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ABSTRACT: Soil liquefaction is a major concern for structures constructed with or on saturated, contractive sandy soils as it can
result in sudden loss of strength and subsequent flow failure. The first step in designing against liquefaction is to assess the
liquefaction potential of the soil. There are several methods available, however, many of these methods were developed for specific
soil types (e.g. sands or silts). In this study, four such methods were assessed with a specific focus on sites where mixed soils are
present. In particular CPTu probes through gold tailings and the Salzburg Basin material (natural sandy alluvium underlain by clay)
were assessed. Using the CPTu as a screening tool, the state parameter with depth was estimated and zones of material susceptible
to liquefaction were identified for each material. Good correlation in terms of identifying material zones susceptible to liquefaction
was found between the method based on drained probing (Been et al. 1987) and the method based on undrained probing (Shuttle &
Cunning, 2007). It appears there is little difference in the estimated state parameter whether soil type is considered or not. This
suggests that for screening purposes, there may be no need to consider soil type when conducting a liquefaction potential assessment.

RESUME : La liquéfaction du sol est une préoccupation majeure pour les structures construites avec ou sur des sols sableux saturés et
contractés. Elle peut entrainer une perte soudaine de résistance et une défaillance consécutive due a I’écoulement. La premicre étape de
la conception contre la liquéfaction consiste a évaluer le potentiel de liquéfaction du sol. II existe plusieurs méthodes disponibles,
cependant, beaucoup de ces méthodes ont été développées pour des types de sols spécifiques (par exemple, les sables ou les limons).
Dans cette étude, quatre de ces méthodes ont été évaluées en considérant particuliérement des sites présentant des sols mixtes. En
particulier, des sondes CPTu a travers les résidus d'or et le matériau du bassin de Salzbourg (alluvions sableuses naturelles reposant sur
de l'argile) ont été évaluées. En utilisant le CPTu comme outil de dépistage, le paramétre d'état de profondeur a été estimé et les zones
du matériau sensibles a la liquéfaction ont été identifiées pour chaque matériau. Une bonne corrélation en termes d'identification des
zones matérielles sensibles a la liquéfaction a été trouvée entre la méthode basée sur le sondage drainé (Been et al. 1987) et la méthode
basée sur le sondage non drainé (Shuttle & Cunning, 2007). Il semble qu'il y ait peu de différence dans le parameétre d'état estimé, que le
type de sol soit pris en compte ou non. Ceci suggére qu'a des fins de sélection, il n'est peut-&tre pas nécessaire de considérer le type de
sol lors de la réalisation d'une évaluation du potentiel de liquéfaction.

KEYWORDS: CPTu, liquefaction potential, state parameter

1 INTRODUCTION parameters where the soil type is considered in a layered deposit.

Soil liquefaction is the process of strain-softening of contractive,
saturated, cohesionless soils during undrained shear and is a
major concern for structures constructed with or on saturated
sandy soils (e.g. Robertson & Wride 1998). There are two types
of liquefaction: cyclic liquefaction which is the result of excess
porewater pressure and concurrent degradation of shear stiffness
resulting from cyclic loading, and static liquefaction which is the
process of strain softening of contractive, saturated cohesionless
soils during undrained shear (e.g. Olson 2001). The focus of this
study is on static liquefaction. In general, when assessing
liquefaction problems, three aspects are considered: assessment
of the liquefaction susceptibility of the soil, a triggering analysis
and a post-liquefaction stability analysis (e.g. Olson 2001; Olson
& Stark 2003). This paper focuses on the first of these steps, i.e.
assessing liquefaction susceptibility of a soil.

There are several methods available to assess the liquefaction
susceptibility of a material and these have been described in
detail by other researchers (e.g. Jefferies & Been 2015; Torres
Cruz 2016). Previous studies have been conducted where various
methods to estimate the state parameter from CPTu data are
compared (e.g. Sottile et al. 2019) but there has been little focus
on a comparison between methods to estimate the state
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The focus of this paper is to present the background and
implementation of four methods for estimating the liquefaction
susceptibility of a soil using the state parameter in a manner that
is understandable and which can be used by both researchers and
practicing engineers.

As with most geotechnical problems, the level of detail
required in developing a solution depends on the consequence of
failure, where a project with a high potential consequence will
require more in-depth analysis compared to a project of low
potential consequence. As this study focuses on high level
concepts and not in-depth site-specific analysis, the
implementation level of the methods described in this study
should be seen as screening level implementations (i.e.
implementation of the methods using the available information
but not considering detailed project specific aspects).

2 METHODS TO ASSESS LIQUEFACTION
SUSCEPTIBILITY

2.1  Overview
There are several methods available to assess the static
liquefaction susceptibility of a soil mass, each with its own



advantages and disadvantages (e.g. Jefferies & Been 2015). For
this study, four specific methods to assess the liquefaction
susceptibility of a soil were reviewed: the Been method (Been et
al. 1987), the Shuttle and Cunning method (Shuttle & Cunning
2007), the Plewes method (Plewes et al. 1992) and the modified
Plewes method (Torres-Cruz 2021). These methods all make use
of the state parameter, estimated from CPTu data, to assess
liquefaction potential. Details of this are explained later.

It should be noted that two critical aspects of understanding
liquefaction failures are specifically not addressed. Most
methods to assess the liquefaction susceptibility of a soil simply
consider the state of the soil (i.e. the stress history, void ratio,
fabric and current stress conditions). This state is then classified,
using tools such as the state parameter as either contractive or
dilative to steady state.

What is missing from this assessment is the trigger that is
required to take the soil from its current state to steady state and
potential collapse if the soil is strain softening (or brittle). What
is also missing is the fact that sufficient material in a soil slope
must be mobilised in this manner for failure to occur. In other
words, isolated pockets of material in a contractive state being
triggered will not necessarily cause failure to occur. In tailings
dams, there are several plausible triggers (e.g. Martin &
McRoberts 1999). Where the consequence of failure is high, it is
often considered prudent to assume that strength loss will be
triggered (e.g. Robertson 2021). However, this has significant
design and cost implications which need to be carefully
considered and understood.

2.2 Cone penetration testing

The Cone Penetration Test with pore pressure measurement
(CPTu) is a useful tool in geotechnical investigations. It is a
popular method due to its low cost, versatility and repeatability.
The standard CPTu probe comprises a load cell at the tip which
measures the cone resistance, a pressure transducer behind the tip
which measures the pore pressure and a load cell along the sleeve
of the probe behind the tip and pressure transducer which
measures the sleeve friction. Although the CPTu probe does not
directly measure any soil properties, there are many empirical
correlations between the measured parameters from a CPTu
probe and geotechnical design parameters such as undrained
shear strength and coefficient of consolidation (e.g. Robertson
2009).

2.3 Drainage conditions during CPTu probing

During probing, the soil is sheared by the advancing tip of the
CPTu. In saturated soils, this shearing creates shear induced
excess pore pressures which dissipate with time. Depending on
the soil type, this dissipation can be almost instantaneous as in
the case of loose clean sands or take several hours as in the case
of very stiff clays. The effect of the probing rate on the measured
parameters from a CPTu test has been well researched and has
been shown to be significant (e.g. Kim et al. 2010). Most CPTu
testing procedures therefore specify a probing rate, typically
20 mm/s.

The standard probing rate of 20 mm/s was used for all the
CPTu probes assessed as part of this study. Using the
dimensionless velocity parameter V and the ratio of the net cone
resistance (q;) to the vertical effective stress (oy,), the drainage
conditions during probing can be estimated as shown in Figure 1.
Note that V is a function of the penetration rate (v) and the
vertical coefficient of consolidation (¢, )of the soil.

Although the gold tailings materials can be classified as a silty
sand using the Unified Soil Classification System, the
penetration through the tailings at the standard rate of 20 mm/s
results in purely undrained probing. For the Salzburg Basin
material, the probing was purely drained when probing through
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the sand layers and purely undrained when probing through the
clay layers.

As an additional check, the pore pressure ratio (B;) values are
plotted in brackets in Figure 1. B, is the ratio of the difference
between the dynamic pore pressure (u,) and ambient pore
pressure (ug), to the net cone resistance (q;) and is sometimes
used to differentiate between drained and undrained probing. The
classification of drained probing for B;<0.2 and undrained
probing for B;>0.2 has been used by other researchers (e.g.
Jefferies & Been 2015). Figure 1 therefore shows good
correlation between two different methods of identifying drained
and undrained probing.

20

% B Gold tailings A Salzburg sand
(Bq z 0.01) @ Salzburg clay
15 + : Jumin sand and kaolin clay, after
Kim et al. (2010)
g HE |
g: 10 i (Bq=0.40)
(Bq=0.88)
5 : °
drained partially drained i | undrained
0.01 0.1 10 100

1
V=vD/c,
Figure 1. Drainage conditions during probing (after Kim et al., 2010)

2.4 State parameter

Initially when classifying the behaviour of sands, it was common
practice to use the relative density parameter which relates the
current density of the soil to its most loose and most dense states.
However, it was soon found that even sands with the same
relatively density could exhibit very different mechanical
behaviour during shearing. A new manner to describe the state of
a sand, the state parameter (), was proposed by Been & Jefferies
(1985) and was later shown to be applicable to other soil types
(e.g. Jefferies & Been 2015). Essentially, 1) represents the
difference in void ratio between the initial condition of the soil
e; and the steady state condition e, at the same mean effective
stress as shown in Equation 1.

M

Y=e—e

The state parameter provides an indication of whether a material
will contract or dilate to steady state. Although by definition, a
material with ¥ < 0 will dilate to failure, there remains an
uncertainty in the methods used to estimate 1. Therefore the
following boundaries have been used for this study: material not
susceptible to liquefaction for 1 < —0.08, an intermediate
region for —0.08 <1 < —0.05 and a region susceptible to
liquefaction for ¥ = —0.05. Similar boundaries have been
suggested and used by other researchers (e.g. Plewes et al. 1992;
Jefteries & Been 2015; Sottile et al. 2019).

2.5 Estimating state parameter from CPTu

The framework for estimating the state parameter from CPTu
data can be summarised as Equation 2 after Been et al. (1987).



Qp(l + Bq) +1=kexp(—my) )

Where @, is the dimensionless CPT resistance, B, is the
excess pore pressure ratio and k and m are curve fitting
parameters and are a function of 4, the slope of the critical state
line in semi-log space. The key to determining the state
parameter from CPTu data lies in the estimation of the curve
fitting parameters k and m. Since the initial framework was
developed for sands, the parameters k and m were noted as
appropriate for drained probing but different parameters were
required for undrained probing and the parameters k and m
were subsequently proposed by Shuttle & Cunning (2007).

Four methods to estimate the state parameter were assessed.
The first method assessed was the method described by Been et
al. (1987). This method, hereafter referred to as “the Been
method”, is based on a series of calibration chamber tests
conducted on sands. To implement the method, the CPT_PLOT
spreadsheet (version 22) as found in the companion data from the
Jefferies and Been textbook (Jefferies & Been 2015) was used.
Version 22 was chosen as it includes the original implementation
of the Been method. This companion data can be obtained at the
following web address: https://s3-eu-west-1.amazonaws.com/s3-
euw | -ap-pe-ws4-cws-documents.ri-
prod/9781482213683/Website_downloads.zip

The second method assessed was the method described by
Shuttle & Cunning (2007). This method, hereafter referred to as
the “Shuttle and Cunning method”, utilizes the CPTwidget
software which uses critical state concepts as well as cavity
expansion theory to numerically simulate a calibration chamber
calibration for either purely drained or purely undrained probing.

For the critical state concepts, the NorSand soil model, as
described by Jefferies (1993) was used and the parameters were
obtained by using results from a series of triaxial compression
tests and version 14 of the NorTXL spreadsheet. The curve fit
parameters k and m were then estimated using version 2.4 of
the CPTwidget software. Both these resources were obtained
from the companion data of the reference paper by Shuttle &
Jefferies (2016). These parameters were then used as input into
version 29 of the CPT_PLOT spreadsheet.

The third method assessed was the method described by
Plewes et al. (1992), hereafter referred to as “the Plewes
method”. It is arguably the simplest of the methods assessed as
the only inputs are the CPTu data and an estimation of the friction
angle represented in the form of the critical state friction ratio
M. Note that the subscript ‘tc’ refers to the fact that the critical
state friction ratio is determined using triaxial compression test
data. Version 29 of the CPT _PLOT spreadsheet was used to
implement this method.

However, concerns have been raised with the use of the initial
Plewes method (e.g. Torres-Cruz 2021), specifically regarding
the method employed to estimate A from the sleeve friction
data. Therefore, the fourth method assessed, referred to as “the
Plewes A method”, is a modification of the initial Plewes
method and uses a user defined 4 to estimate k and m. The
source code in version 29 of the CPT PLOT spreadsheet was
edited to incorporate this change and was used for the
implementation of this method. A summary of the four state
parameter methods assessed is shown in Table 1.

3 ANALYSIS OF CPTU DATA

The focus of this study was the application of the various
methods on silty materials which typically classify as a mixed
soil with mechanical properties falling between the classic
definitions of sands and clays (e.g. Been 2016). Gold tailings
from South Africa and material from the Salzburg Basin in
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Table 1. Summary of the four state parameter methods assessed
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Austria were assessed

As the basis of the analysis required CPTu data, a series of
CPTu tests results were assessed. In total seven CPTu probes
were assessed: four probes through gold tailings and three probes
through the Salzburg Basin material.

The data for the gold tailings were obtained from a mine in
South Africa. The data for the Salzburg Basin material, based on
CPTu probes conducted in Salzburg, Austria were obtained from
the recently developed Premstellar Geotechnik CPTu database
(Oberhollenzer et al. 2021). A summary of selected results from
two CPTu probes is shown in Figure 2 and Figure 3. Figure 2
shows the results from the CPTu probe H2 through the gold
tailings. Figure 2a shows the cone resistance (q.), dynamic pore
pressure (u,) and ambient pore pressures (ug) obtained from
assessing the dissipation tests conducted at routine rod changes.

The drainage condition during probing was determined based
on sleeve friction data (F) in combination with the pore pressure
ratio (By) as described by Jefferies & Been (2015). Drained
probing zones are indicated with a black square along the vertical
axis. Figure 2b shows Soil behaviour type index (/) as defined
by Jefferies & Been (2015). The cone resistance values follow a
fairly uniform increase with depth which is expected and the
material shows a soil behaviour index of a mixture of silts and
clays. Aside from the initial few readings, the probing for the
entire soil profile was purely undrained.

Figure 3 shows the results from a CPTu probe through the
Salzburg Basin material, specifically probe SB140. There are
distinct material zones in this profile which can be identified by
the cone resistance values and the soil behaviour index. From the
surface to approximately 13 m below surface, and again between
27 m and 30 m, with the exception of a thin layer at around 28 m,
a coarse grained material is present (sand) and between 13 m and
27 m below the surface a fine grained material is present (clay).

This is in line with the general geology of the area (e.g.
Pomper et al. 2017). The data from the CPTu probes were
assessed using software described in Table 1 and selected soil
properties used during the analysis are shown in Table 2. Note
that the material properties for the Salzburg Basin sand were



based on Ottendorf sand (Astner 2019). Similarly, the material 4 RESULTS
properties for the Salzburg Basin clay were based on a material

with similar properties to the Opalinus clay (Corkum & Martin Selected results from the analysis are shown in Figure 4 and
2007; Salager et al. 2013). Both of these reference materials are Figure 5. Figure 4 shows the estimation of the state parameter
found in relative close proximity to the Salzburg Basin area. with depth for the four methods for the gOld talllngs. With the

exception of the original implementation of the Plewes method,
there is good correlation between the methods as shown in
Figure 4a. The Been method, which was initially derived for
coarse grained soils, was able to identify several silty sand
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Table 2. Summary of soil properties for the materials assessed
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Probes assessed H2, H3, SB55, SB55,
H4 SB140 SB140
Friction angle ¢’ (°) 34.6 322 28.0
Cobhesion intercept ¢’ (kPa) 0 0 0
Gamma I 1.46 1.19 0.78
Lambda 2 0.07 0.08 0.05
Critical state friction ratio M,. 1.40 1.30 1.11
Fitting parameter k 11.7 10.5 10
Fitting parameter n 113 95 16.5

* Parameters based on Ottendorf sand
** Parameters based on a material with similar properties to
Opalinus clay

regions as being susceptible to liquefaction. These regions were
also identified as being susceptible to liquefaction based on the
Shuttle and Cunning method, which was initially derived for fine
grained materials.

Similarly, the Shuttle and Cunning method, which was
initially derived for fine grained material, was able to identify
several sandy regions as not susceptible to liquefaction. These
regions were also identified as not being susceptible to
liquefaction based on the Been method, which was initially
derived for coarse grained materials. Figure 4b shows the
estimated state parameter with depth where the Been method was
used for the soundings which showed a drained response to
probing and the Shuttle and Cunning method was used for
soundings which showed an undrained response to probing.

This figure suggests that the material between 3 mand 17.5 m
is susceptible to liquefaction. Therefore, there does not appear to
be a difference whether the material zones are split between
drained and undrained regions (Figure 4b) compared to when the
soil profile is analysed as a single profile (Figure 4a).

Figure 5 shows the estimation of the state parameter with
depth for the various methods for the Salzburg Basin material.
Unlike the probe through the gold tailings, where the Plewes
method was an outlier, there is good correlation between the four
methods for the Salzburg Basin material as shown in Figure 5a.
It is interesting to note that the Been method, which was initially
derived for coarse grained soils, identifies that the clay region as
susceptible to liquefaction. The Shuttle and Cunning method,
which was initially derived for fine grained material, was also
able to identify the sand region as not susceptible to liquefaction.

Similar to Figure 4b, Figure 5b shows the estimated state
parameter with depth. The Been method and Shuttle and Cunning
methods were used for soundings which showed a drained and
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undrained response to probing, respectively. This figure suggests
that the there are two material zones susceptible to liquefaction.
The first is a thin layer, approximately 150 mm thick, at 8 m and
the second is a much thicker layer between 16 m and 27 m. As
this is a screening method, the layer at 8 m must be considered
as potentially liquefiable. However, if a rigorous liquefaction
potential analysis is conducted and the post triggering stability is
considered, a better understanding of the influence of this layer
can be obtained.

Although not strictly liquefiable, all four methods classify the
clay layer consistently as contractive. In terms of the influence of
material types, it was found that there does not appear to be a
difference whether the material zones are split between drained
and undrained regions (Figure 5b) compared to when the soil
profile is analysed as a single profile (Figure Sa).

Figure 6 shows additional selected statistical results from the
analyses. For each CPTu reading (approximately every 50 mm),
the calculated state parameter was assessed. The number of
occurrences for the state parameter greater than -0.08 and -0.05,
respectively were counted and these values were normalised to
the total number of CPTu readings per probe. State parameter
values greater than -0.08 but less than -0.05 (transitional
liquefaction susceptibility) are shown in light grey and state
parameter values greater than -0.05 (susceptible to liquefaction)
have been highlighted in dark grey. Figure 6a shows the results
of probe H2 from the gold tailings.

As was seen in Figure 4, it is clear that the initial formulation
of the Plewes method does not always result in effective
identification of the material zones susceptible to liquefaction.
This may be due to the limited dataset upon which the
relationship between A and sleeve friction was derived. This
difference is less noticeable for the Salzburg Basin material
(Figure 6b). It is therefore recommended that a user defined A
value be used when implementing the Plewes method.

The aim of this paper was to compare various methods of
estimating liquefaction susceptibility with a specific focus on
considering the material type. In the analysis, the material type
was identified by the drainage conditions during probing. Based
on the results obtained, it was found that there is little difference
is estimating material zones susceptible to liquefaction when the
various methods are implemented with and without considering
the material type.
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5 DISCUSSION AND CONCLUSIONS

Static liquefaction is a concern for structures constructed with or
on saturated sandy soils and can result in sudden loss of strength
and subsequent failure. The first step in designing against
liquefaction is to assess the liquefaction potential of the soil.
There are several methods available to assess the liquefaction
potential of a soil, many of which employ the use of the state
parameter. However, many of these methods were developed for
specific soil types (e.g. sands or silts).

In this study, four such methods were assessed with a specific
focus on comparing the results of CPTu probes where mixed
soils are present. In particular, CPTu probes through gold tailings
(silty sand) and the Salzburg Basin material (well graded clean
sand and inorganic clay of high plasticity) were assessed. For
each material, the state parameter with depth was estimated using
four methods and zones of material susceptible to liquefaction
were identified for each method. Based on the results of the
study, there were three main findings, and these are highlighted
below.

1. Although the gold tailings classifies as a silty sand, the
penetration through both materials at the standard rate of
20 mm/s results in purely undrained probing. For the
Salzburg Basin material, the probing was purely drained
when probing through the sand layers and purely undrained
when probing through the clay layers.

2. For the two materials assessed, it was found that A values
obtained using the sleeve friction as proposed in the initial
Plewes method did not correlate well with the A values
determined from the laboratory testing. This difference was
more noticeable in the gold tailings and not so apparent for
the Salzburg Basin material (see Figure 6). This finding is in
line with the findings from other researchers (e.g. Torres-
Cruz 2021). It is recommended that when the Plewes method
is used, A should rather be determined from laboratory testing
and not estimated based on the sleeve friction.

3. Good correlation in terms of identifying material zones
susceptible to liquefaction represented using the state
parameter was found between the method based on drained
probing (i.e. the Been method) and the method based on
undrained probing (i.e. the Shuttle and Cunning method).
This implies that, although it is better practice to split the soil
profile into zones of drained and undrained probing and only
apply the appropriate state parameter estimation method for
each zone, it appears there is little difference in the estimated
state parameter whether this is done or not. This suggests that
for screening purposes, and provided that the required input
parameters are available, liquefaction potential analysis can
be conducted without considering the material type upon
which the selected method was derived.

In terms of recommendations for future work, this study could be

expanded to include additional materials such as material from a

cyclone deposited tailings storage facility as there will most

likely be a difference in the characteristics of the underflow and
overflow material. This could result in drained and undrained
probing in the same soil profile. In addition, a statistical approach
could be considered and a large database of CPTu results, such
as the recently compiled Premstellar Geotechnik CPT database

(Oberhollenzer et al. 2021), could be assessed.

Finally, it should be noted that there are two critical aspects
regarding the understanding of liquefaction failure that have not
been considered in this paper. Most methods to assess the
liquefaction susceptibility of a soil simply consider the state of
the soil (i.e. the stress history, void ratio, fabric and current stress
conditions). This state is then classified, using tools such as the
state parameters as either contractive or dilative to steady state.

What is missing from this assessment is the trigger
mechanism that is required to take the soil from its current state
to steady state and potential collapse if the soil is strain softening.
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What is also missing is the fact that sufficient material in a soil
slope must be mobilised in this manner for failure to occur. These
aspects were not considered for the current study, but need to be
carefully considered and understood when implementing
liquefaction analysis in practice.
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