyin et al., 2020),
implying that it may take several decades before having a
sufficiently heterogeneous database to accurately represent the
liquefaction phenomena.

In this context, the state parameter proposed by Been and
Jefferies (1986) is a parameter that accounts for the proximity to
the critical state line of a soil, combining the influence of density
and effective stress following the critical state soil mechanics
theory. As “screening” procedures have been proposed to estimate
the in-situ state parameter with similar input data to most
simplified CPT-based liquefaction triggering models, we evaluate
the use of state parameter as the state index for three simplified
semi-empirical models, in lieu of the fines corrected cone tip
resistance (qciNes)-

The objective is to provide a comparison between semi
empirical procedures (Moss et al., 2006; Boulanger and Idriss,
2014; Green et al., 2019) and state parameter approaches (Plewes
et al., 1992; Been and Jefferies, 1992) in accounting for the cyclic
resistance ratio. Furthermore, in order to minimize the empirical
adjustments and subjectivities in the resulting state parameter-
based model, we propose a new state parameter-based cyclic
resistance ratio correlation, based on published laboratory cyclic
tests. Finally, the model is tested against case histories databases to
provide insights regarding the empiricism on semi-empirical state-
of-practice procedures.

2 A SIMPLIFIED PROCEDURE FOR STATE PARAMETER
APPROACH

2.1.  Simplified procedure by Seed and Idriss

Current CPT-based liquefaction triggering procedures
consist of calculating factors of safety or the probability of
liquefaction using a simplified stress-based approach, originally
developed by Seed and Idriss (1971). In this approach, factors of
safety against liquefaction can be computed using Eq. 1, where
CSR75 denotes the cyclic stress ratio and is used to quantify the
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cyclic loading scaled to a 7.5 Mw earthquake, and CRR75 is used
for cyclic resistance ratio and represents the cyclic stress ratio of
the soil at which liquefaction occurs after 15 uniform cycles or the
equivalent of a 7.5 M earthquake.

CRRy s
= Coroe (1

According to Seed and Idriss (1971), the cyclic stress ratio
can be estimated by Eq. 2 following a rigid body behavior of the
soil column. In this equation, amex denotes maximum ground
surface acceleration, gvwo and ¢'ve are total and effective initial
vertical stresses, respectively, 74 is a stress reduction coefficient
that accounts for the deformability of the soil profile, and MSF a
magnitude scaling factor that converts the cyclic loadings of
different durations into a Mw 7.5 equivalent (or 15 cycles) cyclic
stress ratio.

CSRys = 0.65 + (2222) « (22)  (;4) 2

Opo MSF

Currently, there are several proposals to compute the stress
reduction coefficient ra (e.g. Cetin and Seed, 2004; Idriss, 1999;
Lasley et al., 2016; Liao and Whitman, 1986) and magnitude
scaling factor MSF (e.g. Boulanger and Idriss, 2015; Cetin and
Bilge, 2012; Moss et al., 2006), that have been proposed to adjust
the semi-empirical approach to liquefaction case history databases.

However, the stress reduction coefficient equations are
commonly developed independently of case histories databases
and performing comprehensive site response studies. For this
study, three semi-empirical methods were used to compute CSR7.5
from Eq. 1: Moss et al. (2006), Boulanger and Idriss (2014) and
Green et al. (2019).

2.2.  State parameter as a CPT-based state index

In the state-of-practice CPT-based liquefaction models,
cyclic resistance is computed using a clean sand equivalent
normalized tip resistance (qcines) through well-known factors of
overburden stress (Cn) and "fines content" correction. The “fines
content” correction aims to incorporate the factors that have
demonstrated to affect liquefiability of soils, such as fines content,
soil plasticity, mineralogy, sensitivity, and stress history
(Robertson and Wride, 1998).

The “clean sand equivalent” cone tip resistance has turned
into a reference and has been used on most CPT-based models. To
date, different parameters have been used to quantify the "fines"
correction factor in CPT-based procedures, including direct fines
content measurements (Boulanger and Idriss 2014), and derived
parameters as friction ratio (Moss et al., 2006) and soil behavior
index (Juang et al., 2008; Robertson and Wride, 1998; Suzuki et
al., 1997).

Alternatively, Jefferies and Been (2015) proposed the use of
the state parameter as a state index for cyclic liquefaction
evaluation. Accordingly, and similarly to NCEER (Youd et al.,
2001), Jefferies and Been (2015) proposed an empirical equation
(Eq. 3) for cyclic resistance ratio in terms of the state parameter
estimated from CPT estimations using Plewes et al. (1992) method,
after analyzing the case histories from Moss et al. (2003)
liquefaction database.
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CRR;5 = 0.06 * exp (—9v) 3)

Regarding the state parameter estimations, a general
inversion procedure was proposed by Been et al. (1986, 1987) to
predict the in-situ state parameter from CPT, using data from six
sands on large calibration chamber tests. Based on this procedure,
methods from “screening” to advance constitutive modeling have
been developed. The general inversion procedure is shown in Eq.
4, which involves coefficients k and m, where k is the normalized
qc value at y=0 and m is the slope of the normalized qc-y
relationship.

q"=Qp(1—By) = k™ xexp (=m * ) “4)

Since the inversion coefficients are soil specific and require
additional laboratory and field-testing data to be determined for
each stratum (Ghafghazi and Shuttle, 2008; Shuttle and Jefferies,
1998), Plewes et al. (1992) and Been and Jefferies (1992) used Eq.
4 and Eq. 5 to correlate the inversion coefficients and the critical
state soil parameters Mic and A1o.

Kk 0.85
Mic 210

()
m =119 — 13.3 x A, (6)

In addition, for estimating A10 parameter directly from CPTu
data, Been and Jefferies (1992) and Plewes et al. (1992) proposed
the Eq. 7 and Eq. 8, respectively. Certainly, an advantage of the
state parameter approach is that more advanced methods can be
used in presence of more data, such as triaxial testing and field
seismic investigations, however, the use of these correlations is
primarily based on its simplicity and in their capabilities to
represent overall trends for soil compressibility (e.g. Reid, 2015).

Ao =—— @

3410 Isp)

/110 - E (8)

Therefore, the cyclic resistance ratio in a simplified state
parameter approach can be defined by the parameters M. and Ko,
along with common CPT-derived data such as Qp, Bq and F: or Ic s).
Qp is analogous to Q: (Robertson and Wride, 1998), but using a
three-dimensional stress normalization. Bq is the normalized
excess pore water pressure, which uses the dynamic pore water
pressure measured behind the shoulder of the cone (u2). F; is the
friction ratio expressed as a percentage, and ¢ gy is the soil behavior
type index as defined in Jefferies and Been (1992) and a function
of Qp, Fr and Bq.

As both Eq. 4 and Eq. 7 includes the expressions Q«(1-Bg) or
Qp(1-Bg) on its formulation (Eq. 7 has it on Icss equation), it is
expected that the model will be less reliable in soft soils (soils with
low Q: and high Bg) because these expressions may take very small
values, leading to inaccuracies when using standard commercial
cones (i.e. subtraction-type).
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2.3.  Semi-empirical vs. a laboratory based CRR

To derive Eq. 3, several assumptions must be considered: (1)
a unique value of cyclic resistance exists for each value of state
parameter predicted, and (2) a liquefaction triggering can be
adequately developed based on case histories classified by its
surface manifestation. While it is known that the first assumption
is inaccurate and the correlation between the state parameter and
its cyclic resistance is soil specific (Jefferies and Been, 2015), it is
of practical importance to consider it unique in absence of further
soil specific data, analogously to most semi-empirical procedures
(Boulanger and Idriss, 2014; Youd et al., 2001).

However, the second assumption has recently been
addressed by Upadhyaya et al. (2022), who observed that the
existing triggering curves of semi-empirical models could be
“combined triggering and manifestation curves” due to the direct
use of the classification scheme in published liquefaction
databases.

Accordingly, the use of only specific “critical layers” to
represent liquefaction triggering of the stratum based on its
manifestation may cause bias on the resulting field cyclic
resistance curves, by excluding the possibility of cyclic
liquefaction to occur on medium to dense sands. Similar
suggestions have been provided Dobry (1989), emphasizing that
current triggering models may be failing to predict the triggering
of cyclic liquefaction at greater densities.

Therefore, to avoid introducing bias on a mechanistic
approach, an alternative cyclic resistance model was introduced
independently of case histories data. With this aim, cyclic triaxial
tests of 13 different sands based on the compilation of Jefferies and
Been (2015) and additional data from TP Lisbon sand (Viana da
Fonseca et al., 2023), Ticino sand (Fioravante and Giretti, 2016),
Fraser River sand (Ghafghazi and Shuttle, 2010; Thomas, 1992),
and West Kowloon sand (Shen and Lee, 1995) were used as a
reference to constrain a representative cyclic resistance ratio curve
(CRR75), as shown in Figure 1.
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Figure 1. Cyclic stress ratio for failure at 15 cycles for 13 sands from cyclic

triaxial tests.

i - state parameter
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The trend was obtained after minimizing the root mean
square error (RMSE) for cyclic tests data in the functional form of
Eq. 9, adopting a unique value for ao and soil-specific values for ai.
The equation corresponding to the mean value for ap and best fit
for a; is shown in Eq. 10. The subscript for CRR15x correspond to
the 15 loading cycles to trigger liquefaction in triaxial conditions.

CRR = ay * exp (—ay * ) )

CRRy5¢x = 0.127 * exp (—3.40 * ¢) (10)

As the above equations were developed from cyclic stress
ratios measures in cyclic triaxial tests, a correction is applied to
convert it into a cyclic stress ratio for simple shear conditions
(CRRis,s) using Eq. 11 (Ishihara et al., 1977), more closely related
to field conditions. Therefore, assuming Ko equal to 0.60, the
resulting cyclic resistance ratio model usable for field conditions is
shown in Eq. 12. The proposed model along with the CRR7s
proposed by Jefferies and Been (2015) (Equation 3) is shown in
Figure 2.

1+2K,
CRRys5 s = ( 0) * CRR ;5 ¢ (11
CRRy555 = 0.093 * exp (—3.40 x ) (12)
0.6
= CSR5,tx (@0, mean; a1 = 3.40)
2 0.5 == CRRis,ss =C; CSRys, i (Eq. 11)
; ++++ CRRu1s, field (Jefferies and Been 2015)
& 0.4 1
O
S 0.3
; 0.2 1
&
O 0.1 A
0.0 T T X
0.1 0.0 -0.1 -0.2 -03

- state parameter

Figure 2. Proposed model for cyclic resistance for field conditions derived
from laboratory tests.

Note that, as only fully saturated specimens were tested from
the 13 sands of Figure 1, the generalized cyclic resistance ratio
curve will only suffice for predicting liquefaction triggering on
saturated sands. However, each sand on unsaturated or partially
saturated conditions may have a whole different cyclic resistance
curve, which cannot be assessed through the proposed model.
Despite this, stablishing a state parameter approach for cyclic
liquefaction may be a good starting point to include the
complexities of CPT interpretations and liquefaction resistances of
partially saturated soils.

3 COMPARISONS WITH EXISTING MODELS

3.1. State parameter-based vs. state-of-practice models

To provide further insight into the use of the proposed state
parameter approach, a parametric analysis was performed in terms
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of tip resistance Q; and friction ratio F;. For developing this, values
of F: equal to 0.5 and 2.0 were assumed for plotting Q: against the
computed cyclic resistance ratio (CRR7s) in Figures 2.(a) and
2.(b), respectively. Both figures highlight the differences between
the proposed state parameter approach and the state-of-practice
model of Boulanger and Idriss (2014) and the recently published
“true” triggering curve from Upadhyaya et al. (2023).

The “true” triggering curve proposed by Upadhyaya et al.
(2023) is the result of adopting a more rational and consistent
framework to handle liquefaction triggering and manifestation
effects on case histories databases. By using this more consistent
framework, the “true” triggering curve is allowed to be better
guided by fundamental liquefaction mechanics according to its
authors (Upadhyaya et al., 2023). The equation for computing
CRR75 according to the “true” triggering curve is shown in
Equation 13.

CRR = exp[In (4222 1 0.09) + 0243+ &71(P)|  (13)

Since the “true” triggering curve was proposed in terms of
JeiNes, it is interesting to compare this “more mechanistic”
perspective based on qecines with the proposed state parameter
approach. As shown in Figure 3.(a), for low values of friction ratios
(Fi=0.5%), the cyclic resistance ratio (CRR7s) values resulting
from the proposed state parameter approach are in close agreement
with the “true” triggering curve, regardless of which method for
predicting the state parameter from CPT data. Moreover, either the
proposed state parameter approach or the “true” triggering curve
shows an important decrease in cyclic resistance for greater values
of Ql.

Similarly, Figure 3.(b) shows the same models but now
assuming a friction ratio of F;=2.0%. In this scenario, the proposed
state parameter-based model shown to be in close agreement with
the “true” triggering curve only when the Been and Jefferies (1992)
model was used to assess the state parameter.
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Figure 3. Comparison between parametrical analyses of CRR;s from
triggering models by Boulanger and Idriss (2014), Upadhyaya et al. (2023),
and the proposed 1)-based approach using BJ92 and PEA92 with: (a)
F:=0.5; (b) F:=2.0.

This first result is particularly important since it reflects the
similarity between the results of two approaches better relied on
mechanics (the state parameter approach and the “true” triggering
curve). Moreover, a noticeable aspect of the proposed state
parameter approach is that it was formed without using any case
histories database. This aspect allows to use the case histories
databases to test the prediction of the model avoiding the
overfitting caused by using the same training and testing dataset,
which can be present in many of the current state-of-practice
models (Maurer and Sanger, 2023).

4 VALIDATION OF THE PROPOSED MODEL

While the differences between Boulanger and Idriss (2014)
model and the proposed state parameter approach are remarkable
for greater values of Q, its significance in how this impacts state-
of-practice procedures is not trivial. Accordingly, it is interesting
to know how this new cyclic resistance ratio equation modifies the
prediction performances of models when tested against empirical
data.

4.1. Case histories from Moss et al. (2003) database

The CPT case histories database compiled by Moss et al.
(2003) was used to evaluate the modifications suggested by the
state parameter approach. From the database, several selected
critical layers of liquefiable soils were characterized by CPT
parameters and then used as an input for liquefaction triggering
model (Moss et al., 2006). To illustrate the differences between
models in terms of case histories data, Figure 4 and 5 shows several
bins of data divided by its friction ratio value (Fr) and its effective
stress (G”).
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Figure 4. Case histories data from Moss et al. (2003) database and
0.0%<F<0.8%, along with CRR;s curves from Boulanger and Idriss
(2014); Upadhyaya et al. (2023); and the proposed model binned for
effective stresses: (a) 0<c’,,<50 kPa; (b) 50<c’,,<100 kPa; (c)
100<6°,,<150 kPa.

As the Figure 4 shows, all the “liquefaction” data lie above
or in the range of the proposed models. Also, several “no
liquefaction” data also groups in the range of the proposed model.
While there is a significant amount of “no liquefaction” cases that
lie above the curve, which according to current state-of-practice
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models would indicate an incorrect prediction, an alternative
interpretation may be given based on Upadhyaya et al. (2023) and
Dobry (1989).
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Figure 5. Case histories data from Moss et al. (2003) database and
1.5%<F.<2.5%, along with CRR7s curves from Boulanger and Idriss
(2014); Upadhyaya et al. (2023); and the proposed model binned for
effective stresses: (a) 0<0’,,<50 kPa; (b) 50<c’,,<100 kPa; (c)
100<6°,,<150 kPa.
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Since the classification of data in empirical databases is
guided primarily by its surficial manifestation, these cases could be
considered as denser soils that may have experienced liquefaction
(r=1) but with little to no consequences due to the dilative
tendencies of the soil. A similar analysis is shown in Figure 5,
which shows the same curves as Figure 4, but now for greater
friction ratios (F:).

The Figure 5 shows that for greater friction ratios (silty sands
of case histories data) the proposed model shows a good agreement
with the empirical databases. However, it is also observed that very
few data points are present on each bin. This is conceivable since
most of the knowledge of semi-empirical models comes from clean
sands, and it is also known that greater friction ratios would tend
to consider the soil non-liquefiable according to the Icrw
susceptibility criteria of Robertson and Wride (1998). As the main
result extracted from Figures 4 and 5, it can be stated that while the
proposed model shows significant differences at greater Qt values,
this is not contrary to the current knowledge present in empirical

databases.

4.2.  Canterbury Earthquake Database

The Canterbury earthquake database (Geyin et al., 2021) is
a comprehensive compilation of case histories of liquefaction,
based on earthquake events of Christchurch 2010 My 7.1, Darfield
2011 6.2 My and Valentine’s Day 2016 5.7 Mw. According to
Geyin et al. (2021), most case histories of the database are
originated from level-ground sites and are classified according to
the severity of the manifestation.

This database, which contains 14788 CPT-based case
histories, has the advantage that compiles entire CPT soundings
rather than only critical layer values, allowing to perform more
rigorous analysis by including the computation of manifestation
models that are better suited to predict its surface manifestation. To
evaluate the proposed model, the Canterbury dataset was filtered
to consider only CPTu soundings that reached at least 10 meters of
depth, resulting in a filtered dataset of 10435 case histories.

To quantify the predictive capabilities of the state parameter
approach, the area-under-the-curve (AUC) from receiver-operating
characteristic (ROC) curves was employed as the performance
measure. ROC curves are constructed by evaluating classifications
at various deterministic thresholds. These analyses have been very
common in liquefaction problems, and several variables have been
evaluated as potential thresholds to predict whether surface
manifestation will or will not occur (e.g. Oommen et al., 2010;
Schmidt and Moss, 2021). An example on how AUC operate on
different models can be illustrated with the Figure 6.

An AUC of 1.0 means that the model can separate classes
completely in an optimum threshold, while an AUC of 0.5 would
result from a random binary classification. For this study, we used
as variables two severity indices: the Ishihara-inspired liquefaction
potential index (LPIisn) by Maurer et al. (2015) and Liquefaction
Severity Number (LSN) by van Ballegooy et al. (2013). Also, to
provide a comparison between the performance of the proposed
model and other state-of-practice models, the performance of
simplified CPT-based models of Moss et al. (2006) and Boulanger
and Idriss (2014) were also evaluated in the same manner.

The evaluation in terms of AUC of the proposed cyclic
resistance ratio along with the three state-of-practice models is
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shown in Figures 7, 8 and 9; corresponding to Moss et al. (2006),
Boulanger and Idriss (2014), and Green et al. (2019) models,

respectively.
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Figure 6. Performance evaluation of liquefaction triggering models with
severity indices through AUC in the ROC space.
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Figure 7. ROC curves for LPIsy and LSN manifestation models in
Canterbury database with Moss et al. (2006) and -approach by Plewes et
al. (1992) and Been and Jefferies (1992).
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Figure 8. ROC curves for LPlisy and LSN manifestation models in
Canterbury database with Boulanger and Idriss (2014) and -approach by
Plewes et al. (1992) and Been and Jefferies (1992).
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Figure 9. ROC curves for LPIisy and LSN manifestation models in
Canterbury database with Green et al. (2019) and -approach by Plewes et
al. (1992) and Been and Jefferies (1992).

From the Figures 7, 8 and 9, it is shown that all state-of-
practice models showed an improvement of AUC values on its
state parameter version. This result was obtained regardless of
which severity index was used, and regardless of which screening
method was used to estimate the state parameter. In general, the
model that showed to have the greatest improvements in terms of
AUC was Moss et al. (2006), while the better overall predictive
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performances were obtained with the state parameter versions of
LSN + Moss et al. (2006), LPIisn + Boulanger and Idriss (2014),

and LPIisu + Green et al. (2019) models.
As the proposed model showed improvements on a

comprehensive database of 10435 case histories from Canterbury
Earthquake database, and the analysis of critical layers from
previous empirical databases (Moss et al., 2003) showed little
discrepancies against the proposed cyclic resistance ratio curve
(CRR75), we emphasize that the state parameter approach is a great
alternative to assess cyclic liquefaction when proposed in a
consistent manner with its fundamental mechanics rather than

through empirical fitting.

5 CONCLUSIONS

The present study evaluated the use of a CPT-derived state
parameter on liquefaction triggering models, in an attempt to
develop a “less empirical” alternative for simplified semi-
empirical models. With this aim, a generalized cyclic resistance
ratio curve was proposed using cyclic triaxial tests data from 13
well characterized sands.

The proposed model was compared with other semi-
empirical models, and the following results were observed:

(1) The proposed state parameter approach supports the idea
that liquefaction triggering curves should include the triggering of
denser sands, similarly as what the recently published “true
triggering curve by Upadhyaya et al. (2023) suggest.

(2) The use of the CPT-based state parameter approach
instead of the normalized fines corrected cone tip resistance (qeiNecs)
as a state index in state-of-practice models, showed to significantly
improve the predictive performances of the original models when
tested against the comprehensive Canterbury Earthquake database.

(3) Accordingly, the use of a mechanistic perspective based
on critical state soil mechanics instead of semi-empirical fitting
showed to be a good alternative to consider in the developments of
future models.

(4) The results presented in this paper also highlights that
accounting for the possible mixed triggering and manifestation
effects on empirical databases and during model development is
essential to improve the prediction performances of a state

parameter-based model.
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