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ABSTRACT

Mine tailings have been disposed of in a slurry form in tailings dams for many years. However, recent disasters involving
conventional disposal in dams reinforced the need for alternative structures to store these materials safely. One alternative
is dry stacking of tailings. In these structures, tailings are filtered to low moisture content and then compacted in layers.
Due to material compaction, dry stacks tend to be stable and are usually built with elevated heights to use the available
area better. So, it becomes essential to understand the mechanical behavior of tailings subjected to high pressures,
especially concerning the possibility of grain breakage. In this context, the present research focuses on studying the
geotechnical behavior of iron ore tailings from different stages of ore beneficiation plants in Quadrilatero Ferrifero, Brazil,
when subjected to high pressures both in compression and in shear paths. The results demonstrate that the inclusion of
fines can change the geotechnical performance of the dry stack tailings considering the same compaction energy (greater
strength, stiffness, and lower permeability) both in drained and undrained conditions. No breakage could be identified for
the stress level studied (6 MPa).
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gradings. Furthermore, oedometer tests were conducted

1. Introduction for both tailings to obtain a complete material response.

Recent disasters involving tailings’ dams have
highlighted the need for new disposal schemes as
alternatives to conventional methods. One possibility for
the disposal of tailings is dry stacking (Consoli et al.
2022; Gomes, De Tomi, and Assis 2016). This method
consists of filtering the tailings to lower moisture
contents and disposing of this material in a compacted
form to produce a stable stack (Lupo and Hall 2011;
Davies 2011). This type of Tailings’ Storage Facilities
(TSF) now presents a viable alternative for the safe
disposal of tailings as the risks of liquefaction are
diminished, besides other advantages such as the better
use of the landform and water management (Edraki et al.
2014; Spitz and Trudinger 2019).

The dry stacking method can produce high-rise
structures with hundreds of meters, thus inducing high
pressures at the base. This paper investigates the behavior
of two compacted filtered iron ore tailings with distinct
grading. For this, drained and undrained triaxial
compression tests were performed up to high pressures to
evaluate the strength and stiffness response of the two
tailings. After each triaxial test, the resulting particle size
distribution of the samples was assessed to evaluate the
influence of particle breakage on the computed behavior
and the differences arising from the different initial

2. Materials and methods

This section describes the materials considered and
the test methods used for this research.

2.1. Materials

The iron ore tailings (IOT) studied are from
Quadrilatero Ferrifero (QF) located in the province of
Minas Gerais, Brazil. Iron ore beneficiation involves
activities from crushing and screening to more
sophisticated processes to upgrade the ore quality. The
two iron ore tailings studied present different gradings
due to different beneficiation stages. The IOT A was
obtained prior to the flotation process, while the IOT B
was recovered after the flotation process. Due to this, the
tailings have different iron contents, which impacts their
properties.

Fig. 1 presents the particle-size distribution (PSD)
curves obtained via laser diffraction analysis. Both
tailings are classified as silty sand (SM) following the
Unified Soil Classification System (ASTM 2017a). The
specific gravity (IOT_A = 3.05 and IOT B = 2.97) was
evaluated according to ASTM D854 (ASTM 2014). The
compaction characteristics were assessed using the
standard effort in agreement with ASTM D698 (ASTM
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2021), and these results are shown in Fig. 2. The
Atterberg limits were evaluated according to ASTM
D4318 (ASTM 2017b) and both tailings are non-plastic.
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Figure 1. Particle size distribution of the two tailings before
testing.
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Figure 2. Compaction curves for tailings A and B.

Fig. 3 exhibits the hydraulic conductivity calculated
for different loading stages during the oedometer tests.
The samples used were molded at the compaction degree
of 100%, considering the standard effort. Hydraulic
conductivity is a property of great importance in dry
stack design, as it directly influences the stability of the
stacking. The infiltration of water in the structure can
cause a reduction of the overall safety factor both by
promoting an undrained shear path and by causing the
erosion of the stacking surface (Furnell et al. 2022). The
values measured are very low, which ensures low
infiltration in the structure. As IOT_A has a higher dry

weight due to the higher fines content, its permeability is
lower than IOT _B. Also, the permeability of the structure
tends to decrease with increasing pressures (due to the
dry stack rising). The characterization of tailings in terms
of permeability is crucial as the definition of parameters
for the adequate modeling and designing of the structure
at the different conditions it will be subjected during its
lifetime (Viana da Fonseca et al. 2022).

12E-10
z °
£ 10610 |
E <o
=
€ §0E-I1 |
5]
£a
£ 60E-11 |
<=
g ° °
~
2 400-11 |
= i
§ <o
T 20E-11 o
oTOT_A
. ®lOT B
0.0E+00 —————————
0 2000 4000 6000 8000

Vertical effective stress - ¢'v (kPa)

Figure 3. Hydraulic conductivity at different pressures for
tailings A and tailings B.

2.2. Methods

Oedometer tests assessed the one-dimensional
compression behavior up to vertical stresses of 6 MPa.
Three drained triaxial compression tests and one
undrained triaxial compression test were conducted for
each tailing up to 6 MPa to evaluate the stress-strain
response of the different tailings. Also, the stiffness of the
materials was assessed by bender elements.

2.2.1. Oedometer tests

Two oedometer tests were conducted on the tailings
in oedometers with diameters of 38 mm and a maximum
applied load of approximately 6 MPa. The samples were
prepared using the moist tamping technique (Ladd 1978;
Suits et al. 2003) for a 100% standard Proctor compaction
degree. All tests followed the recommendations of
ASTM D2435 (ASTM 2011).

2.2.2. Triaxial tests

Cylindrical specimens of 50 mm in diameter and 100
mm in height were molded through moist tamping. For
this, wet tailings layers were deposited inside a split mold
and manually tamped to the assigned degree of
compaction. The degree of compaction relative to 100%
of the standard effort was chosen to reproduce the usual
compaction level used for the iron ore tailings dry
stacking in the field. Conventional Isotropically
Consolidated Drained (CID) and Isotropically
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Consolidated Undrained (CIU) triaxial tests were
undertaken to assess the mechanical response of the iron
ore tailings at a broad range of initial effective confining
pressures (100 kPa to 6,000 kPa). The recommendations
stated by ASTM D7181 (ASTM 2020a) and ASTM
D4767 (ASTM 2020b) were followed. Thus, all tests
were conducted on fully saturated specimens with B-
values greater than 0.95.

2.2.3. Bender elements

Two samples (one for each tailing) in 100%
compaction degree condition were isotropically
consolidated incrementally in the following stages
approximately: 50 kPa, 150 kPa, 300 kPa, 600 kPa, and
1,200 kPa. In each stage, bender elements (BE) tests were
conducted. Then, the specimens were unloaded, and the
BE tests were repeated in each unloading stage.

3. Results and Discussion

3.1. One dimensional compression behavior

Fig. 4 shows the compression data for the two
tailings. A comparison of the materials shows that the
IOT_A has a flatter compression path, indicating that the
finer material is slightly more compressible. As other
authors (Carrera, Coop, and Lancellotta 2011) observed,
ID-NCL moves downwards as the fines content
increases. This behavior feature is related to the presence
of fines in the granular matrix, providing better packing
and higher dry densities compared to coarser materials.
Both curves are fairly flat up to the pressures tested with
no clear yield point. Coop (1990), when studying the
behavior of carbonate sands, suggested that the marked
yield point in compression of granular materials would
be related to the change of the primary volumetric
deformation mechanism from particle rearrangement and
distortion to particle breakage. Thus, the inexistence of
this yield point up to the stresses evaluated indicates that
even though breakage may have occurred, it still is not
the primary deformation mechanism and may be
restricted to the breakage of small angularities of the
particles.

The unloading curves at different loading stages are
almost linear and with low slopes. This behavior suggests
that the elastic deformation component is negligible, as a
minimal amount of deformation is recovered. The finer
tailings presented a slightly higher slope on unloading, as
they achieved denser states than the coarser material,
implying that additional axial strains are required to reach
higher densities at higher stress levels (Yamamuro,
Bopp, and Lade 1996).

1.70

e -0

L 1.65

=
=

Specific volum
wn
wn

1.40 T T T T
1 10 100 1000 10000
Vertical effective stress - ¢', (kPa)

Figure 4. Oedometer results for tailings A and tailings B.

3.2. Drained triaxial response

Fig. 5 presents the mechanical response of the tailings
under CID (Consolidated Isotropically Drained) shearing
tests. It is possible to observe important differences
between the two types of tailings. Although they are
prepared to the same degree of compaction, the IOT B
specimens show a more ductile response accompanied by
a more contractive behavior for all stresses levels
evaluated. Then, the IOT A specimens have a clear peak
strength associated with a more pronounced dilatant
behavior that is associated with a great fines content and
the lower initial void ratio at molding.

In practice, the controllable factor usually is the
compaction energy applied to the tailings. This means
that by applying the same degree of compaction to the
stacks the behavior achieved by tailings with different
fines content would differ greatly. This condition is
clearly shown in Fig. 5. The response of the materials is
directly linked to their gradations. The presence of fines,
which provided a better packing and denser states,
induces more contacts between the particles. This higher
number of contacts provide the slightly greater mobilized
strengths.
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interlocking (Taylor 1948; Jefferies 2021). The finer
particles provided a better packing, resulting in a higher
dilation rate for IOT A tests. This arrangement also
mobilizes higher strengths as the rearranging of the
grains requires more energy. These higher strengths
mobilized originate the differences noticed on peak
friction angles, and cohesive intercepts for the tailings
studied.

3.3. Undrained triaxial response

Fig. 7 presents the response of the iron ore tailings
isotropically consolidated and sheared under undrained
conditions (CIU tests). The samples showed a more
compressive volumetric behavior trend with a positive
change of pore-pressure generation during shearing due
to high confining stress, despite their initial dense state.
Positive pore pressure increments registered during
shearing induced a more significant loss of strength with
a strain-softening behavior for IOT B. It can be noticed
that the greater fines content results in a more stable
condition for the material when subjected to undrained
loading at high stresses.
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Figure 6. Strength envelopes and stress paths of drained
triaxial tests for (a) tailings A and (b) tailings B.

Fig. 8 shows examples of stress paths for both
undrained tests. It is observed that IOT B test presents a
“C” shaped stress path, but the strain softening does not
lead to the occurrence of true liquefaction. For IOT_A
the stress path is “S” shaped, and a phase transformation
point is well defined. This test has contractive behavior
until a minimum mean effective stress or phase
transformation is reached, with the pore water pressures
increasing quickly, and then the behavior changes to
dilative. Thus, the tailings with higher content of fines
present a safer condition for stacking considering the
possible occurrence of undrained behavior.
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Figure 8. Undrained stress paths of tailings A and tailings B.

3.4. Overall triaxial response

The stress-strain responses of the iron ore tailings
under drained and undrained conditions are presented in
Fig. 9. The deviatoric stress (¢) was normalized by the
initial mean effective stress (p p). Thus, it is possible to
compare the normalized behavior considering the broad
range of utilized confining pressures. The lowest
confining pressure tests (100kPa) show stress-strain
curves that rise quickly to the peak stress with the largest
normalized deviatoric stress value and the smallest axial
strain at the peak among all the tests. With the increase
in confining pressure, the initial stiffness of the curves
tends to decrease (the peak occurs at higher axial strain,
and the maximum normalized deviatoric stress
decreases). The stress-strain curves flattening was also
observed in higher-pressure tests by (Yamamuro and
Lade 1996) for dense sand.

Undrained tests reach lower peak strengths despite
the initial stiffness being similar to drained tests with
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Figure 9. Normalized stress-strain results for tailings A and
tailings B.

3.5. Maximum Shear Modulus

Fig. 10 shows the elastic shear modulus (Gmax)
determined with BE testing to both tailings in the dense
state (100% standard Proctor). It is observed that the
stiffness increases with the confining pressure applied.
Power law fits both results well with a similar exponent.
The difference in stiffness could be adjusted by adopting
a scalar value because the IOT_A was stiffer due to the
higher fines content and better packing of the specimens.
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Figure 10. Maximum shear modulus from bender elements on
tailings A and tailings B.
3.6. Particle breakage

After the triaxial tests, the samples were retrieved for
grain size distribution analysis. Fig. 11 shows the
obtained grading for all specimens. No particle breakage
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was verified for the different pressures applied in drained
and undrained conditions. Despite some differences in
the curves, the amount of breakage determined is smaller
than the natural variability of gradations produced in
beneficiation plants of the iron ore tailings (Crystal and
Hore 2018). These results agree with the wverified
behavior in both compression and shearing. The higher
confining pressures assessed in this work were
insufficient for the grain breakage to occur and be noticed
by particle size distribution analysis. It is expected that
the stress states experienced by the specimens have
induced some degree of particle breakage. However, it
could be limited to the breakage of small angularities and
reduction of surface roughness of the particles.
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steeper slopes and higher heights, which allow better use
of the available landform.
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