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Abstract: Modern societies require increasingly large amounts of minerals and metals for their
development. Therefore, huge amounts of waste must be stored in safe and cost-effective massive
tailing storage facilities that would benefit from using tailings in sustainable geotechnical applications
within the context of the circular economy. However, to consider tailings as assets, the long-term
behaviour of these unconventional geomaterials under realistic environmental conditions must be
assessed. This paper focuses on the effects of the environmental conditions on the behaviour of
tailings from tungsten mining by experimentally determining their major physical and mechanical
properties for three different conditions: twenty-months-aged undisturbed samples and reconstituted
samples, with the latter being fresh and three months. The results confirm that twenty-months-
aged undisturbed and fresh reconstituted tailings have significantly different mechanical behaviour,
while three-months-aged reconstituted samples show an in-between behaviour as if the material
regenerates and improved its behaviour with time due to physical and chemical processes. These
ageing processes are experimentally confirmed by measuring the electrical conductivity in the
samples. The results confirm that optimising the design of tailing storage facilities and using these
geomaterials in sustainable geotechnical applications must consider the existing environmental
conditions and the potential tailings’ mechanical changes due to ageing.

Keywords: tailing characterisation; mechanical behaviour; sustainability

1. Introduction

The production of mine tailings is closely related to societal demands and is currently
being boosted by technological advances and the exploitation of metals essential for high-
tech industries, such as those used in batteries, electric vehicles, and renewable energies.
The United States Agency for International Development (USAID) estimates that the total
mineral demand will increase between 2 and 4-fold between 2020 and 2040 for, respectively,
the “Stated Policies” and the “Sustainable Development” Scenarios, allowing for the Paris
Agreement goals to be met [1]. Any of these scenarios imply that a proportionally greater
amount of tailings will be produced by the mining industry in the near future. Furthermore,
according to the World Mining Congress report, global mining, which includes precious
metals, copper, iron, and others, is expected to grow by an average of three per cent a year
until 2030 [2]. This expansion means that more tailings will be produced, as the proportion
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of waste relative to the extracted ore remains very high. Currently, most of the mine tailings
are deposited in tailing dams or other tailing storage facilities, which are often a cause of
distress due to the potential risks involved, including catastrophic failures, as in the cases
of Mariana and Brumadinho in Brazil [3,4]. Following these tragic events, the need for safer
and optimum storing and reutilisation of tailings in different applications became a global
priority and led to the development of different strategies for its valorisation [5,6].

However, its direct application is not simple as mine tailings vary greatly in their
physical, chemical, and mineralogical characteristics, depending on the type of ore and
the separation and beneficiation processes employed. Mine tailings can also contain
toxic elements such as arsenic, cadmium, lead, and acidic conditions, which can improve
dissolution and make their way into the environment, potentially causing contamination of
adjacent soils and watercourses [7]. Moreover, when exposed for a long period of time to
environmental conditions such as rain, temperature, and oxygenation, these geomaterials
undergo various physical and chemical processes, including consolidation, cementation,
and oxidation, which increase their heterogeneity and complexity [8,9]. Temperature
and freeze–thaw cycles alter the rate of chemical reactions and physical stability of the
tailings, while their exposure to rainwater and oxygenation accelerates oxidation [10,11].
In fact, when exposed to oxygen and water, the sulphide minerals, which are very common
in tailings from ore mining, suffer oxidation reactions that result in the formation of
sulphuric acid and iron hydroxide precipitates [10,12]. This process, known as acid drainage
(AD), not only alters the chemical composition of the tailings but also their physical and
mechanical properties [10,12]. This physico–chemical transformation is accompanied by
the precipitation of secondary minerals, such as iron oxyhydroxides and sulphates, which
can promote the cementation of tailing particles, increasing their mechanical resistance
and creating a hardened layer on the surface. This layer can reduce surface permeability,
slow water infiltration and restrain the migration of contaminants while at the same time
increasing, at least temporarily, the structural stability of the tailings deposit [10].

Previous investigations have demonstrated that the precipitation of secondary min-
erals may cement tailing materials due to oxidation of primary minerals and reactions
with pore-water [13]. These secondary phases that cement solid particles in tailings are a
complex and extremely variable mixture that depends on the primary mineral assemblage
in tailing materials (which varies over time during mining operations and ore beneficia-
tion) and on environmental conditions (e.g., pore-water composition, pH, redox potential,
precipitation). Previous studies related to secondary minerals formation in tailings from
a W-rich deposit [14], which is the case of the Panasqueira deposit, pointed out that the
oxidation of sulphide minerals leads to the formation of sulphates, secondary sulphides,
iron-oxyhydroxides, and changes in the concentrations of aqueous species. Some of these
secondary precipitated species are easily solubilised in water.

An attempt to indirectly evaluate the degree of these physico–chemical alterations
can be performed by measuring the pH and the electrical conductivity (EC) of run-off and
percolation water, as these parameters provide information regarding the acidity and the
amount of dissolved ions [15–17]. According to the Portuguese Environmental Agency [18],
the reference value of EC for non-contaminated soils is below 570 µS/cm. The Portuguese
legislation for natural waters [19] also recommends that the maximum value of EC is
1000 µS/cm, and that pH should be between 5.5 and 9.0 to ensure the quality of surface
freshwater intended for the production of water for human consumption after treatment.

The physical and chemical reactions occurring over time after the deposition of tailings,
usually referred to as ageing processes, play a significant role in the mechanical behaviour
of tailings, as highlighted by some studies. The study conducted by Troncoso et al. [20]
shows that older deposits of mining tailings present a higher resistance to liquefaction than
newly deposited ones. This increase in resistance was justified by the formation of bonds
between the particles, which strengthen over time, improving the rigidity and stability of
the geomaterial. Cyclic triaxial tests carried out on samples of tailings from dams in El
Cobre, Chile, by Troncoso and Garcés [21], showed that the cyclic resistance of the tailings
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increased over the time of deposition. An increase in cyclic resistance by factors of 3.5,
2.4, and 2.0 was observed in samples deposited for 30, 5, and 1 years, respectively, when
compared to freshly deposited samples. In this context, proper characterisation of the
long-term behaviour of tailings is essential for the sustainable management of tailings
storage facilities, which require optimum design and further implementation of the circular
economy principles.

One of the most common applications of tailings is in producing construction mate-
rials such as cement and bricks, using silica and alumina-rich tailings to replace natural
aggregates and reduce the exploitation of virgin resources [5,22]. Moreover, mine tailings
have also been used to stabilise soils and build road pavement bases [22,23]. Another
relevant application is the recovery of valuable elements through new processing tech-
nologies, transforming tailings into secondary sources of raw materials [24,25]. In most
of these applications, the previous destructuration of tailings is often required, implying
that the characterisation must focus not only on the undisturbed tailings but also on the
reconstituted geomaterial, which, despite having identical mineralogical content, can be-
have substantially differently. In soils, particularly in those with significant fines content,
it is well known that reconstituted samples can present a poorer mechanical behaviour
with much smaller strength and stiffness than the undisturbed samples, with the differ-
ence increasing with the ageing (overconsolidation ratio) of the soil [26–28] In the case of
tailings, the differences between undisturbed and reconstituted geomaterials can be even
higher, being potentiated by the physical and chemical processes that occur over time [29].
However, although some studies highlight the importance of the reconstitution technique
employed [30,31], the mechanical behaviour variations with the ageing of the reconstituted
geomaterial are very limited and have not been fully understood [32,33]. Still, this aspect
of the problem is of paramount importance since it can compromise the safety and sustain-
ability of projects involving the use of these geomaterials. Furthermore, understanding
the transformation of reconstituted tailings over time is crucial to the development of
techniques for treating and reusing these geomaterials.

In this context, this article aims to evaluate the behaviour of mine tailings using
physico–chemical and geotechnical tests, focusing on identifying and explaining the evolu-
tion of the mechanical characteristics of the reconstituted geomaterial over time. To this
end, tungsten tailings from a Portuguese mine were analysed, allowing the detailed charac-
terisation of these geomaterials and the identification of possible merits and risks associated
with their use or disposal. The fact that the variation of the mechanical behaviour of the
samples with time is assessed through advanced triaxial tests and oedometer tests, and
that the origin of the ageing effects is discussed based on physico–chemical tests, provides
original and valuable insights into this problem.

2. Materials and Methods
2.1. Panasqueira Mine Tailings

The tailings from tungsten ore mining considered in the present study were collected
from the Panasqueira mine, which is located in north-central Portugal, integrating the
municipalities of Covilhã and Fundão in the district of Castelo Branco and Pampilhosa
da Serra (district of Coimbra). Apart from tungsten, small amounts of copper are also
extracted in this underground mine [34]. The mineralogical composition of the tailings
from the Panasqueira mine is very diverse, reflecting the complexity of its paragenesis.
The main minerals include oxides and silicates such as quartz, wolframite, and cassiterite,
which were formed in the early stages of the deposit. There is also a significant quantity
of sulphides such as pyrite, chalcopyrite, arsenopyrite, pyrrhotite, and blende. The alter-
ation of pyrite gives rise to minerals such as marcasite and siderite. In the later stages,
carbonates such as dolomite and calcite were also deposited [34,35]. These minerals not
only reflect the hydrothermal evolution of the mine but also directly influence the stability
and management of the tailings. Table 1 shows a set of sixty-five minerals present in the
Panasqueira mine deposits, grouped into eleven mineral groups based on their chemical
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composition [35]. As mentioned previously, some of these minerals oxidise when in contact
with atmospheric oxygen and water, triggering chemical reactions that produce sulphuric
acid and mobilise heavy metals such as iron, copper, arsenic, zinc, and manganese, which
can be released into the environment [36]. The oxidation of pyrite and the consequent
generation of AD is one of the most significant reactions observed in the Panasqueira mine.
Tests performed in the mine in areas directly impacted by AD reveal extremely low pH
values. Candeias et al. [16] indicate that the pH of the tailings’ drainage water varied
between 2.9 and 3.2, reflecting highly acidic conditions that favour the solubilisation of
metals. According to Dinis et al. [17], even lower pH values were determined in samples
collected at the surface of tailings, with values ranging between 1.4 and 2.5, due to the
intense oxidation of the minerals in that area. The deeper samples showed a slightly higher
pH, between 2.5 and 3.6, but were still highly acidic. According to Ávila et al. [15], the
analysis of drainage water indicated pH values between 3.0 and 3.9, also showing an acidic
environment that facilitates the mobility of toxic metals.

Table 1. Mineralogy of Panasqueira deposit (adapted from Simão [35]).

Mineral Group Mineral

Arsenates Arseniosiderite, scorodite, and pharmacosiderite
Arsenides Lollingite

Carbonates Ankerite, calcite, dolomite, and siderite
Halides Fluorite

Native elements Antimony, bismuth, gold, and silver
Oxides Cassiterite, goethite, hematite, magnetite, and rutile

Phosphates Althausite, amblygonite, apatite, isokite, panasqueirite,
thadeuite, vivianite, wagnerite, and wolfeite

Silicates Beryl, bertrandite, biotite, chlorite, quartz, muscovite, topaz and tourmaline
Sulphates Gypsum

Sulphides and
Sulphosalts

Acanthite, arsenopyrite, bismuthinite, chalcocite, chalcopyrite,
canfieldite, covellite, cubanite, freibergite, galena, gudmundite,

mackinawite, marcassite, matildite, molybdenite, pavonite,
pentlandite, pyrite, pyrrhotite, pyrargyrite, spharelite, stannite,

stephanite, stibnite, and tetrahedrite
Wolframates Hydrotungstite, scheelite, tungstite, and wolframite

In addition to pH, EC was also measured to infer the concentration of dissolved ions in
situ. Candeias et al. [16] obtained EC values for drainage water ranging from 2000 µS/cm to
4400 µS/cm in areas close to the tailings, indicating high concentrations of ions, especially
sulphates and dissolved metals, which corroborate the high acidity. Dinis et al. [17] also
recorded high values of EC, between 350 µS/cm and 3630 µS/cm, with higher values near
the tailings and in the AD treatment areas. This indicates the presence of metals such
as copper and zinc, which are more mobile in low-pH environments. In the same vein,
Ávila et al. [15] obtained EC values ranging from 37 µS/cm in less affected areas to up to
1088 µS/cm in regions impacted by AD.

2.2. Sample Collection and Physical Characterisation

In order to characterise the behaviour of the mine tailings from the Panasqueira
mine, undisturbed blocks were collected in October 2021 at the surface of the tailings
dam in a location not far from the discharging point of the tailings. Those blocks were
adequately packaged to avoid variations in the water content or any other damage during
transportation to the Geotechnical Laboratory of the University of Coimbra, where they
were stored in a climate control chamber with controlled temperature and humidity of
25 ◦C and 98%, respectively. From those blocks, several samples were trimmed to perform
physico–chemical characterisation and advanced laboratory testing, including oedometer
and triaxial tests.
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The physical characterisation of the tailings was carried out according to Portuguese,
British, and European standards, with the main results being summarised in Table 2. The
Atterberg limits and phase relationships are similar to those obtained in similar tailings.
The variation of the specific gravity (G) agrees with the range of values proposed for mine
tailings by Fourie et al. [37] and Hu et al. [38], the average value being significantly higher
than usually found in common soils because of the presence of different metals and minerals
in the tailings. The in situ void ratio (e0) varies between 0.62 and 0.75, and although this
value may not be directly compared with other results since it depends on the deposition
process, it is in agreement with the results published by Rodríguez et al. [39]. Regarding
the Atterberg limits, they are also similar to others proposed for other mine tailings, namely
iron (wL = 28% and wP = 19%), copper (wL = 28% and wP = 13%) [38], gold (wL = 25%
and wP = 18%) [40], silver, zinc, and lead (wL = 21% and wP = 6%) [41]. The particle size
distribution performed on the undisturbed samples (U20) revealed that Panasqueira’s
tailings are composed of 16% clay, 73% silt, and 11% sand, with the granulometric curve
obtained displayed in Figure 1 with a solid blue line (U20). Based on the ASTM standard D
2487-06 [42], this material is classified as clayed sand (SC), corroborating Witte et al.’s [43]
suggestion that mine tailings can be perceived as transition soils between sands and clays,
with different densities and, consequently, different mechanical properties. Since mine
tailings are non-conventional geomaterials, Witte et al. [43] presented an alternative size
distribution-based classification, considering some factors that influence mine tailings’
characteristics. According to that classification, Panasqueira’s tailings are classified as
granular tailings, resembling non-plastic silty sands.

Table 2. Physical properties of Panasqueira mine tailings.

Atterberg Limits Particle Size Analysis Phase Relationships
wL (%) wP (%) IP (%) D10 (mm) D50 (mm) CU CC G e0

23–24 14–15 8–10 0.01–0.014 ≈0.10 10.7–17.5 1.78–1.88 2.94–3.15 0.62–0.75
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Figure 1. Particle size distribution curves of the undisturbed and reconstituted samples.

2.3. Undisturbed Samples

As shown in Figure 2, the undisturbed blocks retrieved at the Panasqueira mine
were rigid and highly stratified, which made the process of trimming adequate samples
challenging. However, with a meticulous preparation process, it was still possible to trim
samples with suitable geometry for both oedometer and triaxial testing. The tests on the
undisturbed samples were performed in June 2023, i.e., approximately 20 months after the
collection and, consequently, these samples were denoted as U20 (“U” because they were
undisturbed and “20” since that was the approximate number of months passed between
collection and testing).
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2.4. Reconstituted Samples

The reconstituted samples were prepared through slurry deposition, following a
methodology similar to that proposed by Carraro and Prezzi [44]. This methodology was
adapted to avoid particle segregation, which is significantly encouraged when reconstitut-
ing tailing samples due to the differences in the grains’ sizes (Figure 1) and, particularly,
grains’ densities (G in Table 1) [45]. To ensure repeatability during preparation, mechanical
mixing equipment was developed to mix the tailings with tap water in order to obtain a
homogeneous slurry. It was established that the ideal ratio of water to dry tailings corre-
sponded to a slurry’s water content of 27%. After two minutes of mixture with specially
designed blades, the equipment was switched off, and the homogeneous slurry was im-
mediately deposited by gravity into the mould via a tap located at the bottom of the vat.
An essential feature of this equipment is its versatility, which allows the preparation of
samples of different sizes and shapes, as required to test samples in regular oedometers,
triaxial cells, and hollow cylinder apparatus [46].

As Qin et al. [47] demonstrated, the slurry deposition method leads to spontaneous
densification of the sample in the moments after the deposition. To ensure homogeneity
and repeatability of the sample, some additional procedures were established. Firstly,
the settling time of the slurry was assessed by preparing samples in glass containers
and recording their initial heights (H0). Surface settlement readings (dh) were taken at
several intervals for 24 h. The settlement variation with the time curve obtained was more
pronounced in the first 30 m, after which the settlement tended to stabilise. Based on this
result, a rest time of 1 h was adopted in all tests. The second procedure concerned the
possible segregation effects during deposition. To observe this effect, different dummy
samples were prepared and let to dry. Visual inspections and particle size distributions
performed in three sections of the samples (bottom third, central third, and top third)
confirmed that no segregation occurred throughout the height of the triaxial samples,
which could be considered uniform. Unsurprisingly, the particle size distribution curve
obtained was identical to that of the undisturbed samples (Figure 1).

To evaluate the ageing influence on the reconstituted geomaterial behaviour, multiple
triaxial samples were produced and left to rest at ambient temperature and humidity.
The first set of samples was tested immediately after its preparation and are therefore
designated as RA0 (“R” from reconstituted, “A” from aged “0” for the number of months
passed after the sample preparation). Another set of samples was tested after three months
and is accordingly designated as RA3.

2.5. Tests Performed

The tailings’ behaviour characterisation discussed in the present study relies on me-
chanical (oedometer and triaxial compression tests) and physico–chemical tests (measure-
ment of pH and EC). The test procedures were the same for each type of test, regardless of
the sample type tested (undisturbed or reconstituted).

The pH and EC of the samples were determined according to the procedures described
in ISO 10380 [48] and ISO 11265 [49], respectively. Even if these standards were created for
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soils, they were considered the most suitable as there are no specific standard procedures
to determine pH and EC in mining tailings. To determine the pH, each sample was mixed
with deionised water (in a volume ratio of 1 soil–5 water). After stirring for 1 h and
allowing the suspension to rest for another 1 h, the pH of the solution was measured. For
the evaluation of the EC of each sample, a portion of the soil was mixed with deionised
water (also in a ratio of 1:5) and stirred for 30 m. These measurements were performed
with a calibrated multiparameter water quality meter (Hanna Instruments).

The one-dimensional compression tests were carried out using a standard oedometer
apparatus. The dimensions of the samples were 19 mm in height and 69.6 mm in diameter.
The test followed the normalised procedure [50], with the initial pressure applied being
15 kPa. The pressure was then increased by doubling the previous pressure applied in
increments every 4 h (proven enough to stabilise the displacement–time curve and fully
consolidate the sample) up to a maximum pressure of 7200 kPa. The tests also comprised
one or two discharge stages, in which the pressure was reduced to one-quarter of the
previous pressure applied in each unloading/reloading stage.

The conventional triaxial compression tests were performed on a Bishop and Wesley’s
hydraulic triaxial apparatus [51] under undrained loading conditions after isotropic consol-
idation and followed the procedures established in standard BS 1377-8 [52]. The samples,
with a height of 76 mm and 38 mm in diameter, were initially saturated to a minimum
pore pressure coefficient (B-value) of 0.98 and then isotropically consolidated to one of
two initial mean effective stresses (p′0): 200 kPa or 800 kPa. Once the initial mean effective
stress was achieved, the sample rested for four hours to allow for the total dissipation of
any excess pore water pressure generated during consolidation. The samples were then
sheared until failure was achieved by applying a constant strain rate of 1.6%/hour in the
vertical piston (increase in the vertical stress) while maintaining a constant value of the
confining pressure in the cell (radial pressure did not change throughout the test). The
conditions of each triaxial test performed are presented in Table 3. It should be noted that
for evaluating the inherent variability of the tailings, two tests for each of the two initial
consolidation pressures were performed on the undisturbed samples (U20). As for the
reconstituted samples (RA0 and RA3), only one test was performed for each consolidation
level since the repeatability ensured by the adopted reconstitution process was already
demonstrated by Oliveira et al. [46].

Table 3. Conditions of the triaxial samples.

Sample
Designation

Time After
Collection

(Month)

Time After
Reconstitution

(Month)

Consolidation Shearing

Type σv; σr
1

(kPa)
u2

(kPa)
p′0 3

(kPa)
Type Drainage

U20-200_1 20 –

Isotropic

800 600 200

Compression
with increase
in the vertical

stress

Undrained

U20-200_2 20 – 800 600 200

U20-800_1 20 – 1400 600 800

U20-800_2 20 – 1400 600 800

RA0-200 – 0 800 600 200

RA0-800 – 0 1400 600 800

RA3-200 – 3 800 600 200

RA3-800 – 3 1400 600 800
1 σv; σr—vertical total stress and radial total stress applied in the outside of the sample. 2 u—backpressure in the
inside of the sample. 3 p′0—initial mean effective stress.

3. Results and Discussion
3.1. Influence of the Structure on the Mechanical Behaviour of Tailings

The evaluation of the structure of the tailings developed as a result of ageing was
performed by comparing the results of the undisturbed (U20) and unaged reconstituted
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(RA0) samples. The results obtained from the oedometer tests performed are presented in
Figure 3. To facilitate the comparison between curves, the void ratio (e) was normalised by
its initial value (e0). As expected, there is a clear difference between the behaviour of the
samples, with the undisturbed sample exhibiting much smaller deformations than the re-
constituted sample for the same stress levels applied. It is also visible that the reconstituted
sample presents a more uniform decrease in the normalised void ratio with the logarithmic
increase in the vertical effective stress, while in the undisturbed sample, a more complex
behaviour is observed. In fact, in this case, after an almost linear decrease in the void ratio
up to a vertical effective stress of about 1000 kPa (p′ ∼= 625 kPa estimated using Jaki’s [53]
K0 proposal), a progressively steeper decrease in the void ratio is observed for further stress
increments. The behaviour exhibited by both undisturbed and reconstituted tailing samples
resembles that observed by Burland [26] in clays, revealing that the undisturbed tailings,
despite being deposited relatively recently in the dam and ageing only for 20 months
in the laboratory, have acquired some structure. Naturally, that structure is completely
destroyed by the reconstitution process, but also, if large stresses are applied, with the
results suggesting that the effect of the structure is gradually reduced for mean effective
stresses above 625 kPa. It also appears that, for large stresses, both curves tend to converge
in a single isotropic compression curve, as is typically observed in clays [26].

Figure 3. Behaviour of undisturbed and unaged reconstituted samples in one-dimensional compression.

The stress–strain behaviour obtained in the triaxial tests performed on both undis-
turbed and reconstituted samples is depicted in Figure 4. The samples consolidated for a
mean effective stress of 200 kPa are represented in solid lines, while the samples consoli-
dated for 800 kPa are shown in dashed lines. The results of the two tests per stress level
performed on the undisturbed samples (light and dark blue solid and dashed lines) show
that despite the heterogeneity observed in the tailings, the stress–strain behaviour of the
samples can be considered identical for each pair of tests. The undisturbed samples exhibit
mainly strain hardening (Figure 4b) and an almost vertical stress path in the p’-q plane
(Figure 4a), which indicates the generation of positive excess pore water pressures in every
sample (Figure 4c), due to their tendency to contract when sheared. This behaviour becomes
less evident with the increase in the consolidation pressure, with inclusively the mean
effective stress surpassing its initial value. As for the reconstituted samples, represented by
the green solid and dashed lines, the stress–strain curves confirm that these samples are
much softer than the corresponding undisturbed samples. Also in this case, a typical strain
hardening behaviour is observed (Figure 4b) with the development of significant positive
excess pore water pressures (Figure 4c) that considerably reduce the mean effective stress
until yielding occurs (Figure 4a). After that point, the stress path inverts and follows a very
well-defined critical state line until the end of the test is reached.
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Figure 4. Influence of the structure in the stress–strain behaviour: (a) p′-q stress path; (b) stress–strain
curves; (c) generation of excess pore water pressures.

Despite the limited number of tests, some considerations regarding the strength of the
materials can be established. Superimposed in Figure 4a are also the failure envelopes (grey
dashed-dot lines) predicted for both materials, which confirm that the undisturbed tailings
have higher strength. It is interesting to note that the envelopes of both materials have
approximately the same inclination with a Mc = 1.36, which corresponds to an angle of shear
strength (ϕ′) of 33.7◦. This result confirms that the frictional strength mobilised between
particles is identical in both materials, which could be expected, as the reconstitution
process should not alter the characteristics of the particles (see Figure 1). The difference
in strength between both materials is due to the cohesive component, which in the case
of the unaged reconstituted samples is zero, confirming the destructuration induced by
the reconstitution process, and in the case of the aged undisturbed sample corresponds to
about 59 kPa, confirming that the undisturbed tailings tested exhibit some structure.

An attempt to quantify the structure of the tailings can be performed by applying
the framework initially proposed by Terzaghi [54] for clays. This framework relies on the
determination of the sensitivity, which is expressed as the ratio between undisturbed and
reconstituted parameters determined in laboratory tests. Naturally, a higher sensitivity
value indicates a more pronounced soil structure, while a sensitivity of 1 corresponds to the
absence of structure in the soil. According to Cotecchia and Chandler [55], it is possible to
determine the stress sensitivity (Sσ) based on the oedometer results. Sσ can be determined
by Equation (1), where σ′

vy corresponds to the vertical effective stress where the yield is
first observed in the undisturbed sample and σ∗

ey is the equivalent (for the same void ratio)
vertical effective stress in the reconstituted sample (as illustrated in Figure 3).

Sσ =
σ′

vy

σ∗
ey

(1)

Based on the undrained triaxial tests, it is also possible to determine the so-called
strength sensitivity (St), which corresponds to the ratio between the undrained strengths
measured in the undisturbed (su) and reconstituted samples (s∗u), as expressed in
Equation (2) [55].

St =
su

s∗u
(2)

The results of the sensitivity determined for the oedometer and for the two stress levels
of the triaxial tests are presented in Table 4. Despite the differences observed, the sensitivity
determined in both tests can be considered medium according to Mitchell and Soga [27].
These results confirm that the aged undisturbed tailings have relevant bonds between
particles that confer an increased strength in comparison with the reconstituted geomaterial.
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Table 4. Sensitivity of the tailings tested in different conditions (aged undisturbed—U20 and unaged
reconstituted—RA0).

Test U20 RA0 Sensitivity

Oedometer σ′
vy = 1000 kPa σ∗

ey = 220 kPa Sσ = 4.6
Triaxial 1 p′0 = 200 kPa su = 165 kPa s∗u = 45 kPa St = 3.7

p′0 = 800 kPa su = 600 kPa s∗u = 185 kPa St = 3.2
1 Undrained strength was determined in the moment when the stress path first touches the failure envelope.

3.2. Assessment of the Ageing Process

As mentioned previously, part of the reconstituted samples was reserved for later
testing. After a period of three months, the aged reconstituted samples (RA3) were tested in
the triaxial apparatus to evaluate the influence of the ageing processes and evolution with
time. The results of the triaxial tests performed are represented by the red solid (200 kPa)
and dashed (800 kPa) lines in Figure 5. For clarity of interpretation, only one test of the
undisturbed samples is represented in the figure. The results show that the aged samples
have a behaviour in-between the unaged reconstituted (RA0) and the aged undisturbed
samples (U20). However, it is interesting to observe that the behaviour is strongly affected
by the initial consolidation level. For the smallest mean effective stress considered, RA3-200,
the stress path (Figure 5a) is very similar to that observed in the aged undisturbed samples,
with the main difference being the maximum deviatoric stress reached, which is smaller
in the sample RA3. When consolidated to 800 kPa, the behaviour of the RA3-800 sample
resembles that verified in the unaged reconstituted sample RA0-800. In this test, the stress
path also bends significantly to the left due to high excess of water pressure generated
and, although yielding occurs at a higher deviatoric stress, the post-yielding trajectory
is identical to that observed in the reconstituted sample. This distinct behaviour due to
the initial stress level is even clearer in Figure 6, where the results of the triaxial tests are
normalised by the mean effective confining stress. It becomes evident from the stress path
(Figure 6a) that, after yielding is reached, the sample consolidated to 200 kPa (RA3-200)
follows a failure envelope parallel (with the same Mc = 1.36) but in-between the envelopes
determined for the undisturbed and the reconstituted samples. In the case of RA3-200, an
effective cohesion of 15 kPa can be estimated, which compares with the 59 kPa determined
for the aged undisturbed samples and with the absence of cohesion obtained in the unaged
reconstituted samples. In contrast, the sample consolidated to 800 kPa (RA3-800) yields
in the envelope defined for the unaged reconstituted samples, presenting just a slightly
higher undrained strength at failure. These results suggest that the ageing process allow
for some regeneration of the structure in the reconstituted geomaterial, with some bonds
being created between particles that improve the performance of the geomaterial. However,
these bonds are relatively fragile, at least when formed during an ageing period of only
3 months, and are destroyed when higher levels of stress are applied.

This behaviour resembles, to same extent, that observed in the oedometer tests
(Figure 3). Consequently, it is reasonable to assume that, for the only three-months-aged
reconstituted samples, the bonds created between particles are relatively fragile and get de-
stroyed for even smaller stress levels. This might justify why the RA3-200 sample behaves
more similarly to the undisturbed sample and the RA3-800 to the reconstituted sample.
This result is confirmed by comparing the undrained strength measured in all tests. As can
be seen in Table 5, a significant increase in the undrained strength is measured in the RA3
samples, with the RA3-200 test exhibiting a substantial increase of 178% in comparison
with the equivalent RA0-200 test, while on RA3-800 a still relevant but much smaller 41%
increase was determined.
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Figure 5. Influence of the ageing process in the stress–strain behaviour: (a) p′-q stress path; (b) stress–
strain curves; (c) generation of excess pore water pressures.
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Figure 6. Normalised stress–strain behaviour: (a) p′-q stress path; (b) stress–strain curves; (c) genera-
tion of excess pore water pressures.

Table 5. Undrained strength measured in the triaxial tests.

Test U20 RA0 RA3

Triaxial 1 p′0 = 200 kPa 165 45 125 (↑178%) 2

p′0 = 800 kPa 600 185 260 (↑41%) 2

1 Undrained strength was determined in the moment when the stress path first touches the failure envelope.
2 Values in parenthesis correspond to the percentage of the undrained strength of the RA3 tests in comparison to
the RA0 values.

3.3. Correlation of Ageing with Physico–Chemical Tests

In order to evaluate if the increase in strength observed over time in the tailings tested
could be correlated with easier-to-determine physico–chemical parameters, a set of tests
was performed. In total, 24 tests, 8 for each type of sample, were carried out to evaluate
both the pH and the EC as these parameters are usually measured to assess the tailings’
environmental impact. In Figure 7, the average results and the corresponding standard
deviations obtained for each parameter and for each sample are presented.

The results of the pH are consistent and show that all samples are highly acidic,
having an average pH value of about 3.5, which agrees with the results published in the
literature [15–17]. As a result, pH does not seem to be influenced by either the reconstitution
process or the ageing of the samples, with the addition of tap water (with a pH of about 7)
to prepare the reconstituted samples having a minor impact on the pH value measured.



Sustainability 2024, 16, 10987 12 of 15

Sustainability 2024, 16, x FOR PEER REVIEW 12 of 16 
 

In order to evaluate if the increase in strength observed over time in the tailings tested 

could be correlated with easier-to-determine physico–chemical parameters, a set of tests 

was performed. In total, 24 tests, 8 for each type of sample, were carried out to evaluate 

both the 𝑝𝐻 and the EC as these parameters are usually measured to assess the tailings’ 

environmental impact. In Figure 7, the average results and the corresponding standard 

deviations obtained for each parameter and for each sample are presented. 

The results of the 𝑝𝐻 are consistent and show that all samples are highly acidic, hav-

ing an average 𝑝𝐻 value of about 3.5, which agrees with the results published in the lit-

erature [15–17]. As a result, 𝑝𝐻 does not seem to be influenced by either the reconstitu-

tion process or the ageing of the samples, with the addition of tap water (with a 𝑝𝐻 of 

about 7) to prepare the reconstituted samples having a minor impact on the 𝑝𝐻 value 

measured. 

As for the CE (Figure 7b), the results appear to be related to the cementation of the 

samples. The highest CE corresponds to the undisturbed samples (U20), while the recon-

stituted samples (RA0) have the lowest value, which seems to reflect the precipitates pre-

sent in aged undisturbed samples that promotes the cementation developed during the 

ageing process. Despite some scatter, the CE in the aged samples (RA3) has a value in-

between, which is consistent with the conclusions of the evolution of the mechanical be-

haviour of reconstituted samples with time. In fact, RA3 samples show signs of ageing 

effects that include bonds between particles that were inexistent in RA0 samples but re-

main more fragile than those found in U20 samples. Since the CE values increase in the 

reconstituted samples with ageing, from RA0 to RA3, and increase further in the aged 

undisturbed samples, it seems that there is a link between the cementation of the samples 

and the CE. This potential link, which should be further confirmed by additional tests 

with different ageing periods, might simplify the process of evaluating the strength of the 

reconstituted tailings and its evolution with time. In any case, these results suggest that 

the secondary mineral phases that seem to be formed as a result of the ageing processes 

appear to be water soluble and depend on the existence of conditions favourable for the 

precipitation processes to occur. 

 

(a) (b) 

Figure 7. Results of the physico–chemical tests for all the tailing samples: (a) pH; (b) EC. 

4. Conclusions 

More sustainable and safer management of tailing storage facilities strongly depends 

on the ability to fully understand the behaviour of tailings under different environmental 

conditions, including the development of ageing effects induced over time due to the re-

active potential of tailings. In fact, whether the aim is to optimise the design of large tail-

ings storage facilities or to reuse tailings in sustainable geotechnical applications applying 

the concept of circular economy in practice, the evolution of tailings’ behaviour over time 

Figure 7. Results of the physico–chemical tests for all the tailing samples: (a) pH; (b) EC.

As for the CE (Figure 7b), the results appear to be related to the cementation of
the samples. The highest CE corresponds to the undisturbed samples (U20), while the
reconstituted samples (RA0) have the lowest value, which seems to reflect the precipitates
present in aged undisturbed samples that promotes the cementation developed during
the ageing process. Despite some scatter, the CE in the aged samples (RA3) has a value
in-between, which is consistent with the conclusions of the evolution of the mechanical
behaviour of reconstituted samples with time. In fact, RA3 samples show signs of ageing
effects that include bonds between particles that were inexistent in RA0 samples but
remain more fragile than those found in U20 samples. Since the CE values increase in the
reconstituted samples with ageing, from RA0 to RA3, and increase further in the aged
undisturbed samples, it seems that there is a link between the cementation of the samples
and the CE. This potential link, which should be further confirmed by additional tests
with different ageing periods, might simplify the process of evaluating the strength of the
reconstituted tailings and its evolution with time. In any case, these results suggest that
the secondary mineral phases that seem to be formed as a result of the ageing processes
appear to be water soluble and depend on the existence of conditions favourable for the
precipitation processes to occur.

4. Conclusions

More sustainable and safer management of tailing storage facilities strongly depends
on the ability to fully understand the behaviour of tailings under different environmental
conditions, including the development of ageing effects induced over time due to the reac-
tive potential of tailings. In fact, whether the aim is to optimise the design of large tailings
storage facilities or to reuse tailings in sustainable geotechnical applications applying the
concept of circular economy in practice, the evolution of tailings’ behaviour over time is
fundamental to suitably establish the technical solutions while maintaining the environ-
mental risks under control. Considering the current and future industry requirements and
societal demands, this is a most needed advance in the understating of tailings’ behaviour.

The experimental work presented herein indicates the following regarding the tested
tailings produced by a tungsten mine:

• The mechanical behaviour changes over time, due to ageing effects that can be totally
reversed if full destructuration of the material is carried out;

• Undisturbed samples aged for about twenty months show, when compared to un-
aged reconstituted samples, a significant stiffness increase under one-dimensional
compression, up to large values of vertical effective stresses (≈1000 kPa);

• Undisturbed samples aged for about twenty months show, when compared to unaged
reconstituted samples, a very significant increase in the shear strength observed in
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undrained triaxial compression, which tends to reduce with the increase in the effective
confining stress, similarly to the behaviour observed in one-dimensional compression;

• Reconstituted samples aged for three months show an in-between behaviour in
undrained triaxial compression, which suggests that an ageing process is also de-
veloped but the bonds between tailing particles remain more fragile when compared
to those found in the aged undisturbed tailings;

• The sensitivity calculated for the aged undisturbed samples in comparison to the
unaged reconstituted samples clearly shows the important effects of ageing for the
different loading conditions imposed on the samples and also the relevant effects of
the effective confining stresses on ageing-induced effects;

• The pH measured remains low in all cases, showing no influence of ageing or of tailing
destructuration, which needs to be taken into account when considering alternative
use of these geomaterials in environmentally safe applications;

• Higher CE reflects the ageing effects that improve the mechanical performance of
tailings with time, which is attributed to the precipitation of secondary mineral phases
that bind particles and are easily water soluble.

Overall, the results suggest that considering the improvement of the mechanical
performance induced by ageing effects in tailings may further optimise the design of
tailing storage facilities and further enhance the use of these unconventional geomaterials
in sustainable geotechnical applications. From the practical point of view, controlling
the possible improvement of the mechanical behaviour of tailings due to ageing would
potentially increase the safety of existing tailing storage facilities and/or reduce the safety
requirements for new infrastructures of these types and thus optimise their design in
the future. On the other hand, if ageing effects can be controlled in the field, this would
promote the implementation, in current design practice, of circular economy solutions
based on the use of tailings in large geotechnical projects that would combine environmental
sustainability, economic efficiency, and social benefit.

However, tailings are not common geomaterials, and their reactive potential must also
be accounted for in sustainable geotechnical design. In fact, the pH and CE values observed
in the samples require that field applications may be limited to conditions where these
parameters can be controlled and, consequently, the AD phenomenon; they also require
systematic field monitoring to ensure that truly sustainable solutions can be achieved. In
addition, the evolution of the mechanical behaviour of tailings and its stability with time,
under field conditions, should also be confirmed.
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