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Abstract: Despite its vital importance to the contemporary economy, some drawbacks are mainly as-
sociated with waste derived from mining activity. This waste consists of tailings that are hydraulically
disposed of in large impoundments, the tailings dams. As the dams are enlarged to accommodate
higher amounts of materials, the stress states at which the deposited tailings are submitted change.
This may be a concern for the stability of such structures once the geotechnical behavior of this
material may be complex and challenging to predict, considering the existing approaches. Thus, the
present study concerns the mechanical response of bauxite tailings under a wide span of stresses,
ranging from 25 kPa to 4000 kPa. One-dimensional compression tests and isotropically drained and
undrained triaxial tests were carried out on intact and remolded samples of the bauxite tailings. The
after-shearing grain size distribution was characterized via sedimentation analysis. The results have
shown a stress-dependency of the critical state friction angle for the intact material, which may be
related to fabric alterations derived from structure deterioration and particle breakage. Overall, this
research provides valuable insights into the response of structured and de-structured bauxite tailings,
which are helpful for future constitutive modeling of such material.
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1. Introduction

Mining, a cornerstone of the modern economy, has experienced exponential growth
since the first Industrial Revolution. It plays a crucial role in providing the inputs and
supplies necessary for industrial activities, thereby driving economic development. This
global expansion of mining activities underscores its significant impact on various sectors
and regions, which are often unfavorable since the increased demand for metal ores,
associated with the need to explore low-grade ores, has augmented waste generation
derived from ore extraction and processing [1,2].

The waste of metal ores (e.g., iron ore, bauxite ore, and copper) beneficiation is termed
tailings; it is usually a slurry containing crushed rock fines, chemicals, and elevated amounts
of water. In other words, tailings are clastic and anthropic materials whose grading and
mineralogy highly depend on the parental rock and the utilized beneficiation processes
conferring unique characteristics (i.e., particle shape and surface texture) compared to
natural soils of similar grading [3,4]. Over the past decades, tailings were usually hy-
draulically disposed of in vast impoundments, the tailings dams, where they progressively
sediment and consolidate under their weight. Those were routinely expanded to store
higher amounts of tailings: in Brazil, for example, there are 48 dams with a height greater
than 60 m [5]. Most of them were expanded using the upstream method.

The recent legislation in Brazil, which forbids the construction of new upstream height-
ened dams and demands the de-characterization of existing ones, underscores the practical
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relevance of this research. Understanding the mechanics of tailings is crucial for their safe
and stable management. This understanding is based on considering the material’s response
under realistic stress levels, which commonly vary from 800 kPa to 10,000 kPa (Coop et al.
1992) [6]. The non-linearity related to particle breakage at higher stresses, which may appear
on the critical state line (CSL), further emphasizes the practical implications of this study [7,8].

Several researchers have studied the utilization of bauxite tailings as alternative
construction materials [9-12]. Also, some studies have evaluated the behavior of stabilized
bauxite tailings with cement-like materials for dry stacking purposes. Ref. [13] assessed
the parameters controlling the stiffness and loss of mass degradation of compacted bauxite
tailings-alkali activated binder using a durability test procedure. Ref. [14] evaluated the
leaching response of bauxite tailings stabilized with an alkali-activated cement. Both
studies utilized green cement based on sugarcane bagasse ash, carbide lime, and sodium
hydroxide. Nevertheless, there is a lack of studies concerning the mechanical response of
bauxite tailings in conditions commonly encountered in tailings dams.

The present work evaluates the mechanical response of bauxite tailings under effective
confining pressures ranging from 25 kPa to 4,000 kPa; it analyses the results in light of the
Critical State Soil Mechanics [15,16]. This path is associated with a stress range capable
of emulating conditions in real bauxite tailings dams. Possible fabric-related effects were
assessed by comparing the response of undisturbed samples to the behavior of remolded
specimens. The possibility of grain breakage was also investigated for some specimens.
Overall, this study provides a valuable (and novel) framework for modeling the behavior
of structured and de-structured bauxite tailings, which is of prime importance for safely
designing and maintaining bauxite tailings dams.

2. Materials and Methods

The bauxite tailings (red mud) were collected from a dam situated in Brazil using
Shelby tubes, which enable the collection of undisturbed samples. A total of ten tubes were
used, and the samplings occurred at different locations of the dam but at the same depth.
For each tube, the specific gravity (Gs) was individually measured by ASTM D854 [17].
The grain size distribution was evaluated for tubes 1, 2, 6, 4, 8, and 10 via sedimentation
analysis following ASTM D7928 [18]. The Atterberg limits were assessed in agreement
with ASTM D4318 [19]. Those results are summarized in Table 1, whereas Figure 1 depicts
the grain size distribution curves, which attest to a similar gradation between the samples
retrieved from different tubes. According to the Unified Soil Classification System, the
bauxite tailings are classified as lean clay (CL) [20]. The undisturbed sample’s void (e) ratio
was approximately 1.20; the moisture content (w) was around 30%. Mineralogically, X-ray
diffraction (XRD, Rigaku®, Porto Alegre-RS, Brazil) tests have attested to the presence of
Hematite, Gibbsite, and Goethite. Chemically. Chemically, the material is mainly composed
of aluminum (Al), silicon (5i), iron (Fe), sodium (Na), and titanium (Ti), as demonstrated
by the X-ray fluorescence (XRF, PanAlytical MDP Shimadzu XRF1800®, Porto Alegre-RS,
Brazil) test. XRD and XRF tests followed the procedures stated in [21,22].

Table 1. Physical characteristics of the bauxite tailings.

Physical Properties Mean Value Test Method
Specific gravity ! 3.01 ASTM D854
Plastic limit—PL (%) 23
Liquid limit—LL (%) 32 ASTM D4318
Plastic index—PI (%) 9
Coarse Sand ! (2.00 mm < diameter < 4.75 mm) (%) 0
Medium Sand ! (0.425 mm < diameter < 2.00 mm) (%) 0
Fine Sand ! (0.075 mm < diameter < 0.425 mm) (%) 9 ASTM D7928
Silt 1 (0.002 < diameter < 0.075 mm) (%) 73
Clay ! (diameter < 0.002 mm) (%) 18

1_mean values
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Figure 1. Bauxite tailings grain size distribution.

3. One-Dimensional Compression Tests

The 1D compression test allows the material’s stress-strain response owing to one-
dimensional compression, enabling valuable insights concerning the bauxite tailings using
a relatively simple procedure. These tests were carried out by ASTM D2435 standard [23]
using intact and remolded specimens (50 mm in diameter and 20 mm in height). The
remolded samples were directly compacted into the test ring to the same void ratio of the
intact material (e = 1.20) and using the same moisture content (w = 30%). Filter paper slices
were placed on both sides of the test ring before allocating the sample between two porous
stones in the oedometer cell, which was then filled with distilled water. Loading stages
of 50, 100, 200, 400, 1000, 2000, and 4000 kPa were applied, followed by two unloading
phases of 4000 kPa and 2000 kPa. Each load increment (or decrement) was maintained for
a minimum interval of 24 h. During the test, the vertical displacement was electronically
monitored using a Linear Variable Differential Transformer (LVDT, Novotechnik®, Porto
Alegre-RS, Brazil) positioned in contact with the top cap of the test ring.

4. Triaxial Tests

The triaxial compression tests enable understanding of the geomaterial’s response
(e.g., stress-strain, and volume change response) under different stress conditions that can
emulate the bauxite tailings’ on-field stress states. Table 2 summarizes the characteristics
of the isotropically consolidated drained (CID) and isotropically consolidated undrained
(CIU) triaxial tests conducted per ASTM D7181 [24] and ASTM D4767 [25]. Both used
fully saturated cylindrical samples (50 mm in diameter and 100 mm in height). The intact
specimens were carefully trimmed to attain the prescribed dimensions; the reconstituted
samples were fabricated using the moist-tamping technique [26] inside a cylindrical split
mold where six moist layers were manually tamped to the assigned void ratio. A latex
membrane (utilized for the triaxial tests) circumscribed the mold. The test specimens
were submitted to CO, and distilled water percolation, followed by the constant rate
backpressure increment (maintaining the mean effective stress equal to 20 kPa) up to
obtaining a B-value greater than 0.98. The consolidation stage consisted of augmenting
the chamber pressure to the desired effective confining pressure at 1 kPa per minute. The
shearing was strain-controlled and conducted at 4 mm per hour. The cell pressure and the
backpressure were digitally monitored using pressure transducers and controlled using
advanced pressure volume controllers; a load cell electronically monitored the axial load.
Locally, Hall effect sensors, positioned directly in contact with the test specimen (axial and
radial measurements), enabled displacement measurements throughout all the phases of
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the tests [27]. Globally, a linear variable differential transformer (fixated externally to the
chamber) measured the axial displacement during the shearing phase. Also, a volume
gauge permitted the assessment of the volumetric variation through the flow volume of
water on/from the sample.

Table 2. Summary of test characteristics.

Shear

Tests Condition Sample Shelby ?o

1 R

2 U SH #1 25 kPa
3 U 50 kPa
4 R SH #8 100 kP,

5 U a
6 U

7 CIU R SH #5 400 kPa
g Triaxial Test [I} gg zi 1000 kPa
10 R

1 U SH #6 2000 kPa
12 R

13 U SH #2 4000 kPa
14 U SH #4 1000 kPa
15 CID U SH #6 2000 kPa
16 U SH #2 4000 kPa
; One-Dimensional Compression [I-{I gg zé 1888 igz

CIU—Undrained Tests; CID—Drained Tests; U—Undisturbed Specimens R—Remolded Specimens.

5. Results

Figure 2 displays the one-dimensional compression response for intact and remolded
bauxite tailings specimens. Fabric differences arising from the specimen’s remolding have
incurred two non-convergent normal compression lines (NCLs), considering the vertical
stress (0”y) range utilized herein. The final differences in the specific volume (v) values
reinforce this trend. Perhaps the NCLs would converge towards a single line for greater
stress levels capable of erasing any initial fabric differences decurrent from the remolding
process [28,29]. Moreover, the intact samples were slightly stiffer than the remolded ones
at lower stresses. Such a trend may indicate the existence of a structure in the intact
(undisturbed) material that erases at low-pressure levels [30,31].

2.4

2.3 1

2.2+

2.1 1

2.0 H

1.9 4
---- Reconstituted

—— Undisturbed

10 100 1000 10,000
o', (kPa)

Figure 2. One-dimensional behavior.
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6. Shearing Behavior in the Triaxial Tests

Figure 3a shows the intact specimens of the bauxite tailing used in the triaxial tests;
Figure 3b depicts the reconstituted sample. Figure 4a displays the stress-strain response
and pore pressure variation for the CIU tests conducted under low initial effective confining
pressures (p’g = 25 kPa, 100 kPa, and 400 kPa) on intact and remolded samples; Figure 4b
displays the same data for the higher pressures (p’g = 1000 kPa, 2000 kPa, 4000 kPa).
Figure 4c exhibits the triaxial testing data for CID tests carried out using undisturbed
samples (p’p = 1000 kPa, 2000 kPa, and 4000 kPa). Most of the tested specimens have
shown a ductile behavior accompanied by a contractive trend (or positive pore pressure
variation). At lower stress levels (p’y < 400 kPa), the intact specimens were strengthener
and initially stiffer than the remolded ones, indicating that the original (undisturbed) fabric
contributed to such a response. In other words, a slightly bonded structure appears to exist
in the undisturbed material and has remained undamaged during the consolidation at
pressures below 100 kPa [32,33]. This explains the slightly dilatative trend (i.e., negative
pore pressure variation) reported for the undisturbed specimen sheared at 25 kPa. For
greater confining pressures, the remolded and undisturbed samples presented a contractive
tendency during shearing, but the latter were initially stiffer at lower stresses.

()

Figure 3. Samples used in the triaxial tests: (a) intact; (b) remolded.
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Figure 4. Triaxial test of bauxite tailings: (a) CIU for lower stress range; (b) CIU for higher stress
range; (c) CID tests.

7. Stress Paths and Critical States

Figure 5 depicts the stress paths over the entire stress range, emphasizing the lower
stress region. Even though the critical state, characterized by the steadiness on both the
deviatoric stress and the pore pressure variation (or volumetric strain), may not have been
reached on some of the tests, the authors used the endpoints to fit a critical state envelope.
All of the triaxial testing data yielded a critical state line in the effective stress plane g:p’
having a slope of Mrc = 1.32 (¢’cs = 32.6°); the tests conducted at lower stresses resulted in
My =1.43 (¢’cs = 35.3°). This phase change is likely associated with fabric from the weak
bonds in the intact material, which erases in the consolidation phase at higher pressures.
Once the shear proceeds, the particles rearrange; particle breakage may occur at higher
stresses [34-36]. Therefore, a lower critical state friction angle should be used for higher
depths in a tailings dam.
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Figure 5. Stress paths in the effective stress plane.

Figure 6 presents the stress paths in the compression plane v:ln p’, where a curved
shape critical state line [37] fits the test endpoints using the following equation:

P\
V:”_b<1001<1>a) )

where g, b, and c are fitting parameters that depend on the material’s characteristics (2 = 2.37,
b =0.20, and c = 0.36). All the tests but three converged towards the critical state line
during the shearing; the non-convergence occurred on undisturbed samples sheared under
lower confining levels. The bonded structure has possibly altered the dynamics of the
volume change trend (i.e., dilatant instead of compressive), a typical response of artificially
cemented soils compared to uncemented soils tested under the same conditions [38—40].

2.4
intact structure (bonded material?)
2.2 4 X 52
X—0
X-0
2.0
P
1.8
o Shearing start
X Shearing end
Undisturbed specimens
164 ... Remolded specimens
v=2.37-0.20 (p’/100 kPa)"3¢
1.4 ) ) )

1 10 100 1000 10,000
p’ (kPa)

Figure 6. Stress paths in the volumetric plane.
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8. Grain Size Analysis

Figure 7 presents the after-shearing grain size distribution for triaxial tests conducted
at initial effective confining pressures of 2000 kPa (Figure 7a) and 4000 kPa (Figure 7b). Also,
the grain size distribution of the untested material is plotted in each graph. The bauxite
tailings became finer owing to the combined effect of the consolidation and the shearing
phases of the triaxial tests. An augment in the clay fraction, accompanied by a decrement in
the silt fraction, is observable by comparing the grain size distribution curves of the tested
and untested tailings. Quantitatively, the particle breakage factor—By can provide insight
into the extension of particle breakage [41]. It is simply the difference between the finer
particles” quantity after testing and the content of finer particles existing in the untested
(natural) material. Table 3 summarizes the By values for the curves presented in Figure 7. In
this regard, no trend relating to the drainage setup during the shear and/or the specimen’s
type can be established based on particle breakage.

100
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Figure 7. Grain size distribution after triaxial tests: (a) 2000 kPa, (b) 4000 kPa.
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Table 3. Breakage factor.

P’y (kPa) Shearing Sample Bf
2000 U REM 0.02
2000 U UND 0.07
2000 D UND 0.05
4000 U UND 0.03
4000 D UND 0.15

By—particle breakage factor.

9. Conclusions

This paper evaluated the mechanical response of bauxite tailings over a wide range
of confining pressures through triaxial compression tests conducted on undisturbed and
remolded specimens. Overall, the results showed differences in the behavior of the intact
and remolded specimens at lower stress levels (pg” < 400 kPa), which may be related to the
existence of a weak bonded structure in the intact material that strengthens and stiffens it.
The studied bauxite tailings became finer through the combined effect of consolidation and
shearing over triaxial testing. An increase in the clay fraction, accompanied by a decrement
in the silt fraction, was observable by comparing the grain size distribution curves of the
tested and untested tailings.

Also, a bi-linear trend was found considering the critical state envelopes in the effective
stress plane, incurring a stress-dependent critical state friction angle value (¢’¢s = 35.3°
for p” <400 kPa and ¢’ = 32.6° for the entire stress range). In the volumetric plane v: In
p’, a curved-shape critical state line fitted the test endpoints: all but three tests converged
towards the fitted curve; those three were undisturbed samples sheared under low-stress
levels, indicating that the bonded structure may have altered the dynamics of the volume
change trend (dilatant rather than compressive).

In addition, future research is necessary to enlarge the comprehension of the behavior
of bauxite tailings under other boundary conditions involving confining pressures and
imposed stress paths. Alternative stress paths rather than conventional triaxial compression
would enlighten the understanding of the tailings response, particularly considering the
location of the failure and critical state envelopes, as well as the role of the intermediate
principal stress on the tailings response. A detailed microstructure evaluation is also
necessary to explain the fabric features of the intact and remolded specimens.
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List of Notations

By breakage factor

e void ratio; void ratio for undisturbed sample
Crnax maximum void ratio
enin ~ minimum void ratio

p mean effective stress
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q deviatoric stress

CSL  critical state line

LL liquid limit

NCL normal compression line
ICL  isotropic compression line
PI plasticity index

PL plasticity limit

€ axial strain

SG specific gravity of solids
v specific volume

o’y effective vertical stress

¢’cs  critical state angle of friction
R remolded
U undisturbed
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