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Abstract: Failures of tailings dams, primarily due to liquefaction, have occurred in Brazil in recent
years. These events have prompted the Brazilian government to place restrictions on the construction
of new dams, as iron ore tailings deposited behind upstream dams by spigotting have been shown
to have low in situ densities and strengths and are prone to failure. This work proposes a new
trend for tailings disposal: stacking compacted filtered ore tailings–Portland cement blends. As part
of the proposal, it analyses the behaviour of compacted iron ore tailings–Portland cement blends,
considering the use of small amounts of Portland cement under distinct compaction degrees. With the
intention of evaluating the stress–strain–strength–durability behaviour of the blends, the following
tests were carried out: unconfined compression tests; pulse velocity tests; wetting–drying tests; and
standard drained triaxial compression tests with internal measurement of strains. This is the first
study performed to determine the strength and initial shear stiffness evolution of iron ore tailings–
Portland cement blends during their curing time, as well friction angle and cohesion intercept. This
manuscript postulates an analysis of original experimental results centred on the porosity/cement
index (η/Civ). This index can help select the cement quantity and density for important design
parameters of compacted iron ore tailings–cement blends required in geotechnical engineering
projects such as the proposed compacted filtered iron ore tailings–cement blends stacking.

Keywords: cemented iron ore tailings behaviour; filtered tailings stacking; Portland cement; compaction

1. Introduction

Tailings are the residues derived from ore extraction and processing and are mainly
constituted by crushed rock fines, chemicals and water [1,2]. This combination results in
a material having an aqueous slurry consistency which facilitates the disposal in large
impoundments designated as tailings dams. In this regard, the upstream method of con-
struction (Figure 1a) is the cheapest manner to expand the dam once the initial embankment
has been built. In brief, this methodology consists in founding the raising dam directly
into the deposited tailings. Nonetheless, as the tailings are customarily found saturated
at a loose condition, stability issues related to static and/or dynamic liquefaction may
compromise the security of the dams assembled using the upstream method [3,4].

For this reason, since 2019, building upstream tailings dams has been prohibited
in Brazil due to collapses that released massive mudslides that buried the surrounding
areas, resulting in destruction, environment pollution and several deaths. According
to the non-profit organization World Mine Tailings Failures [5], 45 tailings dam failures
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occurred between 2009 and 2019. A United Nations Environment Programme [6] report
documented some of these significant failures, if not in terms of loss of life, then in terms of
environmental damage. These are some of the incidents which occurred between 2015 and
2020: Fundão, 2015 (Brazil); New Walles, 2016 (USA); Tonglushan, 2017 (China); Mishor
Rotem, 2017 (Israel); Brumadinho, 2019 (Brazil); and Hpakant, 2020 (Myanmar), among
others [7,8].

Numerous other tailings failures have occurred worldwide but were not reported as
they did not involve any fatalities. These catastrophic incidents may be caused, in many
cases, by lack of control of the design, but to some extent they reflect a relatively poor
understanding of the mechanics of tailings. Santamarina et al. [9] highlight how knowledge
gaps and management shortcomings contribute to the catastrophic failures that claim
thousands of lives around the world. Therefore, a deeper knowledge on the behaviour of
these structures and materials, as well as the search for alternatives focusing risk mitigation,
is crucial and of great concern to companies, government agencies and society.

Figure 1. Schemes of tailings dam construction methods (a) upstream method (b) dry stacking method.

Dry stack tailings (Figure 1b) are being adopted in Brazil as a potential solution for
reducing the risk of catastrophic dam failure and tailings runout. Essentially, they consist of
the stacking of compacted dry tailings, forming piles of hundreds of meters. In this regard,
the use of compacted filtered ore tailings–Portland cement blends stacking will allow
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tailings disposal sites, which currently do not use binders and thus have shallow slopes,
to occupy smaller areas by creating steeper, more stable stacks which will consequently
lead to less environmental and visual impact. The current research is studying the stress–
strain–strength behaviour of artificially cemented (using Portland cement) compacted
filtered iron mining tailings for stacking in order to drastically reduce the possibility
of tailings liquefaction once cementitious bonds (cohesion) are built amongst tailings
particles. The reason for studying especially iron mine tailings specifically is that Brazil is
the second largest producer of iron ore (and consequently iron ore tailings) in the world,
with approximately 388 million metric tons produced in 2020 [10].

Recognizing the topic’s importance and based on concepts of ground improvement,
this research aims to contribute to understanding the mechanical behaviour of compacted
(considering distinct dry unit weights) iron ore tailings stabilized with early strength Portland
cement (in distinct amounts), from unconfined compression, initial shear stiffness, perfor-
mance under wetting–drying cycles and consolidated drained triaxial tests points of view.

2. Background

The characteristics of ore tailings are highly variable depending on the composition
of the ores and the extraction processes used. In general, tailings can vary in size from
colloidal to sand, with the degree of plasticity depending on the surface activity of the
fines content [11]. The most common disposal method for tailings is hydraulic deposition,
followed by sedimentation in an impoundment and consolidation under their own weight,
which may take many years due to their relatively low hydraulic conductivity [12,13].

Frequently, the disposal conditions of relatively small size particles result in a saturated
and low strength environment—often susceptible to liquefaction, caused by either static or
seismic loading. In general, the large mudflows that follow dam failures imply the presence
of loose, water-saturated sediments that want to contract upon shear. The water cannot
drain fast enough, and grains become temporarily suspended, forming a dense fluid [9],
which characterizes the liquefaction phenomenon. Conceptually, Jefferies and Been [14]
define soil liquefaction as a phenomenon in which soil loses much of its strength or stiffness
for a generally short time but nevertheless long enough to cause failures which result in
large financial losses, environmental damage and, in the worst cases, loss of life. This is
particularly important, since there are many incidents on tailings impoundments that are
claimed to be related to liquefaction.

The stability performance of mine tailings is linked to their dry unit weight (γd) and
consequently compaction could reduce liquefaction potential [15]. However, the existence
of cementitious bonds amongst tailings particles (due to blends of tailings with Portland
cement) prevents them of suffering liquefaction and enhances mechanical behaviour.

3. Experimental Program
3.1. Materials

The iron tailings used in the testing were taken from the Iron Quadrangle region,
located in the province of Minas Gerais, Brazil (see Figure 2). The grain size distribution of
the iron mine tailings is given in Figure 3. The iron mine tailings’ physical properties are
displayed in Table 1, being classified [16] as silty sand (SM). Mineralogical characterization
of the iron tailings, acquired using an X-ray diffractometer, detected the presence of a few
compounds: quartz [SiO2], hematite [Fe2O3], goethite [FeHO2], kaolinite [Al2H4O9Si2], and
muscovite [Al3H2KO12Si3]. Regarding the chemical composition of the studied iron tailings,
the following element concentrations were found after X-ray fluorescence: 69.7% of SiO2,
24.0% of Fe2O3, 4.8% Al2O3, 0.40% of MnO, 0.25% of P2O5, 0.15% of K2O, and 0.1% of SO3,
amongst others. The results of standard (600 kN.m/m3) and modified (2700 kN.m/m3)
Proctor compaction tests are displayed in Figure 4.
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Figure 2. Location of the Iron Quadrilateral on the map of Brazil and Minas Gerais (MG) province.

Figure 3. Iron ore tailings grain size distribution.

Figure 4. Compaction curves of iron ore tailings at standard and modified energies.
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Table 1. Physical properties of studied iron ore tailings.

Physical Properties Iron Ore Tailings (IOT)

Specific gravity of solids 2.916
Uniformity coefficient 10.7

Coefficient of curvature 3.9
Mean particle diameter-(mm) 0.085

Liquid limit (%) -
Plastic limit (%) -

Plasticity index (%) Nonplastic
Medium sand (0.425 mm < d < 0.200 mm) (%) 4.0

Fine sand (0.075 mm < d < 0.425 mm) (%) 49.0
Silt (0.002 mm < d < 0.075 mm) (%) 42.0

Clay (d < 0.002 mm) (%) 5.0
USCS Classification (ASTM 2017) SM

Maximum dry unit weight at standard energy compaction (kN/m3) 19.2
Optimum moisture content at standard energy compaction (%) 11.6

High early strength (Type III) Portland cement [17] was used throughout this investi-
gation. Its rapid strength gain allows blends to achieve important strength thresholds from
short curing periods. Cement grains’ specific gravity is 3.15.

Distilled water was utilized both for characterization tests and moulding specimens
for the triaxial tests.

3.2. Methods
3.2.1. Moulding Portland Cement Stabilized Iron Ore Tailings (IOT) Specimens

Cylindrical specimens (50 mm in diameter and 100 mm in height) were moulded for
the unconfined compression and initial shear stiffness tests, as well as for performance
under wetting–drying and for consolidated isotropically drained triaxial tests using the
undercompaction method [18]. A target dry unit weight (γd) for a particular specimen was
then instituted as a result of the dry compacted iron tailings–Portland cement mix divided
by the total volume of the specimen [19]. As exhibited in Equation (1) [20], porosity (η) is a
function of dry density (γd) of the mix and Portland cement content (PC). Each substance
(iron mine tailings and Portland cement) has a unit weight of solids (γsIOT and γsPC), which
also must be measured for computing porosity.

η = 100− 100

{[
γd

1 + PC
100

][
1

γsIOT
+

PC
100

γsPC

]}
(1)

After the weighing of the dry materials (i.e., iron mine tailings and cement), these were
manually mixed with a spoon until a powder having a visual uniformity was obtained.
Next, the correct amount of distilled water was supplemented to reach moisture content of
11.6% (optimum moisture content for standard Proctor compaction effort—see Table 1) for
the iron tailings—Portland cement blend, and the mixture continued up to the formation of
a homogeneous paste. Following, the specimen was statically compacted inside a cylin-
drical split mould to its target dry unit weight. Three layers were used in the compaction
process, with the top of the first and second layers being slightly scarified in order to
guarantee the adherence of the subsequent layer. Once the moulding was finished, the
specimen was retrieved from the mould, measured, weighed and sealed inside a plastic bag
(to maintain water content) and sent to be cured in a humid room at 23 ± 2 ◦C with relative
moisture of about 95%. As acceptance criteria, the obtained dry unit weight (γd) should
range within± 1% of the target value, whereas the moisture content (w) should be around 0.5%
of the previously assigned value. Within each tested dosage, the cement content was calculated
over the mass of dry iron mine tailings and the dry unit weight (γd) was determined as the ratio
between the mass of dry solids and the total volume of the test specimen.



Appl. Sci. 2022, 12, 836 6 of 18

3.2.2. Program of Unconfined Compression Tests

The unconfined compression tests followed the ASTM C39 standard [21]. Specimens
were moulded with 11.6% of moisture content (optimum moisture content for standard
Proctor compaction effort), dry densities of 17 kN/m3, 18 kN/m3 and 19 kN/m3 (corre-
sponding to 89%, 94% and 99% of degree of compaction of standard Proctor compaction
effort, respectively), Portland cement contents of 1%, 2%, 3%, 4% and 5% (determined
following international [22] and Brazilian [23,24] experience with soil–cement). Specimens
were cured for 2, 4, 7, 28 and 90 days. One day prior to the test, the specimens were sub-
merged in a water container for 24 h in order to reduce possible suction effects [20,23]. The
temperature of the water tank was controlled according to the adopted curing temperature
(i.e., 23 ◦C). Next, the unconfined compression test was performed using an automatic
loading press with maximum capacity of 50 kN at a displacement rate of 1.14 mm/min;
the maximum load measured using a load cell. A full factorial design setting was used to
define the mix designs for the tests. For this reason, all possible combinations of amounts
of cement and dry unit weight values were tested considering each curing period. Thus,
15 dosages were intended to be tested within each curing time; in triplicate moulded for
each dosage.

3.2.3. Program of Pulse Velocity Tests and Ultrasonic Elastic Constants

Initial Shear Modulus (G0) of artificially cemented soils can be determined using
ultrasonic pulse velocity tests performed in accordance with ASTM D2845 [25]. For homo-
geneous and elastic media, G0 may be calculated through the product between the bulk
density and the square of the velocity of a shear wave passing through it [26]. Therefore,
as this test is non-destructive, pulse velocity tests were performed on the same specimens
moulded for an unconfined compression test, immediately before taking specimens to
failure, using special transducers coupled on top and underneath the samples using a
special coupler gel. An ultrasonic pulse device was used to emit compression (54 kHz)
and shear waves (250 kHz) that are emitted and cross the cylindrical specimens, with the
propagation times measured. Therefore, the shear modulus at very small deformations (G0)
can be obtained.

3.2.4. Program of Durability of Specimens Submitted to Wetting–drying Cycles

Durability tests consisting of wetting–drying cycles were carried out in accordance
with ASTM D559 [27], but without brushing. Specimens were moulded with 11.6% of
moisture content, dry densities of 17 kN/m3, 18 kN/m3 and 19 kN/m3, and Portland
cement contents of 1%, 2%, 3%, 4% and 5%. The same experimental design setting previ-
ously described for the strength tests was used herein, with the difference that only one
specimen for each dosage was tested. This test method aims to simulate harsh on-field
conditions over 12 cycles of such procedures [28]. After 2, 4, and 7-days of curing were
completed, each specimen cycle started by immersing it in water for 5 h at 23 ◦C. Then,
specimens were submitted to a drying process in an oven during 42h at 71 ◦C. Twelve
cycles of these procedures are required to simulate harsh on-field conditions. After each
one of the 12 cycles, the initial shear modulus (G0) was measured in accordance with ASTM
D2845 [25]. After the 12th cycle, specimens were taken to failure through unconfined
compression tests in accordance with the ASTM C39 standard [21].

3.2.5. Program of Consolidated Isotropically Drained (CID) Triaxial Tests

A series of consolidated isotropically drained (CID) triaxial compression tests was
conducted on artificially cemented compacted filtered iron mining tailings, with the aim of
evaluating the deviatoric stress–axial strain–volumetric strain behaviour of the materials.
The general procedures described by BS 1377 were followed [29]. In this regard, two
representative dosages were chosen and tested under three effective confining pressures
(σ’3 = 50, 100 and 200 kPa). The first dosage contained 3% of cement and was moulded
at a dry unit weight of 17 kN/m3, and the second had the same amount of cement but
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was compacted to a dry density of 19 kN/m3. The pressures throughout the tests were
electronically monitored by pressure transducers, whereas the vertical load was assessed
using a 20 kN high-resolution load cell. The axial displacements were globally measured
using a linear variable differential transformer (LVDT) and locally assessed by Hall effect
sensors positioned directly in contact with the test specimen [30]. The volumetric strain
was measured by an Imperial College volume gauge [31] connected to the drainage outlet.
To ensure the saturation of tailings specimens, a back pressure of approximately 500 kPa
was applied to produce B parameters higher than 95%. All reported test specimens were
isotropically consolidated to their desired consolidation pressure before shearing. Finally,
shearing of specimens in triaxial tests occurred at a rate of 1 mm/h. For the calculation of
the applied stresses, the area corrections proposed by La Rochelle et al. [32] were adopted.

4. Results and Analysis
4.1. Unconfined Compressive Strength (qu)

Figure 5a portrays qu as a function of porosity/cement index (η/Civ) (stated as porosity
(η) divided by the volumetric cement content (Civ), the latter expressed as a percentage
of cement volume to the total volume of the iron tailings–Portland cement mixes [33]) for
the curing periods studied (2, 4, 7, 28 and 90 days). Diambra et al. [34] carried out the
theoretical approach validating the shape of the equation. Figure 5a indicates that the η/Civ
index is useful in normalizing strength results for iron ore tailings–Portland cement blends.
The results indicate that the behaviour of the studied blends presents the same trend, thus
generating a single equation (Equation (2)).

qu(kPa) = A× 104 ×
[

η

Civ

]−D
(2)

Scalar “D” has been found to be a constant (D = 1.3) to all curing times studied (from
2 to 90 days), while scalar “A” increases with curing time, as shown in Table 2. “A” changes
from 1.63 (for 2 days of curing) to 4.89 (for 90 days of curing) and the coefficient of determination
(R2) varies in the range 0.92 to 0.97. From 2 days of curing to 4, 7, 28 and 90 days of curing, the
strength increase percentages were of 63.2%, 82.8%, 147.9% and 200.0%, respectively.

Table 2. “A” and “C” scalars for Equations (2) and (3), respectively.

Curing Period
Strength Data—qu Stiffness Data—G0

“A” Coefficient of
Determination (R2) “C” Coefficient of

Determination (R2)

2 days 1.63 0.92 1.46 0.86
4 days 2.66 0.96 2.98 0.92
7 days 2.98 0.97 4.11 0.97

28 days 4.04 0.94 4.53 0.96
90 days 4.89 0.96 6.04 0.96
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Figure 5. Compacted (γd = 17 kN/m3, γd = 18 kN/m3, γd = 19 kN/m3) filtered iron mining tailings
treated with early strength Portland cement (from 1% to 5%): (a) unconfined compressive strength
(qu) versus porosity/cement index (η/Civ) considering distinct curing time periods and (b) initial
shear stiffness (G0) versus η/Civ taking under consideration different curing time periods (2, 4, 7, 28
and 90 days of curing).
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4.2. Initial Shear Modulus

Similarly, as presented for the unconfined compressive strength test results, the poros-
ity/cement index was used for the initial shear modulus (G0) results for the curing periods
studied (2, 4, 7, 28 and 90 days), as presented in Figure 5b. Therefore, an adequate associa-
tion between G0 and the η/Civ index (considering the same power shape as for strength)
could be obtained as the coefficient of determination (R2) varies in the range 0.86 to 0.97 for
the studied curing times, in the format of a specific equation (Equation (3)).

G0(MPa) = C× 104 ×
[

η

Civ

]−E
(3)

Scalar “E” has been found to be a constant (E = 1.3) for all curing times studied (from
2 to 90 days), while scalar “C” increases with curing time, as shown in Table 2. “C” changes
from 1.46 (for 2 days of curing) to 6.04 (for 90 days of curing). From 2 days of curing to
4, 7, 28 and 90 days of curing, the initial shear modulus (G0) increase percentage were of
104.1%, 181.5%, 210.3% and 313.7%, respectively. It is interesting to observe that the rate of
increase of qu and G0 was not the same with curing time. The rate of increase of G0 was
higher up to 28 days of curing and the rate of increase of qu was higher from 28 days to
90 days of curing.

4.3. Durability under Wetting–Drying Cycles

Figure 6 presents G0 variation of iron ore tailings compacted at γd of 17, 18 and
19 kN/m3 and treated with 1 to 5% of early strength Portland cement. Wetting–drying
cycles were performed after 2, 4 and 7 days of curing. Such performance mimics the
behaviour of the studied blends after being submitted to harsh on-field conditions over
12 cycles of such procedures. It is well established that increasing both the quantity of
cement and γd improves the stiffness of the compacted iron ore tailings–Portland cement
mixes considering wetting–drying cycles. Disregarding the initial curing time (2, 4 or
7 days), Figure 6 shows a comparable qualitative response regarding the impact of wetting–
drying cycles: G0 increased from zero to three wetting–drying cycles and then oscillated
about an average, distinctive for each γd and quantity of cement employed, for additional
cycles. The oven drying for 42 h at 71 ± 2 ◦C, during the drying part of the wetting–drying
cycles, triggered the catalysis of the chemical reactions of the Portland cement, bringing
about the increase of G0 of iron tailings–Portland cement mixes in the initial cycles. Distinct
results were achieved by Consoli et al. [28], who assessed the effect of wetting–drying
cycles on G0 of a nonplastic silt. Test results by Consoli et al. [28] indicated that G0 of
nonplastic silt–Portland cement (also early strength) blends mostly reduced with more
wetting–drying cycles, reaching a steadiness at about six wetting–drying cycles.

Figure 7 presents the correlation of qu and G0 as a function of η/Civ index after
12 wetting–drying cycles. Looking at qu results Figure 7a, it can be noticed that after
12 wetting–drying cycles, qu is related to η/Civ index through Equation (4). This equation
has the same form as Equation (2) and the scalar of present equation is found above results
of 90 days of curing at 23 ◦C. The qu, after 12 wetting–drying cycles, being above the results
of 90 days of curing at 23 ◦C is an example of enhancement triggered by the catalysis of the
chemical reactions of the Portland cement, due to oven drying for 42 h at 71 ± 2 ◦C.
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Figure 6. Cont.
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Figure 6. Performance (initial shear stiffness (G0) variation) of compacted iron ore tailings treated
early strength Portland cement after wet–dry cycles after: (a) curing for 2 days, (b) curing for 4 days
and (c) curing for 7 days.
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On the other hand, focusing on the G0 results in Figure 7b, it can be noted that after
12 wetting–drying cycles, G0 is related to η/Civ index through Equation (5). Such an equation
has the same form as Equation (3), and the scalar of present equation is higher than the
results of 90 days of curing at 23 ◦C. However, for qu and G0, results after 12 wetting–drying
cycles are of the same order of magnitude as the results after 90 days of curing at 23 ◦C.

qu(kPa) = 6.45× 104 ×
[

η

Civ

]−1.30
(4)

G0(MPa) = 8.59× 104 ×
[

η

Civ

]−1.30
(5)

4.4. Triaxial

Figure 8 presents the stress–axial strain–volumetric strain curves of the standard
consolidated drained triaxial tests of artificially cemented specimens of iron ore tailings
moulded with γd of 17 kN/m3 and 19 kN/m3. All specimens have shown a quite stiff
response at small axial strains (connected to the contraction of the material), followed by
quite brittle behaviour (strong strain-softening response), and the tendency to dilation of
the material. The brittleness and dilation tendency are gradually suppressed due to the
increase of confining pressures.

The peak failure envelope leads to a peak angle of shearing resistance (ϕ′peak) of about
34.1◦ for both dry unit weights and a peak cohesion intercept of (c′peak) of 80.9 kPa for (γd)
of 17 kN/m3 and 157.2 kPa for (γd) of 19 kN/m3. The increase of the degree of compaction
at standard Proctor energy from 89% to 99% did not cause any change in ϕ′peak but almost
double c′peak. On the other side, the critical state line reaches an angle of shearing resistance
at a critical state (ϕ′cs) of 36.3◦.

Values of secant deformation modulus (Esec), obtained at axial strains of 0.1%, 0.5%
and 1.0% and for confining stresses ranging from 50 to 200 kPa, are presented in Table 3.
Regarding the specimens prepared with γd = 17 kN/m2, it can be seen in Table 3 that the
higher modulus is Esec = 816.1 MPa (for εa = 0.1% and confining pressure of 200 kPa), while
for specimens prepared with γd = 19 kN/m3, the higher modulus is Esec = 2599.9 MPa;
the latter (γd = 19 kN/m2) being more than three times the secant modulus value at
γd = 17 kN/m3.

Table 3. Secant modulus (Esec) of cement treated iron ore tailings (at distinct axial strains) considering
dry unit weights of (a) γd = 17 kN/m3 and (b) γd = 19 kN/m3.

γd = 17 kN/m3 & 3% PC III γd = 19 kN/m3 & 3% PC III

Esec (MPa) Esec (MPa)

Confining Pressure εa (%) = 0.1 εa (%) = 0.5 εa (%) = 1.0 Confining Pressure εa (%) = 0.1 εa (%) = 0.5 εa (%) = 1.0
50 kPa 714.7 441.6 355.1 50 kPa 1888.9 1412.8 378.6
100 kPa 740.2 605.3 524.2 100 kPa 2042.7 1652.9 812.5
200 kPa 816.1 500.1 526.6 200 kPa 2599.9 1808.6 965.3

(a) (b)
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Figure 8. Stress–axial strain–volumetric strain curves for the consolidated drained triaxial tests of
specimens moulded with (a) γd of 17 kN/m3 and 3% of early strength Portland cement blended with
iron tailings under confining pressures of 50, 100 and 200 kN/m3 and (b) γd of 19 kN/m3 and 3% of
early strength Portland cement blended with iron tailings under confining pressures of 50, 100 and
200 kN/m3.

5. Discussion

An original study with the objective of contributing to the understanding of the
geomechanical behaviour of a new form of iron ore tailings disposal (stacking of compacted
filtered ore tailings–Portland cement blends) was presented as an alternative method to
the conventional tailings dam disposal. Adequate correlations between the η/Civ index
with qu and G0 through power functions were obtained (Figure 5). In artificially cemented
soils the η/Civ ratio is usually adjusted by a power (ξ) applied to the variable Civ (defined
by curve fitting) to make the rates of variation of η and 1/Civ compatible [20]. The value
of ξ determines the greater or lesser contribution of porosity or cement content in the
mechanical response. According to Diambra et al. [34], its magnitude is directly associated
with the properties of the soil matrix and usually approximates the inverse of the exponent
of the power function (ξ ≈ 1/D or 1/E in Equations (2) and (3), respectively). In the present
study, an assumed value of ξ = 1 allowed the best fit (R2 > 0.92) for correlating the η/Civ
index with qu, G0 and durability.

Rios et al. [35], working with a residual soil of very low (or no) plasticity corresponding
to a well graded silty sand and with three different grain size fractions of this same soil
determined that, under conditions of similar mineralogy, the particle size distribution is
the most relevant factor in the definition of the magnitude of ξ. The research concludes
that soils with higher fines (silt) content, fine sand fraction, and better graded, with broader
grain size distribution curves, reported lower power values (ξ ≈ 0.21) compared to poorly
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graded and fine to coarse sandy soil fractions (ξ ≈ 1). However, mineralogical composition
(related to particle shape) is reported as the most decisive factor in the magnitude of ξ,
reporting adjusted values of ξ = 1 and ξ = 0.1 when comparing two uniform sands (with
similar particle size distribution) characterized by having majority quartz and mica phases,
respectively. The preponderant contents of quartz and iron minerals (hematite and goethite)
in the filtered iron ore tailings determine the value of the fitting power (ξ = 1). Values of
ξ = 1 have been widely reported in the literature for the definition of dosage equations in
soils of granular or frictional nature treated with Portland cement [36]. This value, equal to
unity, determines an equivalent influence between porosity and cement volumetric content
on qu, G0 and durability.

Adding cement is considered an effective procedure to prevent liquefaction of soils.
In general, the behaviour pattern of filtered iron ore tailings–Portland cement blends is
determined by brittle and strain softening behaviour at low confining stresses (mainly
due to cementing agent bonds), which evolves to more gentle strain softening with peak
strength occurring at higher axial strains as confining stress levels increase (Figure 8). This
behaviour is analogous to that reported for a wide range of cemented sands tested at low
confining stresses [37,38]. The larger the γd of the compacted specimens (lower η), the
larger the peak deviator stress reached, the stiffer and more dilative the material, and the
greater the post-peak drop in the deviator stress. On the other hand, volumetric strains are
strongly dilatant at low stress levels. Some authors (e.g., Airey [39], Coop and Willson [40],
Consoli et al. [38]), from the study of different artificially and naturally cemented sands,
agree that at high confining stresses (higher than those investigated here) volumetric strains
tend towards compression. Additionally, a cohesive behaviour (dominated by cement) at
low confining stresses and/or high cement contents tends to evolve to a frictional behaviour
(dominated by the sand matrix) at high confining stresses and/or low cement contents.

Figure 9 shows the deviatoric stress—axial strain—volumetric strain curves (for con-
solidated drained triaxial tests) of the uncemented filtered iron ore tailings and 3% early
strength Portland cement mixed with the iron ore tailings, both compacted to a γd of
17 kN/m3 and submitted to confining stresses of 200 kPa. The uncemented filtered iron ore
tailings show strong contractive behaviour, confirming the relevance of compressibility of
the filtered iron ore tailings and the possibility of uncontrolled positive pore-pressure gen-
eration if under undrained shear conditions, which would lead to loss of effective stresses
and increased liquefaction potential of the tailings at relatively low confining stresses. In
contrast, the occurrence of volumetric dilatational strains (generation of negative pore-
pressures if under undrained shear conditions), at low stress levels, and high peak cohesion
intercepts (c′peak) reported in tailings treated with the addition of 3% cement would reduce
the liquefaction potential of compacted filtered iron ore tailings piles.



Appl. Sci. 2022, 12, 836 15 of 18

Figure 9. Stress–axial strain–volumetric strain curves for the consolidated drained triaxial tests of
specimens moulded with filtered iron ore tailings and 3% early strength Portland cement mixed with
iron ore tailings at a dry unit weight (γd) of 17 kN/m3 under confining pressures of 200 kN/m3.

6. Conclusions

An extensive laboratory testing program was carried out to investigate the effec-
tiveness of using Portland cement and compaction energies to evaluate the engineering
behaviour of filtered iron ore tailings. The observations and conclusions can be summarized
as follows:

The employment of the porosity/cement index (η/Civ) with the purpose of expressing
the performance of iron ore tailings combined with the incorporation of Portland cement
and densification through compaction, with curing periods varying from 2 to 90 days, can
be considered successful. High coefficients of determination were obtained when qu and G0
results were correlated with this parameter. Based on the dosage equations established in
present research for the studied iron ore tailings–Portland cement blends, there are several
technical ways of reaching a qu or a G0 target value for a given project and the best solution
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might change from situation to situation depending on the time period available for curing,
accessibility to equipment to reach a given porosity and cost of Portland cement.

The stress–strain response showed a strength peak for all the samples and a softening
following a peak. Also, the increase in effective stress causes an expansive response in
volumetric strain. The peak failure envelope leads to a peak angle of shearing resistance
(ϕ′peak) of about 34.1◦ for both dry unit weights and a peak cohesion intercept of (c′peak)
of 80.9-kPa for (γd) of 17-kN/m3 and 157.2-kPa for (γd) of 19-kN/m3. The increase of
the degree of compaction at standard Proctor energy from 89% to 99% did not cause any
change in ϕ′peak but almost double c′peak. On the other side, the critical state line reaches an
angle of shearing resistance at critical state (ϕ′cs) of 36.3◦. The use of 3% of Portland cement
for triaxial testing represents an intermediate amount of cement studied in this research.

The present work has been envisaged as a contribution to the behaviour of compacted
iron ore tailings–Portland cement blends to be disposed by stacking. The influence of
degree of compaction as well as the amount of Portland cement on strength and stiffness
properties was evaluated. The blends studied herein were compacted at optimum moisture
content. It might not be possible to do so in the field, especially during rainy seasons.
Therefore, the influence of compaction moisture content in the mechanical behaviour
requires further study. Another point requiring future research is the development of
alternative sustainable binders for stabilization of stacking filtered tailings in order to
have a less costly, greener engineering solution. It is also necessary to emphasize that the
present study was constrained to the range of low to medium confining pressures, making
it attractive to tailings disposal by stacking up to heights of 10–12 m. Other studies are
necessary to evaluate changes in the behaviour of the material under higher stackings,
when the confining pressure will be greater than the studied range. At last, the addition
of a binder to the compacted filtered tailings reduces the volume of hydraulically carried
out sediments, thus allowing smaller sedimentation structures downstream of the disposal
structure (e.g., ponds and sedimentation dikes).
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Abbreviations

A, C, D, E scalars
B Skempton’s parameter
c′peak peak cohesion at effective stresses
Civ volumetric cement content
d particle diameter
Esec secant modulus
G0 initial shear modulus
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IOT iron ore tailings
PC Portland cement
qu unconfined compressive strength
ξ power function parameter
εa axial strain
εv volumetric strain
γd dry unit weight
γs unit weight of solids
ϕ′cs angle of shearing resistance at critical state
ϕ′peak peak angle of shearing resistance at effective stresses
η porosity
η/Civ porosity/cement index
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