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ABSTRACT

Dry stacking is a disposition method that is quickly becoming a trend for the mining industry in Brazil. With several cases
in which compacted mine tailings are positioned on the top of hydraulically disposed tailings which were placed into pits.
The present research assessed the mechanical response of hydraulically disposed iron ore tailings collected from a pit that
was formerly a mining site. To better understand the mechanical behaviour of mine tailings under such conditions, the
investigation of their monotonic response is of great importance. The studied material was classified as a silty sand with
traces of clay size. A very loose condition with distinct confining stresses was tested monotonically on a simple shear
equipment. Simple shear tests were performed in an apparatus that can directly measure pore pressure, guaranteeing an
effective stresses analysis. A plane strain condition was applied on fully saturated samples under undrained loading
conditions. Results showed the agreement of the strength envelopes of monotonic stress paths, the effective friction angle

of the material was 33.2° and no cohesive intercept.

Keywords: Mine tailings, simple shear, strength envelopes, effective stresses.

1. Introduction

Tailings are essentially composed of crushed rock
waste particles (Wijewickreme et al. 2005). The
characteristics of such material are highly variable,
depending on ore composition and extraction processes
(Li and Coop, 2019). A great proportion of mining
tailings is generated during the mining processes of ores;
for example, according to the FEAM (Minas Gerais State
Environmental Agency), in 2017, 562 million tons of
mining tailings were produced, only in the state of Minas
Gerais, Brazil. Given the high generated volumes,
different  disposal = methodologies have  been
implemented. The most commonly used discarding
method is to dispose the tailings with slurry consistency
(i.e., low solids and high moisture content), hydraulically
depositing and storing in containment dams (Bastos et al,
2016). As a result of the conditions associated with the
processing, transportation and deposition, tailings are
commonly found saturated with a high void ratio
(Festugato et al. 2015).

The appalling accidents occurred in upstream dams, in
the past decades, forced a change in the way project and
research is conducted all over the world. In recent years,
new legislation regarding the construction and
management of dams are being formulated (Schaper et
al. 2020). For this reason, since 2019, building upstream
tailings dams has been prohibited in Brazil, forcing the
industry to search for news methods and feasible
solutions.

According to Velten et al. (2022), the hydraulic
disposition of tailings has become a major problem due
to the uncertainty of its properties in situ. The disposal of
agglomerated and stacked dry filtered tailings is a recent
methodology that reduces dependency of using upstream
dams. This technique has become viable with recent
advances in large-scale material dewatering technologies
(Davies 2011; Jewell et al. 2015; Li et al. 2016; Carneiro
et al. 2020). In addition, there are cases in which
compacted mine tailings stacking could be positioned
above hydraulic fills, which were previously placed into
closed pits or dams. There are unknown risks regarding
the disposition of such new materials over the loose
tailings. Consequently, further studies are required.

Velten et al. (2022) carried out an analysis of copper
ore tailings in different locations of a same dam, focusing
on triaxial tests to characterize dense samples, varying
the compaction rate. Major studies were carried out by
Consoli et al. (2022), which investigated the implications
of adding cement to iron ore tailings, as an effective
procedure to prevent liquefaction of such materials.
Existing research in the field of ore tailings has mostly
focused on filtered compacted (dense) samples, creating
a gap in knowledge when it comes to hydraulically
disposed materials. Therefore, the present study aims to
evaluate a series of undrained monotonic simple shear
tests, to investigate the static mechanical properties of
loose samples of iron ore tailings. The main objective of
this study was to obtain the basic geotechnical properties
of the iron tailings and to disclosure their strength
response, which are essential for the understanding of the



mechanical behavior of this hydraulically disposed
material.

2. Materials and Method

2.1. Mine tailings

Iron ore tailings (IOTs) were obtained from the
Quadrilatero Ferrifero located in the province of Minas
Gerais, Brazil. Material characterization (Tables 1 and
Fig. 1) was performed by determining their solids unit
weight (D854 (ASTM 2014)), Atterberg limits (D4318
(ASTM 2017b)) and grain size distribution (D7928
(ASTM 2017c)). I0Ts was classified as silt with low
plasticity, according to USCS classification (ASTM
2017a, b, c).

Table 1. Material physical properties
Properties 10T
Liquid limit (%) -
Plastic limit (%) -
Plastic index (%) Non- plastic
Solids unit weight (kN/m?) 33.0
Medium sand (0.2 mm<diameter< 0.6 0.32
mm) (%)
Fine sand (0.06 mm< diameter <0.2 mm) 17.6
(%)
Silt (0.002 mm<diameter< 0.06mm) (%) 72.9
Clay (diameter < 0.002 mm) (%) 9.3
USCS classification (ASTM 2017a, b, c) ML
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Figure 1. Particle size distribution of the studied mine tailings

2.2. Simple Shear test

Simple shear tests were executed in an apparatus
developed by Corte et al. (2017), based in the Berkeley
(Villet et al., 1985, Boulanger et al., 1993) and UWA
(Mao and Fahey, 2003) devices. In this apparatus, the
specimen is enclosed in an unreinforced latex membrane
inside a pressurized cell. Fig. 2 schematically depicts the
used testing apparatus. To impose plane-strain
conditions, during shearing, the sample height is fixed,
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Figure 2. Simple Shear apparatus



which, coupled with the constant-volume undrained
conditions imposed by the pore fluid, prevents any
change in cross-sectional area. As the specimen is under
constant-volume and plane-strain conditions, it becomes
possible to rotate the principal stress — often
representative of stress states in typical field situations
(Budhu, 1988; Wood et al., 1979). In the equipment used
in this study, it is possible to directly measure, with
pressure transducers, confining and pore pressures during
the whole test, which allows results to be truly evaluated
in effective stresses. As explained by Corte et al. (2017),
the shear stress 1 refers to the shearing loads in the
horizontal direction (Fi/diameter of the sample), while
the strain caused by shearing, v, is the ratio between the
horizontal displacement and height of the specimen. The
principal effective stresses (6”1, 672, 6°3) can be obtained
from the equation:

[ 1
013 = %i f(%)z + 72 (1)

Fig. 3 shows an image of the equipment used for the
simple shear tests.

Figure 3. Used simple shear equipment.

2.3. Sample preparation and test procedure

For simple shear tests, specimens of 100 mm diameter
and 50 mm height were tested. The maximum void ratio
was measured utilizing ASTM D 4254 (2017d), method
B, which showed good response in determining the
maximum void ratio of silty sands according to Salgado
et al. (2000). In this research, the maximum void ratio
found was 1.3, so the dry unit weight of 14.3 kN/m?* was

utilized. All specimens were moulded with a moisture
content of 10%, following the undercompaction method
proposed by Ladd (1978). Due to the fact that the present
study used one layer, no adjustment of mass per layer was
used. Specimens considered suitable for testing met the
following criteria: degree of compaction between 99%
and 101%; water content within 0.5% of the target value;
diameter within 0.5 mm of the target value; and height
within 1 mm of the target value.

The stages of the simple shear test are similar to those
of a triaxial test. To allow application of back pressure in
the specimen, a latex membrane (0.5 mm) was used.
Furthermore, increments of confining pressure and back
pressure were applied to the sample up to a satisfactory
B parameter (at least 0.97 after Skempton (1954)). The
monotonic tests were executed on back-pressure
saturated specimens at initial effective vertical stresses of
50, 100, and 200 kPa. The tests were performed under
undrained conditions with a horizontal displacement rate
of 0.1 mm/min, equivalent to a constant shear strain rate
of about 0.2%/min.

3. Results

3.1. Monotonic behaviour

Monotonic results of shear stress versus shear strain
curves are presented with positive axes. According to
some authors (e.g., Hanzawa 1980; Marcuson et al.
1990; Lade 1993; Lade and Yamamuro 1997; Yoshimine
et al. 1999; Yamamuro and Covert 2001), a very loose
specimen usually behaves contractively from the
beginning of loading until reaching the final ultimate
residual deviator stress in the effective stress path
representation. The observed material behaviour was as
expected for conventional geotechnical materials. The
silty matrix with high void ratio, under undrained simple
shear loading conditions, presented no pronounced peak
strength on all three tests under distinct initial vertical
effective stress. For initial effective vertical stresses of 50
kPa, 100 kPa and 200 kPa the shear stress increased to a
level below 12, 23 and 36 kPa, respectively, which
remained up to 30% of deformation, as demonstrated in
the Fig. 4. Alongside the strength gain, pore pressure
increased around 60% of the vertical effective stress until
the end of the test, establishing no tendency of triggering
static liquefaction. Similar trends were observed by
Festugato et al. (2013, 2015) for silty gold tailings.

Fig. 5 shows that with the initial effective vertical
stress of 50 kPa, 100 kPa and 200 kPa, the sample pore-
water pressure reached 30 kPa, 70 kPa and 145 kPa,
respectively, exhibiting a contractive behaviour.
Likewise, a similar tendency was reported by Reid et al.
(2018) for reconstituted loose specimens of silt iron ore
tailings, when submitted to a direct simple shear tests.
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The authors indicated that the tests were carried out
under constant-volume conditions, with lateral restraint
provided by a membrane surrounded by Teflon-coated
rings. With the initial effective vertical stress of 150 kPa,
the authors observed the sample shear stress rose to a
level around 42 kPa exhibiting contractive behaviour.
They also obtained a typical stress path of uncompacted
fine materials under undrained shear conditions.
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Figure 5. Effective vertical stress decrease and pore-water
pressure variation versus shear deformation.

Fig. 6 presents the shear stress normalized by the
vertical effective stress over shear strain, indicating a
clear tendency of stabilization. Verdugo and Ishihara
(1996) performed a series of CIU triaxial tests, where the
samples were analysed with the same void ratio after
consolidation and with different consolidation pressures.
These experimental results showed that, for a given void
ratio, the normalized undrained effective strength
mobilized at large strains is unique regardless of the

initial confining pressure. The authors concluded that it
should be noted that, despite the large difference in the
stress-strain behaviour at an early stage of loading,
samples tend to have the same ultimate strength at a large
level of deformation. In this research, it was observed a
tendency of stabilizing the ratio (t/’,) into a value
around 0.6, suggesting the very beginning of the
“residual strength”, as showed by Skempton (1985) and
Verdugo and Ishihara (1996).
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Figure 6. Normalized undrained effective strength behaviour
versus Shear strain.

Fig. 7 presents the deviatoric stress versus the mean
effective stress of the monotonic tests. Analysing the
curves, an easily identifiable tendency in the p’ - g plane
is observed, similar to what was demonstrated by Reid et
al. (2018) for an iron ore tailing under the DSS test.
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Figure 1. Stress path of the invariants p - ¢, in the deviatoric
stress versus mean effective stress plane.



3.2. Stress paths and strength envelopes

Fig. 8 shows the strength paths of the monotonic tests.
The slope of the strength envelope indicates the friction
angle, whereas its intersection with the ordinate axis,
gives the exact cohesive intercept, both values of major
importance for geotechnical applications. In this
research, the effective friction angle of the material was
33.2° and the cohesive intercept null. Results of
laboratory tests with iron ore tailings indicates a range,
for dense samples, of friction angles between 34° to 39°
(Hu et al. 2017, Li and Coop 2019, Consoli et al. 2022
and Velten et al. 2022).
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Figure 2. Stress path and strength envelope for the monotonic
simple shear tests.

4. Conclusions

From the results of a series of monotonic simple shear
tests carried out on iron mine tailings, the following
conclusions could be drawn:

e Under the initial vertical effective stress range
and conditions of this research (50, 100 and 200
kPa), specimens did not present liquefaction
tendency. Even though the effective vertical
stress never reached values approximated to
zero, the samples tested were in a loose state and
presented contractive behaviour (positive
excess of pore-water pressure), so the material
in these conditions must be treated with caution.

e A typical loose geotechnical material shear
response was appreciated. No remarkable
strength peaks were observed and a continuous
asymptotic increase of pore pressure during
shearing was presented. Shear stress was
proportional to effective vertical stress.

e Normalized shear stress presented itself as a
unique trend over shear strain.

e The same strength envelope was found for the
studied stresses range, as expected. The
effective friction angle of the material was 33.2°
and the cohesive intercept was null.
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