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Abstract: The state parameter allows the evaluation of the in situ state of soils, which can be
particularly useful in tailings impoundments where flow liquefaction is the most common failure
model. Positive state parameter values characterize a contractive response during shearing and, for
non-plastic soils, can indicate flow liquefaction susceptibility. This paper presents a methodology
to classify and estimate the state parameter (Ψ) for non-plastic silty soils based on seismic cone
penetration measurements. The method expands on a previous methodology developed for sands
that use the ratio of the small strain shear modulus and the cone tip resistance G0/qt for classification
and Ψ assessment. For non-plastic silty soils, drainage conditions during cone penetration must
be accounted for and are used to allow soil classification and correct the cone tip resistance. An
empirical formulation is proposed to correct qt for partial drainage measurements and predict Ψ for
non-plastic silty soils. Mining tailings results of in situ and laboratory tests were used to validate
the proposed methodology producing promising responses. The Ψ value estimated through the
proposed methodology are in the range of those obtained from laboratory tests, indicating an adequate
prediction of behavior for non-plastic silty soils.

Keywords: seismic cone penetration test; state parameter; non-plastic silty soils

1. Introduction

This article is a revised and expanded version of a paper entitled In-situ state parameter
assessment of non-plastic silty soils using the seismic cone [1], which was presented at the
6th International Conference on Geotechnical and Geophysical Site Characterization. The
conference was originally scheduled to be held in Budapest, Hungary in 2020, but due to
the COVID-19 pandemic, it was held online from 26 September to 29 September 2021. The
article presented at the conference presents a method for estimating the state parameter in
silty materials. The present research enhanced the previous study to include a classification
system for silt materials based on the SCPTu test results.

The term liquefaction can be used to describe different phenomena in soils. However,
it is historically associated with excess pore pressure generated in saturated or nearly
saturated granular soils by rapid loading (monotonic or cyclic) under undrained conditions.

Liquefaction of granular soils splits into two main groups: cyclic mobility and flow
liquefaction. Cyclic mobility requires undrained cyclic loading and can occur in almost all
granular soils, including dense sands that present strain-hardening behavior during the
load. The requirement for cyclic mobility is a cyclic loading sufficiently large in size and
duration. The deformations in cyclic mobility will stabilize after loading except in very
loose soils, which may trigger flow liquefaction [2,3]. On the other hand, flow liquefaction
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often occurs in very loose soils that exhibit a strain-softening behavior in undrained condi-
tions. Both static and cyclic loadings can trigger uncontrolled flow liquefaction and large
deformations that can occur even after loading [4].

Considerable experience has been gathered in the evaluation of liquefaction associated
with cyclic loading provided by large earthquakes [3,5,6]. In this case, for example, the
susceptibility evaluation can be made using a CPT-based approach, relating the measured
cone resistance to the cyclic shear stress ratio [7,8].

Flow liquefaction, however, received much less attention, despite the recognition
of risks in activities such as reclaimed land and mining storage facilities. In the mining
industry, there is an increasing demand for sustainable and adapted infrastructures, setting
new challenges for geotechnical engineering concerning the need to store large volumes of
disposed tailings in more extensive and higher storage facilities. Within the entire range of
failure modes that have occurred at tailings impoundments, flow liquefaction is likely to be
the most common and has already taken hundreds of lives [9,10]. One recent example is
the 100 m height Fundão tailings dam failure in 2015 in Brazil, in a liquefaction flow slide
that resulted in a complete loss of the material in the storage pit [11].

Saturated or near-saturated metastable loose cohesionless sands and silts can be
susceptible to flow liquefaction [12] with various mechanisms that can trigger a collapse,
involving both static and cyclic loading. In the former, slope instability, incremental
impoundment raise construction, transient saturation of the downstream shell, and lateral
movements of soft slurries in the dam can induce static loads. In the latter, equipment
vibration, mine blasting, and even a seismic event can characterize cyclic loads.

As previously mentioned, as a requirement for flow liquefaction, the soil must exhibit
a contractive behavior on undrained shear. Contractive soil behavior characterizes a
volumetric strain decrease during shear; on the other hand, dilative soils present increased
volumetric strains. Most of the studies on flow liquefaction use results from laboratory
triaxial tests, aiming to understand the behavior of materials, define the critical state line,
and calibrate parameters for constitutive models [13,14]. Based on the definition of the
critical state line, it is possible to describe the behavior of the soil as contractile or dilatant
through the so-called state parameter (Ψ). In the void ratio (e) and mean effective stress
(p′ = (σ′1 + 2σ′

3)/3) space, the state parameter Ψ is defined as the difference between the
current void ratio (e) and critical state void ratio (ec), at the same mean stress [15]. The
degree of contractiveness or dilatancy of soils is characterized by positive or negative Ψ
values, respectively. In practice, a state parameter equal to −0.05 is considered a minimum
state limit to ensure satisfactory engineering performance against flow liquefaction [16].

The stress state leading to flow liquefaction can be determined from consolidated
undrained triaxial compression tests sheared with full saturation. Nevertheless, in the case
of granular soils, there are difficulties in retrieving undisturbed samples by conventional
methods and faithful reproduction of soil structure in the laboratory. For non-plastic
silty grain-sized soils, even constitutive models and numerical implementation require
studies and adaptations to adapt to the actual behavior of these materials [17]. Under these
conditions, using in situ testing to predict granular and non-plastic silty soil behavior and
flow liquefaction susceptibility is common and practical.

For sands, the state parameter Ψ can be assessed directly from cone tests [18,19] or, in
a more robust approach, using the combination of measurements from independent tests.
For instance, it is possible to use the ratio of elastic stiffness to cone resistance, G0/qt [20], or
cone resistance to pressuremeter limit pressure, qc/pL [21].

The present paper focuses on the seismic cone (SCPTu) and the use of the G0/qt ratio
to derive Ψ. Both the stiffness (G0) and the shear resistance (qt) are controlled (although
differently) by void ratio, mean stresses, compressibility, and soil structure, and are therefore
different functions of the same variables [22]. As a ratio, these two measurements can be
useful in predicting the soil state [20,22–24].

The G0 value can be determined from in situ shear wave velocity measurements (Vs),
as in Equation (1):
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G0 = ρ·(Vs)
2 (1)

where ρ is the measured mass density (equal to the total unit weight divided by the
acceleration of gravity) of the soil.

The theoretical correlation between Ψ and the G0/qt ratio is presented in Equation (2) [20]:

Ψ = α

(
p′

pa

)β

+ χ

(
G0

qt

)
(2)

where, α = 0.520, β = 0.07, and χ = 0.180 are average coefficients obtained from calibra-
tion chamber data for clean sands [20]. The parameters p′ and pa are the mean effective
stress, and the standard atmospheric pressure, respectively, and qc = qt is for sands with
full drainage.

Schnaid et al. [25] proposed a two-stage methodology to classify and predict the
state parameter for sandy soil based on the G0/qt ratio (Equation (2)) from SCPTu test
data. Recognizing the importance of the state parameter in assessing susceptibility to flow
liquefaction in mining tailings and knowing that this material is silty grain-sized, this paper
aims to present an adaptation of an early method introduced by Schnaid et al. [25] for
application in non-plastic silty soils. The first stage of the methodology is a classification
system that was expanded to consider partial drainage, a common condition observed
during in situ tests in mining tailings. New zones are explored to include parameter
combinations that characterize non-plastic highly sensitive soils. The second stage of the
methodology consists of defining the state parameter from Equation (2). In this situation, an
empirical correction of qt was proposed to consider the partial drainage conditions during
cone penetration in silty grain-sized soils. Adopting the correction, qt values were obtained
for a drained condition, and the Ψ values could be calculated using Equation (2), previously
proposed for granular soils with drained behavior. The results from the SCPTu tests were
used to validate the expansion of the method. Values of the Ψ estimates from field tests
using the proposed correction of qt mostly fell within the range of values obtained through
laboratory tests.

2. Drainage Conditions on CPTu Tests

Geotechnical designs require the definition of drained or undrained conditions with
respect to the soil response to a given imposed load. For example, when clay is subjected
to loading, it doesn’t allow an immediate drainage of water. On the other hand, when
sand receives loads, drainage occurs at a fast rate. Therefore, the design should consider
undrained shear stress for clays and drained shear stress for sands. For transient soils in the
intermediate permeability range (10−5 m/s < k < 10−8 m/s), such as silty soils and mining
tailings, there are no consensual guidelines for correct testing and data interpretation [26,27].
The results of a standard cone penetration test (CPTu) (v = 20 mm/s) are affected by
partial drainage during the penetration [28], which, may induce errors in the prediction of
soil parameters.

Several studies aim to analyze the CPTu test results varying the penetration veloc-
ity, thus achieving full drainage conditions at low penetration velocities and completely
undrained conditions at high penetration velocities [29–32]. This assessment is usually
performed based on the normalized penetration velocity, as presented in Equation (3):

V =
v·d
ch

(3)

where v is the cone penetration rate; d is the penetrometer diameter; and ch is the coefficient
of horizontal consolidation. According to Randolph and Hope [29], fully undrained pen-
etration occurs when V values are higher than a value around 30–100, and fully drained
penetration occurs when V values are less than a value around 0.03–0.01.
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The reduction of the cone penetration velocity and V values, in normally consolidated
soils (contractive behavior during shear), decreases the pore pressure generation caused by
the cone penetration and consequently increases the cone tip resistance. The soil drainage
characteristic curve allows a precise analysis of these conditions. In this representation,
normalized values of resistance (Q/Qref ) and pore pressure (∆u/∆uref ) are plotted against V
values. Often the drainage characteristic curve is adjusted from numerical and experimental
data, and the reference parameters are those corresponding to the complete undrained
condition [27,28,33].

Schnaid [34] emphasizes that each soil presents a unique drainage characteristic curve,
and the transition between drained to totally undrained conditions has to be defined
locally. Such a behavior is justified by the influence of the OCR and soil rigidity index.
Dienstmann et al. [27] presented a set of theoretical and experimental drainage characteristic
curves for different geomaterials, including gold mining tailing. The authors highlighted
that the variation between drained and undrained resistance is lower in clays than in sands.
In the above-mentioned study, drained-to-undrained resistance ratios around of 2 for clays,
8 to 10 for granular soils, and around 10 for gold mining tailings were reported.

In addition, the evaluation of drainage conditions from the piezocone pore pressure
parameter Bq can be helpful; Bq greater than 0.5 is enough to characterize undrained
conditions and lower values may indicate partial drainage [35].

3. Classification and Flow Liquefaction Evaluation for Non-Plastic Silty Soils Based on
Seismic Cone Tests

This section presents the developed methodology to classify soils, including non-
plastic silty soils and sensitive soils, and estimate the state parameter for flow liquefaction
evaluation in non-plastic silty soils using seismic cone test data.

The proposed methodology is an expansion of the two-stage system (Figure 1) pro-
posed by Schnaid et al. [25] for granular soils. In this proposal, the authors initially classify
the soils in the graph on the left and subsequently, with the help of Equation (2), define the
value of the state parameter of these materials, classifying them as contractive or dilative.
Our main challenge in expanding the method is including partial drainage conditions
observed in situ tests conducted on non-plastic silty grain-sized soils. To better understand
the behavior of non-plastic silty soils, an initial analysis based on laboratory results was
carried out to support the proposed method, as discussed below.
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Figure 1. The methodology proposed and explained by Schnaid et al. [25] for classifying (a) and
evaluating the state parameter value (b) of sands using SCPTu tests.

3.1. Laboratory Test Results Analysis

To understand the behavior of non-plastic silty soils, an initial comparison was made
using laboratory test results from the literature performed on sands and mining tailings
(non-plastic silty grain-sized materials). Drained and undrained triaxial test results com-
bined with bender elements measurements were analyzed to identify the influence of
drainage conditions on soil strength parameters.
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Recognizing that the combination of independent variables is effective in field test
results analysis [20], the stiffness and strength measurements obtained through drained
and undrained triaxial tests were combined in Figure 2. The maximum shear resistance
and shear modulus ratio (qmax/G0) were plotted against the normalized maximum shear
resistance (q1), obtained through Equation (4).

q1 =

(
qmax

pa

)
·
(

pa

σ3

)0.5
(4)

where σ3 is the triaxial confining stress.
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Figure 2. Drainage effects on the stiffness and strength parameters obtained by triaxial tests con-
ducted on sands and mining tailings. Data: Sands—Drained tests [36–39]; Sands—Undrained
tests [40–42]; Gold mining tailings—Drained and Undrained tests [43]; Iron mining tailings—Drained
and Undrained tests [11].

Considering that stiffness measurements were obtained at the end of the consolidation
step; the strength is the unique parameter in Figure 2 that is dependent on drainage
conditions. Thus, it is possible to verify that a reduction in qmax values increases the
G0/qmax ratio and decreases q1, positioning the combined data above and on the left in
Figure 2, respectively.

The sand samples that generated the results in Figure 2 had relative densities varying
between 15 and 85%, depending on the study. The mining tailings samples aimed to
simulate the condition of hydraulic release of the material into the deposits, with a void
index equal to or very close to the maximum (1.2 for gold mining tailings and 0.9 for iron
mining tailings). The low density and mean grain size of mining tailing samples cause an
increase in pore pressure generation during undrained shearing and reduce qmax values.
Figure 1 illustrates the significant reduction in undrained shear resistance for mining tailing
samples compared to sand samples. Similar results were found by Zhu et al. [44], who
investigated the influence of the presence of fine particles in a granular matrix, verifying
that there is a deleterious effect on the undrained shear strength with the increase of fine
particles, in addition to facilitating the generation of excess pore pressures. Moreover, it is
interesting to note that for drained conditions, the combination of results for both sands and
mining tailings is quite similar in normalized maximum resistance (q1), with only the G0/qt
ratio being lower in the case of tailings. This behavior supports the analysis of non-plastic
silty soil behavior based on formulations employed to sands in drained conditions.
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3.2. Developed Expansion on the Classification System

The behavior verified at the laboratory helps to analyze and interpret field test results.
From the analysis of the data presented in Figure 2, in the present study, we propose an
expansion of the soil classification system proposed by Schnaid et al. [25] to include silty and
highly sensitive non-plastic soils. This classification method considers data from seismic
cone tests, with the ratio between the small strain shear modulus and the cone tip resistance
(G0/qt) expressed on the y-axis and the normalized cone resistance (Qtn) expressed on
the x-axis. The expanded proposed method is shown in Figure 3. The auxiliary vertical
lines, presented in the classification system, help define the type of material and drainage
conditions during cone penetration. A vertical line for Qtn = 50 has already been recognized
as a safe and conservative limit to separate sands from sand mixtures: soils above the A-A
line with Qtn > 50 are granular, and cone penetration occurs in drained conditions [28].
At the same time, values of Qtn < 50 are representative of sand and silt mixtures where
partial drainage may occur during cone penetration. The soils below line B-B, characterized
by Qtn < 10, are typically clays, and cone penetration will occur in undrained conditions.
Intermediate conditions are representative of mixtures of clays, silts, and sands, where cone
penetration is likely to occur under partially drained conditions. In addition to the vertical
lines of Qtn = 50 and Qtn = 10, a line was inserted to intermediate empirical Qtn = 20. This
line presents a possible frontier between mixtures with a higher proportion of sand (on the
right) and a higher proportion of silty fines (on the left).
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As can be seen in Figure 3, the classification system also presents a central master line
that aims to divide low-plasticity soils from high-plasticity soils. This line is defined by
line A-A up to the value of Qtn = 10 and continues through line B-B for values lower than
Qtn = 10. The definition of this master line was carried out based on the results of field
trials. Another notable factor observed is that the granulometry of the soils evaluated in
the system tends to reduce from right to left and from top to bottom in the graph.

Results of tests carried out on mining tailings were also evaluated for assembly of
the classification system. It was found that, as they are thin materials, these results were
concentrated further to the left of the graph, moving between regions of plasticity or non-
plasticity, depending on their origin. It should be noted that the results of tests carried out
in non-plastic waste reservoirs with high generation of excess pore pressure during cone
driving tend to be concentrated to the left of the graph, although, in a more superior way
(region 1). This is due to the low values of cone tip resistance, which causes an increase in
the values of the G0/qt ratio.
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Based on this evidence, the proposed classification is divided into classes ranging
from 1 to 7 for low-plasticity soils (sands and sandy mixtures) and I to V for high-plasticity
soils (clays and clay mixtures), in the dimensionless log-log space G0/qt versus Qtn, as
illustrated in Figure 3.

3.3. State Parameter Assessment for Non-Plastic Silty Soils and Flow Liquefaction Evaluation

As proposed by Schnaid et al. [25], a two-stage analysis is applied to assess susceptibil-
ity to flow liquefaction, with the first stage being the classification chart. Figure 4 illustrates
the expansion of the original two-stage methodology for liquefaction flow assessment.
Whenever soils are located in the upper region (non-plastic), the state parameter must be
evaluated to determine whether drainage correction is necessary. Whenever the calculated
value is positive, the material tends to have contractive behavior, which may present strain-
softening behavior and susceptibility to liquefaction flow under specific loading conditions,
saturation, and drainage.
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Under these conditions, it can be stated that Equation (5) can be applied to determine
Ψ values in non-plastic silty soils with partial drainage during cone penetration, provided
that the qtD was obtained for these materials.

However, determining drained parameters in non-plastic silty soils is not trivial
because the cone penetration is affected by partial drainage conditions. Geomaterials have
distinct drainage characteristic curves, and variation in penetration velocities is required
to obtain drained and undrained cone tip resistances [27]. Moreover, the relation between
drained cone tip resistance (qtD) and undrained cone tip resistance (qtUD) is also a function
of soil type.

One way to categorize each soil is through the effective friction angle (ϕ′). Sen-
neset et al. [45] proposed a theoretical solution for determining the ϕ′ from CPTu test results
after comparison and calibration with laboratory test results performed on a wide range
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of soils. In this solution, the pore pressure measurements provided by the CPTu allow
the estimation of effective resistance parameters based on concepts of bearing capacity
and plasticity theories, providing its application to all soils [46]. This solution results from
years of study developed at the Norwegian Technology Institute (NTH). It correlates the
cone resistance number (Nm = Q), the effective resistance parameters (c′ and ϕ′), the pore
pressure parameter (Bq), and the angle of plastification (β), (Equation (6)):

Nm = Q =
qt − σv0

σ′v0
(6)

where σv0 and σ′
v0 are the total and effective vertical stresses, respectively.

The plastification angle (β) is associated with an idealized geometry from the failure
zone around the cone. It is not easy to define the β value experimentally or theoretically.
However, it is known that it depends on soil properties such as compressibility, aging,
plasticity, and sensitivity [46]. Based on NTH theory, a simplified evaluation is presented
in Figure 5, where the friction angle variation was provided as a function of Q and Bq, with
c′ = 0 and β = 0.
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Considering that total and effective stresses on Equation (6) are constant at a given
depth, it can be stated that Q is directly proportional to qt. Therefore, Figure 5 allows us to
estimate the drained (qtD) and undrained (qtUD) cone tip resistance for a specific friction
angle value, which can be correlated to soil type. Drained conditions are associated with
Bq = 0, and undrained conditions are characterized by Bq in the 0.6 to 1 interval [34,35].

The interpretation of Figure 5 directly correlates the drained and undrained cone
tip resistance ratio (qtD/qtUD) and effective friction angle (ϕ′). This correlation is shown
in Figure 6, where the variation range of qtD/qtUD has been established by two curves
obtained from Senesset et al. [45]. In addition, results from the literature plotted in Figure 6
demonstrate that the method can reasonably describe experimental measurements. Figure 6
demonstrates that the qtD/qtUD ratio varies from 3 (for effective friction angles around 20◦)
to about 10 (for effective friction angles around 38◦ and 40◦).

Two boundary conditions can be set to correlate the drained cone tip resistance (qtD)
and standard cone tip resistance (qt20), (Equation (7)):

qtD
qt20

=

{
1, i f Bq = 0

qtD
qtUD

, i f Bq = 1 (7)
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Knowing the boundary conditions, an empirical equation was proposed to describe
the variation of the qtD/qt20 ratio for partial drainage conditions. The proposed empirical
equation is dependent on the qtD/qtUD ratio (provided by Figure 6) and Bq (Equation (8)):

qtD
qt20

= 1 +
(

1 +
qtD

qtUD

)
·
(

Bq
)α (8)

where qtD/qtUD assumes a fixed value, depending on the estimated soil friction angle
(Figure 6), and α is a parameter dependent on the material stiffness, ranging from 0 to
1. An initial simplified evaluation adopts an average value of α = 0.5, although this parame-
ter depends on soil type and should be calibrated. It should also be noted that the proposed
empirical proposal (Equation (8)) was developed considering extreme values of Bq, which
could be calibrated in future work according to the behavior of each material. In general,
the equation proposed in this study can be used to obtain qtD values in different types of
non-plastic silty soils, in which cone tests at standard speed provide results under partial
drainage conditions, which makes their adequate interpretation difficult.

Figure 7 is a graphical representation of the different values of qtD/qtUD ratios cal-
culated from Equation (8). Once qtD values are estimated from the proposed correction,
Equation (2) can be used to determine the Ψ values for non-plastic silty soils, which allows
the flow liquefaction susceptibility evaluation.

Figure 8 presents a result of a cone test carried out in a gold mining tailings deposit.
Results for standard speed (20 mm/s) and variable speed are plotted. This variable speed
was due to equipment limitations, meaning that obtaining a constant speed throughout the
depth was impossible. However, it is observed that even at very low speeds (1 mm/s), it
was not possible to obtain parameters in drained conditions, resulting in the generation
of excess pore pressures. At some specific depths, such as 5.1 and 6.1 m, where the pore
pressures coincide with the hydrostatic pressure, it is observed that the qtD values obtained
through empirical equations coincide or are very close to the qt values measured in the test.
Therefore, we can conclude that the empirical equation provides a quick and simplified
solution to obtain an estimation of qtD from which constitutive parameters can be assessed.
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The value of Ψ obtained from qtD can be utilized in the two-stage classification soil
system based on seismic cone penetration measurements, presented previously in Figure 4.

3.4. Validation and Calibration

The development of the expanded classification system proposed in this study was
based on plotting several databases of different materials and evaluating the behavior of
the combination of the parameters. Since this research focuses on studying non-plastic
silt materials, it was decided to present the data distribution referring to different mining
tailings. Results from seismic cone tests carried out in Brazilian mining tailings deposits
(gold, bauxite, zinc, iron, and copper) were selected to validate and calibrate the classifica-
tion chart applied to non-plastic silty soils. Such materials are silty to clayey grain size and
have low or no plasticity, for the most part (except zinc tailing). Table 1 summarizes the
variation of the main physical characteristics of the evaluated mining tailings.
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Table 1. Summary of the variation of the geotechnical physical characteristics of the evaluated
mining tailings.

Mining
Tailing D50 (mm) γn

(kN/m³) wnat (%) G Liquid
Limit (LL)

Plastc
Index (IP)

Gold 0.032 18.6–20.5 31–39 2.86–3.15 - NP
Bauxite A 0.0023 15.9–20.1 23–89 2.72–3.27 34–53 1–17.3
Bauxite B 0.03 15.8–17.8 55–70 3.0–3.15 31–39 5–14
Bauxite C 0.003 17.5–18.8 40–47 3.01–3.07 38 3

Zinc 0.015 11.3–14.9 90–210 3.28–3.37 61–101 25–54
Iron 0.075 15.7–19.0 6–15 2.92–3.06 - NP

Copper 0.075 14.2–16.5 50–63 2.82–2.85 - NP

Regarding in situ tests, four vertical SCPTu tests were evaluated for gold mining
tailings, carried out in the same deposit with an average depth of 10 m for each vertical and
157 Vs records in the four verticals. Data from the SCPTu tests carried out in three different
deposits were evaluated for bauxite mining tailings. For the bauxite mining tailings deposit
“A”, seven verticals of seismic cone tests were evaluated, with an average depth of 14 m
and a total of 41 Vs. records in all verticals. Five vertical seismic cone tests were evaluated
for the “B” bauxite mining tailings deposit, with an average depth of 8 m and a total of
23 Vs records. For the bauxite mining tailings deposit “C”, 14 SCPTu test verticals were
evaluated with an average depth of 12 m and a total of 57 Vs records for all verticals. For
zinc mining tailings, three vertical seismic cone tests were evaluated and carried out in the
same deposit, with an average depth of 12 m for each vertical and a total of 21 Vs records.
Five vertical seismic tests were evaluated for iron mining tailings, carried out in the same
deposit, with an average depth of 22 m each and a total of 131 Vs records. Lastly, three
SCPTu test verticals were evaluated for copper mining tailings, with an average depth of
30 m for each vertical and a total of 87 Vs records.

The test results in Figure 9 mainly cover regions characterized by silty-sandy, silty,
or sandy-silty materials, following the physical characteristics of the tailings studied. It
is interesting to note that some points relating to bauxite and zinc tailings, which have a
certain plasticity, were positioned below line A, which indicates materials with plasticity.
Furthermore, most of the tailings are located in a partially drained to undrained region, and
some materials are in the classification zone of highly sensitive materials, as is the case with
most data relating to gold mining tailings. In this sense, it is verified that there is a good
coherence between the characteristics of the material and those delivered by the system.

The second stage is the flow liquefaction susceptibility analysis, evaluating the occur-
rence of contractive behavior under loading. In this step, all materials above the central
guideline should undergo a subsequent assessment of the state parameter value.

Calibration of the proposed correction for standard cone tip resistance (qt20) into an
equivalent drained one (qtD) is provided by results in gold, iron, and bauxite mining tailings
(no or low plastic silts). This database was selected for evaluation of this stage, as drained
and undrained triaxial tests, using bender elements, were available for these materials,
which allowed comparison between the Ψ values estimated from the SCPTu tests and those
measured in the laboratory.

Figure 10 demonstrates the Ψ estimation from SCPTu tests compared to the laboratory
range for iron mining tailings. The results from the mining iron tailings were reported by
Morgenstern et al. [11] and offer a good reference for predictions. In this case, the CPTu
data yielded Bq values close to zero, and the proposed correction is marginal. The Ψ values
calculated from the SCPTu are spread across a wide range, from −0.15 to about 0.2, whereas
laboratory tests fall into a much narrower range (from +0.05 to +0.08) (Figure 10). This
may indicate that the methods proposed originally by Schnaid and Yu [20] need to be
more accurate or that field data is scattered due to the actual spatial variation of tailings.
However, it is interesting to observe that laboratory and field data indicate that these
tailings can flow liquefaction for the Fundão Dam.



Mining 2024, 4 32

Mining 2023, 3, FOR PEER REVIEW 13 
 

 

 
Figure 9. Expanded soil classification system applied to mining tailings. 

 
Figure 10. Estimation of Ψ from SCPTu tests compared to laboratory range for iron mining tailings 
(presented in Nierwinski et al. [1]). 

In the case of gold mining tailings, the SCPTu tests performed at standard penetration 
velocity generated considerable excess pore pressure, with the Bq values indicating partial 
drainage. The friction angle of the gold mining tailings measured by the laboratory tests 
is 32° [43]. The qtD/qtUD ratio was adopted as 7, considering the Senneset et al. [45] approach. 
This value is also very close to the response obtained when analyzing the poroelastic the-
ory results [27]. A good fit between laboratory and field Ψ values prediction is obtained 
for α close to unity (Figure 11). 

To evaluate the gold mining tailings Ψ values estimated from SCPTu tests, Figure 11 
compares the estimation of Ψ values using qt20 values to the qtD values obtained by the 
proposed correction. The estimated Ψ values from qt20 were verified. However, it was 
shown that the material presents contractive behavior and susceptibility to the flow liq-

Figure 9. Expanded soil classification system applied to mining tailings.

Mining 2023, 3, FOR PEER REVIEW 13 
 

 

 
Figure 9. Expanded soil classification system applied to mining tailings. 

 
Figure 10. Estimation of Ψ from SCPTu tests compared to laboratory range for iron mining tailings 
(presented in Nierwinski et al. [1]). 

In the case of gold mining tailings, the SCPTu tests performed at standard penetration 
velocity generated considerable excess pore pressure, with the Bq values indicating partial 
drainage. The friction angle of the gold mining tailings measured by the laboratory tests 
is 32° [43]. The qtD/qtUD ratio was adopted as 7, considering the Senneset et al. [45] approach. 
This value is also very close to the response obtained when analyzing the poroelastic the-
ory results [27]. A good fit between laboratory and field Ψ values prediction is obtained 
for α close to unity (Figure 11). 

To evaluate the gold mining tailings Ψ values estimated from SCPTu tests, Figure 11 
compares the estimation of Ψ values using qt20 values to the qtD values obtained by the 
proposed correction. The estimated Ψ values from qt20 were verified. However, it was 
shown that the material presents contractive behavior and susceptibility to the flow liq-

Figure 10. Estimation of Ψ from SCPTu tests compared to laboratory range for iron mining tailings
(presented in Nierwinski et al. [1]).

In the case of gold mining tailings, the SCPTu tests performed at standard penetration
velocity generated considerable excess pore pressure, with the Bq values indicating partial
drainage. The friction angle of the gold mining tailings measured by the laboratory tests is
32◦ [43]. The qtD/qtUD ratio was adopted as 7, considering the Senneset et al. [45] approach.
This value is also very close to the response obtained when analyzing the poroelastic theory
results [27]. A good fit between laboratory and field Ψ values prediction is obtained for α
close to unity (Figure 11).

To evaluate the gold mining tailings Ψ values estimated from SCPTu tests, Figure 11
compares the estimation of Ψ values using qt20 values to the qtD values obtained by the
proposed correction. The estimated Ψ values from qt20 were verified. However, it was
shown that the material presents contractive behavior and susceptibility to the flow lique-
faction, generating high Ψ values compared to the range defined by laboratory test results.
However, applying the tip resistance correction for drained conditions, the estimated Ψ
values are very close to the range defined by the laboratory test results.
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Figure 11. Estimation of Ψ from SCPTu tests, considering or not the correction of qt values, compared
to laboratory range for gold mining tailings (presented in Nierwinski et al. [1]).

The bauxite mining tailings SCPTu test results also indicate excess pore pressure
generation, which provides typical Bq values for a partial drainage condition. In this
case, the correction of qt20 was already necessary for Ψ estimation. To apply the empirical
equation to correct the qt20 value for drained conditions, a qtD/qtUD ratio was adopted equal
to 7. This value is defined in Figure 6 for a friction angle of 32.4◦, which was obtained by
triaxial tests. In this analysis, a good fit between laboratory and field Ψ values prediction is
obtained for α close to 0.5 (Figure 12).
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According to the Ψ values evaluation, all the mining tailings evaluated in this paper
may present contractive behavior during shearing and may be susceptible to flow liquefac-
tion occurrences. However, the bauxite mining tailing evaluated in this paper presented
values closer to zero than gold and iron tailings, which presented higher positive values
obtained through field and laboratory test results.
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4. Conclusions

This paper proposes expanding a previous two-stage soil classification and state pa-
rameter evaluation system based on data from the SCPTu test. The proposed methodology
aims to expand the method developed for application to sands and non-plastic silty soils.
First, a classification chart was proposed to identify different classes of fine soils with
different drainage conditions and sensitive structures. An extensive database of SCPTu
tests on mining tailings was used for validation and confidentiality of the classification
chart, demonstrating good behavioral responses through the proposed methodology.

In the second stage, an empirical equation was proposed to correct cone tip resistances
obtained from CPTU tests performed at the standard penetration rate of 20 mm/s on
transient soils. The classification chart, in conjunction with estimating state parameters
from corrected cone tip resistance, allows the evaluation of the susceptibility to flow
liquefaction of non-silty soils. In situ and laboratory tests performed on mining tailings
provided a database for calibrating and validating the proposed methodology and values
of y derived from field SCPTU tests, which generally agree with laboratory measurements.

Notably, the proposal presented aims to compose a practical tool for evaluating
susceptibility to liquefaction flow in non-plastic silty soils. The empirical equation proposed
to correct the cone tip resistance is an initial proposition and requires more accurate
calibration for extensive application in other databases.
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