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Abstract

Due to the difficulty in obtaining good quality undisturbed samples, as well as the index properties and in situ
state variability, the characterisation of tailings materials is often performed by in situ tests, such as the cone
penetration test with pore pressure measurements (CPTu) or vane tests. CPTu is the most widely used in situ
tests, for it allows for a quasi-continuous investigation reaching significant depths and encompasses a vast
theoretical framework correlating with the most relevant soils’ physical and geomechanical parameters.
However, while this framework was established and proven as suitable for natural soils, its complete
applicability to tailings materials is often questioned. One of the common pitfalls is the use of the standard
piezocone penetration rate (2 cm/s). This rate is based on the presupposition that permeable soils (sands) will
respond in drained conditions and impermeable ones (clays) will present undrained behaviour.
However, tailings materials often have high fine contents, mainly within the silt fraction, thus they have the
potential for partially drained behaviour during penetration. In such cases, higher penetration rates are
recommended. This paper presents the hydraulic characterisation of different tailings from different
geographical origins, based on CPTu measurements at a constant penetration rate of 2.0 cm/s. The tailings
are analysed in terms of their ore type (iron, aluminium, copper and zinc), index properties (grain size
distribution, specific density, plasticity), in situ state (void ratio, water content) and deposition method (slurry,
paste/thickened and filtered). The hydraulic properties are estimated based on the CPTu and dissipation tests,
performed in different sites, and the results are discussed within the existing theoretical framework of partial
drainage. As a result, the partially drained behaviour of a range of different tailings materials — from sandy-silt
iron ore to red mud — and the potential need to implement a different CPTu standard velocity for these tailings
is assessed and discussed.
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1 Introduction

The cone penetration test with porewater pressure measurement (CPTu) is one of the most widely used in
situ tests for soil characterisation. It consists of an electronic cone probe penetrating the soil at a constant
rate (usually 2 cm/s) that automatically measures the resistance of the material to penetration and the
generated porewater pressure up to significant depths and in short intervals, thus allowing for a
guasi-continuous geo-profile of the soil. Moreover, it is possible to correlate the results obtained during the
test with important geomechanical and hydraulic parameters of the soil by means of an extensive and robust
theoretical framework that allows for a reliable interpretation of soil’s behaviour (e.g. Robertson & Cabal
2022; Jefferies & Been 2016).

The porewater pressures generated during the CPTu, measured by means of a transductor, usually installed
immediately before the cone face (u,), are due to the penetration of the soil by the probe, hence being closely
related with the soil’s compressibility and permeability. Commonly, CPTu are accompanied by dissipation
tests, which consist of stopping the penetration and allowing for the excess porewater pressures to dissipate
until it reaches equilibrium (usually the hydrostatic pore pressure, uo). This type of test allows for the
evaluation of the porewater pressure at the test depth, which can be used to infer the position of the water
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level and the existence of vertical gradients (upward or downward water flux). They also allow for the
estimation of some the soil’s hydraulic parameters, such as its hydraulic conductivity (k) and consolidation
coefficient (cyn). However, the CPTu framework was established for natural soils where the dichotomy fine
(clay-like)— coarse (sand-like) is usually prevalent. This dichotomy assumes that fine materials will present an
undrained response to penetration whereas coarse material will be sufficiently permeable for drained
conditions to exist (Fourie et al. 2022).

For (sandy to clayey) silts soils, commonly called transitional soils (Schneider et al. 2008), CPTu conducted
with a standard penetration rate (2 cm/s) can lead to partial drainage due to the dissipation of part of the
porewater pressures around the cone (i.e. partial consolidation). The influence of the penetration rate in silty
materials is well studied, showing that partial drainage increases penetration resistance while generating less
porewater pressure (Garcia Martinez et al. 2016; Delong & Green 2020; Jaeger et al. 2010; Randolph & Hope
2004; Schneider et al. 2008) and affects dissipation measurements (DeJong & Randolph 2012). Ultimately,
partial drainage can overestimate undrained strengths estimated from the CPTu results, insofar as the
prevalent correlations (Lunne et al. 1997; Mayne & Peuchen 2018; Schnaid 2021) are based on the cone
factor (Ni:), which in turn is a function of the normalised porewater pressures (Bg). Thus, for transitional soils,
penetration rates higher than 2 cm/s might be warranted to generate fully undrained response.

In order to understand the effects of partial drainage, Randolph & Hope (2004) proposed a parameter that
consists in normalising the penetration velocity (V) by means of the consolidation coefficient (cy). Values of
V ranging between 0.3 and 30, as well as tso ranging between 0 and 100 s, are considered representative of
partial drainage conditions (DeJong & Randolph 2012), whereas values of ts less than 10 and more than 75 s
define nearly drained and undrained conditions, respectively (Delong & Green 2020). c is related to the
time for 50% consolidation (tso) and is typically estimated by the Teh & Houlsby (1991) method, assuming
undrained penetration. However, partial consolidation can lead to inaccurate estimations of c,,, insofar as
the initial excess pore pressures may be low compared to the ones when fully undrained conditions are
guaranteed. Indeed, the estimated cy, tends to decrease with increasing partial consolidation (Delong
& Randolph 2012).

This is particularly relevant when dealing with mine tailings, both because of their typically loose, contractive
in situ state and because of their grain size composition (mostly silts), which presents permeabilities ranging
from 10° to 10® m/s (Schnaid 2021), typical of transitional materials. Indeed, studies with varying
penetration rates on different tailings showed high ratios between normalised tip resistances for drained
penetration and undrained penetration (Q4/Qu), ranging from 4 in iron ore tailings and 12 in gold tailings
(Delong & Green 2020). Similar effects due to partial drainage are observed in vane tests on this type of
materials depending on the rotation rate (Hogan et al. 2025; Reid 2016).

Tailings are anthropic materials derived from mining excavation for ore exploitation. Hence their physical,
geomechanic and hydraulic properties depend on the extraction process, main ore element and deposition
method (Lunne et al. 1997). Despite their great heterogeneity — because of the unique conditions upon which
these materials are produced — mine tailings can be divided in terms of their grain size distribution and are
closely related to the extraction method, with the latter associated with the ore being exploited, e.g. bauxite
being often finer and more plastic tailings than copper and zinc (Vick 1990). The ore element can also
influence the weight of the material, with a particular example falling upon iron ore which, due to their high
content of steel minerals, may present specific gravities (Gs) as high as 5 (Carneiro et al. 2023).

Another determinant factor for tailings behaviour is the deposition method. Different methods are used —
sometimes depending on cost, sometimes depending on the desired outcome, as in subaqueous deposition —
to avoid or retard oxidation (Fourie et al. 2022). Typically, tailings are deposited as a slurry either through a
single discharge or spigotting. Cyclones are also used to separate the coarser fraction from the finer one, in
order to create more stable and permeable embankments with the former and push the latter further in into
the reservoir. A conventional slurry behaves almost like a liquid due to its high water content (up to 70—-80%).
To reduce the amount of water lost in the process and increase storage capacity, other methods were
developed, namely the thickened discharge, which reduces the water content to around 40-50% and behaves
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more like a fluid or a paste, and the ‘dry’ disposal, where even more water is filtered out reaching 70-80% solid
content and the transport has to be made by trucks instead of pipelines (Fourie et al. 2022; Vick 1990).

This paper assesses the criteria, within which partial drainage may occur, namely the normalised velocity (V),
the dissipation time (tso) and the soil’s permeability (k), for a set of different mine tailings, from several
origins, with diverse main ore element (bauxite, copper and zinc, and iron) and different deposition methods
(beach below water [BBW], slurry, thickened, filtered). The hydraulic properties (k and cyh) — from which the
different tailings are analysed and grouped based on their main characteristics — are estimated based on
CPTu dissipation tests and the conditions for partial drainage are evaluated. This may, on one hand, inform
the need for performing CPTu with different penetration rates and, on the other, allow understanding of if
and which of the criteria presented in the literature is well suited for these materials.

2 Assessing potential partial drainage from cone penetration tests

The hydraulic characteristics of soil materials can be estimated through CPTu tests. This estimation is based
on a semi-empirical framework established for this test that encompass a set of correlations between the
resistances and porewater pressures measured during the test and some relevant soil’s property. The 3 main
parameters measured during the penetration are the cone tip resistance (qc), sleeve friction (f;) and the
porewater pressure measured behind the probe’s shoulder (u;). These 3 parameters can be corrected and
normalised to take into consideration the confining conditions (Q:, Fr and Bq, respectively), allowing for a
comparison of the soil’s behaviour in depth (Mayne et al. 2023; Robertson & Cabal 2022), which in turn allows
for the classification of the different materials in terms of their typical behaviour, namely through a soil
behaviour type (SBT) index (l¢) (Jefferies & Been 2016; Robertson 2009).

The excess porewater pressures (Au) generated during the CPTu are the consequence of the probe
penetration in the soil. In the moment the penetration ceases, the porewater pressures start dissipating,
taking a longer or shorter time to reach equilibrium (uo) depending on the material’s permeability. Hence,
during CPTu the penetration is halted in order to measure the porewater dissipation, called a dissipation test,
with the purpose of evaluating the hydraulic properties of soils in depth. Two main parameters can be
estimated by the dissipation rate measured during these tests: the soil’s consolidation coefficient (cyn) and
permeability (k). These parameters are typically considered horizontal, but since the dissipation occurs in
every direction around the probe’s tip, they will be considered general parameters (i.e. independent of the
direction of flow).

Cvh is @ parameter that represents the rate of porewater dissipation and can usually be estimated by the Teh
& Houlsby (1991) solution, based on CPTu dissipation tests results, assuming an undrained response during
penetration, as follows (in cm?/s):

Cvh = —TISOX(ZCO)ZX\/E (1)
where:
T'so = theoretical modified time factor for 50% consolidation
ac = piezocone radius (cm)
Ir = undrained rigidity index for small strains
tso = time for 50% consolidation (s).

However, for soils that present potential for partial consolidation during penetration, the Teh & Houlsby
(1991) solution cannot be directly applied, underestimating c,, for a given tso (DeJong & Randolph 2012).
For that reason, Delong & Randolph (2012) proposed the estimation of partially drained c.» as follows (in
mm?/s):

tso = LR (78 + 0.25 x ¢, 12) 2)

Cvh
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The above formula diverges from Teh & Houlsby’s (1991) one, showing a non-linearity for tso values below
100 s (Figure 1). Based on the work of DeJong & Randolph (2012), Ayala et al. (2023) proposed a simplified
linear relation between the 2 variables, which leads to higher values of cu (in cm?/s) than Delong
& Randolph’s (2012) solution above the apparent asymptote of the latter formulation:

T/5oxd? _ 3.327x0.061x,/IgX(acx2)?

tso tso

(3)

Cvh =

The intersection between Equations 2 and 3 is, approximately, the asymptote (tsoasym) Of Equation 2.
This intersection point can then be used to combine both equations, so that tso can be estimated by Equation 2
for tso > tso,asym and by Equation 3 for tso < tsoasym, therefore avoiding overestimating cyn above tsoasym.
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Figurel Comparison of c,, estimation following Equations 1, 2 and 3. (a) Iz = 100; (b) Iz = 500

The estimation of tso from CPTu dissipation tests depends on the type of porewater dissipation responses:
monotonic or dilatory. A monotonic dissipation corresponds to a response where the porewater pressure
always decay from the initial porewater pressure (u;) until the equilibrium one (uo), whereas a dilatory
dissipation presents an increase of porewater pressure in the initial part of the response. The initial dilatory
response is due to negative porewater pressures generated in a thin layer around the probe. For the
monotonic response, the initial porewater pressure (u;) corresponds to the one measured at the start of the
test, thus tso can simply be considered equal to the time passed for (ux-uo)/2, as in Figure 2a. However, in the
case of dilatory responses, one must discard the negative porewater pressures around the probe. This can
be done by projecting a line from a post-peak u, point back to t = 0 to estimate the initial porewater pressure
(u;), using the square root of time, so as to obtain an equivalent monotonic response. In this case, tso can be
considered equal to the time passed for (ui-uo)/2 as in Figure 2b.

It must be mentioned that in the current analysis, up was considered equal to the porewater pressure at the
end of the test when the dissipation rate was very small (almost zero). When that was not the case, the
dissipation curve was extrapolated. Furthermore, for fine soils it is not unusual that equilibrium (uo) is not
reached, due to the slow consolidation time of these soils, which could lead to very long tests. In these cases,
the incomplete curve can be extrapolated up to equilibrium (the asymptote).

cwh also depends on the rigidity index (Ig), the latter defined as the ratio between the soil’s shear modulus (G) and
its undrained strength (s,). Krage et al. (2014) proposed the estimation of Iz based on seismic CPTu as follows:

Ig = 0.26 X ( So ) x L e (4)

o'vo 0.33x(0.33xw)
o/yo
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where:
Go = initial shear modulus, for small strains (kPa)
ow = totalpressure (kN/m?)
o'vw = effective pressure (kN/m?)
gt = cone net tip resistance (kN/m?).

All the parameters used in Equation 4 were obtained following the well-established CPTu framework
presented in Mayne et al. (2023) and Robertson & Cabal (2022). Some important points are worth noting are
that the total and effective pressures were calculated based on physical indexes of the materials estimated
by lab tests, the water levels for the definition of uo at the CPTu execution date were defined/validated by
the measurements of in situ piezometers, and the shear wave velocities (Vs) — necessary for the estimation
of Go — were estimated from the CPTu data in order to ensure the highest number of points and to take into
account variation of Vs in depth, but were also validated by in situ measurements using the seismic cone.
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Figure 2 Examples of tso estimation. (a) Monotonic dissipation response; (b) Dilatory dissipation response

k, also known as the soil’s hydraulic conductivity, represents a flow water rate for the particular in situ
hydraulic regime. Using bands of permeabilities for different soils, based on different tso estimated from CPTu
dissipation tests in normally consolidated deposits (after Parez & Fauriel 1988), Mayne et al. (2023) proposed
the following correlation between k and tso (in cm/s):

kh _ (;)1.25 (5)

251xtgo

Finally, the potential for partial drainage in the tailings can be assessed by the normalised velocity (V),
proposed by Randolph & Hope (2004) and extensively used in the case of tailings (DeJong& Randolph 2012;
Schnaid 2021; Ayala et al. 2023), as follows:

V=2t (6)
where:
v = CPTu penetration rate (cm/s)
d = piezocone diameter (cm)
ch = soil’s consolidation coefficient (cm?/s).

Assuming a constant value of V, Equation 6 can be solved in order of c. If one sets the V boundaries for
partial drainage (0.3 and 30), the standard penetration rate (2 cm/s) and d equal to 3.56 cm (a standard
10 cm? piezocone), one obtains the values 0.24 and 23.7 cm?/s for the partial drainage interval of cy.
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Similarly, assuming a constant value for the tso boundaries for partial drainage (10 and 100s), using
Equation 5 one obtains the values 3.2 x 10® and 5.6 x 107 m/s for the partial drainage interval of k.

As already mentioned, the CPTu classifies the soil in terms of its behaviour during penetration. Using the soil
behaviour index (l.) it is possible to differentiate between coarse, transitional and fine soil. It must be said
that this classification is somehow qualitative to the extent that the behaviour translates a like-type
behaviour (e.g. clay-like behaviour for fines and sand-like behaviour for coarse soils). Nonetheless, it is
reasonable to adopt this classification to understand if the like-type behaviour correlates well with hydraulic
and compressibility properties of the materials. Hence, the subsequent analysis will also take into
consideration the I. proposed by Jefferies & Been (2016), estimated by Equation 7. The I ;s was adopted as it
takes into consideration the normalised porewater pressures (Bg), contrary to the Robertson and Wride
(Robertson 2009) index that considers only Q: and Fg, allowing for a finer differentiation between fine
materials with significant porewater pressure generation.

Iejg =+/3 —1log(Q- (1 —By) + 12 + (1.5 + 1.3 - log (Fr))? (7)
where:
Q: = normalised tip resistance
Fr = normalised sleeve friction.

Jefferies & Been (2016), similarly to the Robertson (2009) SBT classification, defines I. s ranges for different
materials. Transitional materials are commonly within the range of 1.8 to 2.76, with the value of 2.4 dividing
silty sands to sandy silts from clayey silts to silty clays. Despite being dependent on soil conditions, therefore
not necessarily fixed boundaries, the values of 2.2 and 2.58 have been also adopted as limits before which
and after which drained and undrained conditions occur, respectively. Hence, between this interval, soils can
present partial drainage response. It is important to note that partial drainage conditions may influence the
tip resistance and the porewater pressures measured during the test, which in turn affects the normalised
parameters from which the soil is characterised and classified in terms of its response to penetration.
Therefore, the I. 5 estimated in this study might be impacted by this condition.

3 Piezocone test data and tailings properties

In this study, data from 5 different origins was gathered, some of them with more than one tailings storage
facility (TSF) in a total of 7 TSFs, in which a total of 970 CPTu dissipation tests were performed. All the CPTu
tests were performed with a standard penetration rate of 2 cm/s. Four of the TSFs (from 2 different origins)
stored so-called red mud — a waste industrial product from aluminium industries which is produced during
the extraction of alumina from the bauxite ore — 2 TSFs stored waste by-products of iron ore mineral
extraction, and another copper-based and zinc-based tailings.

Besides the different ore elements, different deposition methods were used, in some cases also in the same
TSF. In order to assess the possible contribution of the deposition method in the hydraulic characteristics of
the different tailings, the tailings were differentiated based on the classifications used in each TSF. When that
was not possible (e.g. due to the lack of characterisation of the deposited tailings or missing information),
the deposition method was qualitatively classified based on the information available (historical photos and
observational descriptions). Table 1 presents a summary of these main descriptors.

The analysis herewith is based on the CPTu framework. However, the CPTu, per se, does not provide a
lithological and physical description of the materials tested, only a mechanical behaviour during penetration
from which, through a set of correlations, one can estimate other soil’s properties. Indeed, in TSF, samples
are rarely collected in depth close to CPTu that can be tested and from which one can estimate the in situ
properties to (re)calibrate the CPTu correlations — a particular relevant aspect for tailings due to their high
heterogeneity. That is the case with the present data for most of the origins presented.
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Tablel Number of piezocone (CPTu) dissipation tests per origin, ore element and deposition method
Origin  Structure Ore element Deposition method Number of dissipation tests
(CPTu)
A S1.1 bauxite (red mud) Beach below water 14 198
Slurry 21 (bauxite)
S1.2 Beach below water 16
Slurry 29
Filtered 5
B S2.1 Filtered 62
S2.2 Filtered 51
C S3 Copper and zinc Slurry 416 603
Thickened 187 (copper and zinc)
D S4 Iron Slurry 140 169
S5 Slurry 29 (iron)

Most of the sites, though, have a more or less extensive investigation based on superficial sampling, which
can give an overall idea of the type of materials. The main characteristics of the tailings, by origin and
deposition method, are the following:

Paste 2026, Lisbon, Portugal

Origin A (red mud):

o Slurry: clayey-silt (up to 40% clay) to sandy-silt bauxite ore tailings, disposed with 20-30% of
solid content by weight, low plasticity, medium to high water content, high specific gravity
(average 3.4) and in situ loose state.

o Filtered: sandy-silt bauxite ore tailings disposed by the dry stacking method (filtration), with 65—-70%
solid content by weight and <20% clay content, low plasticity and low to medium water content.

o BBW: sandy-silt to silt bauxite ore tailings disposed by the dry stacking method (filtration), with
65-70% solid content by weight, with up to 30% clay content, low plasticity and relatively high
water content.

Origin B: (red mud, filtered): bauxite ore tailings disposed by the dry disposal method (filtration)
with approximately 70% solid content by weight. Predominantly silt, with clay content up to 30%,
low plasticity and in situ loose state. Despite the dry stacking deposition, these tailings present high
water content.

Origin C (copper and zinc):

o Sandy-silt to silty sand slurry, disposed with 20-25% of solid content by weight, medium to
very high water content, high specific gravity (>3.3) and in situ loose state.

o Sandy-silt thickened tailings, disposed with 60—-70% of solid content by weight, high specific
gravity (>3.2) and in situ loose state.

Origin D: none to low plasticity iron ore tailings, predominantly silt, with high fine content (FC)
content (average 84%) and up to 12% clay material. In terms of in situ state, the tailings are loose
and present high specific gravity (>3.4). Although no information about the deposition method
exists, based on the observed consistency and old photos showing deposition through spigots, it
was classified as slurry.
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e Origin E: low plasticity iron ore tailings, predominantly sandy-silt, with high FC content and up to
10% clay material. In terms of in situ state, the tailings are loose and present high specific gravity
(>3.1). Although no information about the deposition method exists, based on the observed
consistency and old photos showing deposition through spigots, it was classified as slurry.

The tailings characteristics are summarised in Table 2 by means of main physical parameters, namely clay
(<2 um) and FC content, average particle size (Dso), specific gravity (Gs), void ratio (e) and water content (w),
as well as by their classification following the Unified Soil Classification System (ASTM 2006).

Table 2 Index properties of the tailings (based on in situ investigations)

Site  Ore Deposition <2um FC Dso IP G, (1 el w uscs)
method (%) (%) (mm) (%) W (%) W)
A Bauxite BBW () 12-30 66-97 0.005-0.04 9 = = 39 ML
(RM) (7-12) (27-44)
Slurry 9-42 52-99 0.003-0.07 12 3.4 1.3 40 ML
(8-20)  (2.5-4.3)  (0.9-1.8)  (30-47)
Filtered 5-23 51-79 0.02-0.07 12 = = 28 ML
(11-14) (15-42)
B Filtered 4-31 68-92 0.008-0.05 10 3 13 43 ML
(8-15)  (2.8-3.2)  (0.8-1.6)  (27-52)
C Copper  Slurry <15 20-100 0.006-0.16 - 3.6 1.2 32 CL-ML
and (3.3-4.1)  (0.4-25)  (11-71)
inc
EC&Z) Thickened <14 45-96 0.007-0.09 - 3.5 11 31 CL-ML
(3.2-3.7)  (0.8-1.4)  (24-43)
D Iron Slurry <12 35-95 0.02-0.1 NP (4) 4.0 1.1 20 CL@
(IR) (4-16)  (3.4-5.0)  (0.6=2.7)
E Slurry <10 45-95 0.01-0.06 9 4.3 11 22 CL

(4-23)  (3.1-4.7)  (0.6-2.1)  (9-38)

(1 Average / (min.-max.); ? Samples collected (sometimes years) after deposition; ) Beach below water; ¥ 58% of cases are NP; ©® Unified Soil
Classification System

In general, all tailings have a large portion of silt materials, with the red mud tailings presenting a higher clay
content and the copper and zinc tailings a higher sand content. The difference in grain size distribution band
is presented in Figure 3. Based on their physical properties, all the studied tailings are predominantly
transitional materials (silts), thus having the potential for partial drainage during penetration, although the
differences in grain size distribution, as well as the method of deposition, might play a role on the extent of
that potentiality.

On the other hand, iron ore tailings are heavier than all the others, due to the weight of the iron mineral and
its high content in the soil (Carneiro et al. 2023). All tailings present, on average, low plasticity and a loose in
situ state. Both the red mud and the copper and zinc tailings present medium to high water content, with
the slurry type of the latter presenting, in some cases, high water content (~70%). The contrast is seen within
the iron ore tailings, where the average water content is around 20%. It must be said that these water
contents do not in all cases represent the water content immediately after deposition. In fact, in most cases
the tested samples represent years-long consolidated soil, insofar as all the TSF presented in this study are
operating for decades and some already ceased operations. Regarding the void ratio (eo), it seems that the
highest value obtained in filtered and thickened tailings were slightly smaller than their more liquid
counterpart (slurry), the latter presenting maximum void ratios in general above 2.0, whereas the former
remain below that threshold. This might be indicative of the lower water content in the moment of
deposition and, consequently, a denser state when deposited.

It is also noticed that the minimum void ratios in the copper and zinc slurry tailings are lower than their
thickened counterpart and that the void ratio range is larger in the former case, which may also be associated
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with the looser state during deposition, promoting a more significant rearrangement of the particles within
the material when loaded, but also with the fact that the slurry tailings are deposited below the thickened
ones, thus under a higher surcharge. In fact, it is seen that the void ratio tends to decrease in depth, as
expected. The same difference between the minimum void ratio and its range is not seen in the case of the
Bauxite tailings, which show similar values between the slurry and the filtered tailings. This can be justified
with the thinner and more well graded grain size distribution of these tailings, corroborated by the
consistency of this range in depth in the case of the filtered tailings, but also with the small amount of data
in the case of the slurry.

Based on the aforementioned description, the physical properties do not show any relevant differences
between the different deposition methods within the same type of tailings, apart from the natural water
content (influenced, as mentioned, by the time of exposure) and the void ratio between the denser and the
more liquid types of deposition. This is within expectations, insofar the material explored in each TSF is the
same independently of the deposition method, the difference falling on the state of the material due to the
higher or smaller amount of water during deposition.
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Figure 3 Tailings’ grain size distributions. (a) Beach below water; (b) Slurry; (c) Thickened; (d) Filtered

4 Analysis and results

In the previous section, it was shown that all the tailings are predominantly silty, loose, with low plasticity or
non-plastic. In summary, all tailings in the current study might fit within what is commonly called transitional
materials. Nonetheless, the tailings origin is very diverse, a fundamental difference being associated with
their ore type. It is also known that different deposition methods may lead to different behaviours. Hence,
the analysis presented aims at evaluating the partial drainage potential of the different tailings, based on
their main ore element (aluminium, copper and zinc, and iron) and deposition method (BBW, slurry,
thickened, filtered).

The potential for partial drainage is assessed taking into account the aforementioned criteria (tso, K, cuh, lc.8).
Equation 2 was used for tso > tso,asym (Figure 3) and Equation 3 for tso < tsoasym. Figure 4 presents the boxplots
of the main indicators, with each indicator interval of interest. It can be seen in Figure 4(a) and (b) that,
independently of the ore element and deposition method, all the data within the interquartile range (IQR) —
i.e. the 50% most frequent (or central) values — is classified as a very thin soil (I¢s > 3), thus outside of the
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interval proposed by Ayala et al. (2024) for partially drained soils. It must be mentioned, though, that this
interval is probably soil dependent and that the SBT classification was not yet validated for non-natural soils
(Wiklund 2024). Furthermore, the I g in this study may be affected by the partial drainage itself. At the very
least, these results warrant questions about the use of this index to assess the drainage behaviour of soils.
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Figure4 Main statistics of the tailings’ hydraulic properties, divided by ore element and deposition
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Figure 4cf describe all tailings within the range of soils with potential for partial drainage during penetration,
whatever the ore type or the disposal method, by means of their distribution (percentiles, P). Some of the
observed differences between the tailings seem to depend on their characteristics. Red mud (bauxite)
present higher values of tso (c) — with P50 = 75 s compared to values < 50 s for the remaining tailings — and
lower values of k (e) — with almost 100% of the data < 107 m/s whereas the other tailings have more than
50% of the data above that threshold, which might be associated with the higher content of clay presented
in these materials, as well as their higher plasticity.

Filtered and thickened tailings also present higher values of tso (d) and lower of k (f) when compared with
BBW and slurry. This can be explained by the fact that the filtered tailings are red mud (Figure 3d) and the
thickened ones are the copper and zinc ore which, despite the wide grain size distribution band, present a
big percentage of fine-like (silt) tailings, in some cases up to 100%, as shown in Figure 3c. On the other hand,
the lower values of tso (b) and the higher permeability (d) of the slurries might be explained by the greater
coarser fraction presented in these tailings, with up to 70% of sand as seen in Figure 3b. The BBW present
lower k values, similar to the filtered tailings (f), which agrees with the fact that they are both red mud and
present similar physical properties.
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The coefficient of consolidation values, (g) and (h), follow similar trends to the permeability ones, (e) and (f),
and this is explained by the close relation between these 2 parameters, namely their dependence on tso. It is
worth mentioning that the cyn values presented in Figure 4 are estimated following Equations 2 and 3.
The boxplots obtained by using Equation 1 are presented in dashed light grey lines, showing that the adoption
of Teh & Houlsby (1991) classical formula would lead to most of the tailings falling out of the partially drained
range. It must be also said, though, that Ayala et al. (2023) Equation 3 leads to higher values than Delong &
Randolph (2012) recommended Equation 2 for tso values above the tsg asym (Figure 1). This conclusion suggests
that while for transitional materials with tso below tsoasym Equation 3 seems the most suitable to take into
account partial drainage, above the asymptote this equation might overestimate cyn.

Figure 5 aggregates some of the discussed findings, by relating the different abovementioned parameters.
It is shown that the tailings permeability reduces when I s increases, i.e. towards a fine-like behaviour, as
shown in (a) and (b). Furthermore, for tailings with Iz < 2.76 (coarser than clay-like soils), k values tend to
be higher than 5.6 x 107 m/s (drained behaviour), whereas for clay-like and organic-like soils (.5 > 2.76), the
tailings fall into the partially drained interval.

Once again, it is clear that the red mud and thickened copper and zinc tailings are concentrated in the fine-
like range with lower permeability, while the slurry presents a wider behaviour. This contrast is also revealed
in (c) and (d), where the linear (tso dependency) relationship between k and cu is presented.

Although the parameters discussed above may help identifying partially drained conditions, the most
common parameter to assess this type of response to penetration is the normalised penetration rate (V).
Figures 5e and f display the relationship between tsp and V, as well as the different drainage behaviour
boundaries. Although predominantly within the partially drained zone, there is a clear skewedness towards the
undrained area in the red mud, due to its finer nature. Furthermore, despite the significant dispersion, the iron
ore tailings fall mostly within the partially drained borders, due to the greater sand content. Finally, there seems
to be a slightly different behaviour between the thickened copper and zinc tailings, where a portion of it
presents a normalised penetration rate between 0.3 and 30, but a tsp below 10 s and thus a rapid consolidation.
These results do not show any clear distinction between different deposition methods.

Figure 5 also presents the difference between considering Equation 3, Equation 1 and the intersection
between Equations 2 and 3 (the latter in different colours and the other 2 in different shades of light blue).
Once more, one can observe a better agreement between Equation 3 results and the criteria within which
soils present the potential for partial consolidation.

The exposed analysis relies mainly on CPTu data, which is indirect and based on correlation developed for
natural soils. Nonetheless, it suggests that different penetration rates should be tested in these materials to
understand the potential effects of partial consolidation. In particular, a higher penetration rate than the
standard one (2 cm/s) could generate higher excess porewater pressures.

From the data studied, iron and copper and zinc ore-based tailings are particularly prone to partial drainage
when standard penetration rates are used. In terms of deposition method, slurries are the ones that better
fit the criteria (even though, the 2 characteristics, ore and deposition method, correlate with each other,
insofar the slurries are iron and copper and zinc based).

5 Conclusion

This paper presents an exploratory analysis of the potential for partial drainage in different mine tailings.
The different materials were divided into their main ore element (aluminium, copper and zinc, iron) and
deposition method (BBW, slurry, thickened, filtered) and, supported by their overall physical properties, as
well as by the CPTu SBT index (Ic), compared with well-known boundary criteria in terms of drainage and
consolidation behaviour, namely the time for 50% consolidation (tso) and the soil’s permeability (k) and
coefficient of consolidation (cyn).
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The study found that, in general, all the analysed tailings could be classified as transitional materials due to
the predominancy of their silty fraction, although the SBT disagreement (almost all tailings were classified as
organic material), which can be related with the fact that this classification was developed for natural soils,
which is soil dependent and can be affected precisely by partially drained conditions during penetration.

It was shown that most of the tailings herewith studied fall within the criteria for partial drainage when a
standard penetration rate (2 cm/s) is used, although with a skewedness towards undrained behaviour in the
case of red mud because of its higher clay contents and plasticity). Iron and copper and zinc slurry tailings
were the ones that showed a greater potential for partial consolidation during penetration. The results did
not show any clear distinction between different deposition methods, insofar all of them presented a portion
of tailings with potential for partial drainage.

The study outcomes also support the use of a different correlation between cy» and tso than the classical one
proposed by Teh & Houlsby (1991) for undrained soils, namely one that considers the increased cy in
transitional materials (e.g. Ayala et al. 2023). However, it is also shown that caution must be taken when
using another linear relationship, insofar the latter could overestimate c,» values for tsp above the asymptote
found by Delong & Randolph (2012) for partially drained soils.

Finally, in accordance with the existing research (Delong & Randolph 2012; Delong & Green, 2020),
the results suggest that different penetration rates should be tested in these materials, namely higher rates
than the standard 2 cm/s. Only this test would confirm the actual existence of partial consolidation during
penetration and the adequacy of the criteria used to assess it. Based on the data presented, because no
distinction was observed between different deposition methods, the above suggestion is also valid for
thickened and filtered tailings.
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