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Abstract

Brazilian geotechnics plays a key role in the pursuit of safer and environmentally sustainable
tailings disposal solutions. From that perspective, this paper outlines the Brazilian
academia and industry contributions to the geotechnics of mining tailings, highlighting
the main aspects of some recent studies carried out by Brazilian research groups. Firstly, a
literature review focusing on Brazilian research, published mainly in the last decade, is first
presented. Subsequently, aspects relating to the behavior of tailings dams are discussed,
including statistical methods for accurately assessing strength parameters, static liquefaction
susceptibility of tailings subjected to various stress paths, and numerical models used to
evaluate the effect of triggers on the onset of liquefaction of upstream tailings dams. Finally,
regarding filtered tailings stacks, increasingly viewed as a preferable option for tailings
storage, topics related to particle breakage, transitional behavior, effects of undercompacted
materials and static liquefaction susceptibility of iron and rare earth tailings are addressed.

1. Introduction

The role of the mining sector in the Brazilian economy
increases the need for technically, socio-economically, and
environmentally suitable alternatives for disposing of mining
tailings. From this perspective, Brazilian geotechnics is a
key player in the pursuit of engineering solutions capable
of meeting the challenging demands generated by the large
volumes of tailings being produced by the mining companies
(Schnaid, 2019).

The simplicity of operation and lower initial costs have
made tailings dams, or impoundments, the predominant type
of'tailings storage facility (TSF) globally. However, the vast
quantities of loose and saturated sands and fines render these
tailings susceptible to liquefaction. Consequently, tailing
dams, particularly those raised using the upstream method, are
inherently less stable than those constructed using alternative
methods (e.g., Morgenstern, 2018).

Recent catastrophic failures of Funddo and Brumadinho
have led to significant tightening of legal regulations by Brazilian
authorities concerning the construction and management
of conventional tailings dams. In response, filtered tailings
stacks have emerged as a promising TSF alternative, primarily
due to their potential to reduce the social and environmental
impacts associated with dam failures. Filtration involves
dewatering tailings using vacuum or pressure techniques
to achieve a solids content exceeding 85% by mass. The
resulting filter cake exits with controlled moisture content
and is transported via conveyor or truck, placed, spread,
and compacted to form a dense, stable, unsaturated tailings
stack, here named filtered tailings stacks, preferred here to
the incorrect term dry stack. This method eliminates the
need for retention dams and tailings ponds (Watson et al.,
2010; Davies, 2011; Delgado et al., 2023). In this context,
research centers and industry have turned their attention to
filtered tailings stacks (Carvalho et al., 2023).
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Toward sustainable tailings disposal: a geotechnical overview of Brazilian research

The objective of the paper is to unite contributions
from academia and the mining industry to highlight the
present state of practice in Brazil regarding mining tailings.
Initially the main studies developed by Brazilian authors in
the last decades on this topic are highlighted. Subsequently,
the behavior of conventional tailings dams is examined
based on recent experimental data gathered from in situ
and laboratory test campaigns, complemented by numerical
analyses. Finally, recent studies on filtered tailings stacks are
presented predominantly based on laboratory and field studies.

The background of modern mining tailings analysis,
which is also considered in the present paper, is the critical
state soil mechanics (CSSM), where the voids ratio (e) is
recognized as a key parameter - together with stress state (mean
effective stress, p', and deviator stress, ¢, which defines
the mechanical behavior of soils (Schofield & Wroth, 1968).
The CSSM has been well proven over the last half century
to describe the in-situ behavior of soft clays (Almeida, 1982;
Almeida & Ortigdo, 1982). However, traditional CSSM does
not adequately describe the behavior of mining tailings and
granular geomaterials in general, particularly concerning
dilatancy. The state parameter, i (Jefferies & Been, 2015)
defined by the difference between the current/initial void
ratio and the critical state void ratio (e, ) for the same stress
level is a key parameter to analyze mining tailings under both
drained and undrained conditions (Been & Jefferies, 1985).

2. Brazilian contribution to mining tailings
disposal

The final disposal of mining tailings, or even their
reuse and recycling, has been a central theme in the major
geotechnical research centers in Brazil. Schnaid et al. (2014)
highlighted a background of research projects consisting
of laboratory tests and field tests campaigns carried out in
various parts of the country, at Tailings Storage Facilities
(TSF) for iron, gold, bauxite, and zinc ores, at different
stages of operation. Significant contributions to the practice
include earth dams, downstream, upstream and centerline
tailings dams, as well as filtered tailings stacks. Several
aspects have been evaluated, including the geomechanical
characterization of tailings, assessment of constitutive models,
performance analysis and stabilization techniques. Despite the
recent trend of designating these structures as TDF (Tailings
Disposal Facilities), in this paper the designation TSF will
be maintained as it is still more widely used among both
researchers and practicing engineers.

Given the variability inherent in tailings from diverse
origins and processes, significant efforts have focused on
geotechnical characterization of samples from major beneficiation
plants and TSFs in Brazil (Nery, 2013; André et al., 2018;
Pélzl etal., 2018; Pracaetal., 2019; Telles et al., 2019; Tinoco
& Marinho, 2019; Becker et al., 2022; Quintelas et al., 2020;
Bruschi et al., 2023; Quirino et al., 2022; Medina et al., 2023;
Santos et al., 2023; Velten et al., 2024; Wagner et al., 2023;
Consoli et al., 2024b; Dias Neto et al., 2024; Medina et al.,
2024). Viana da Fonseca et al. (2022) reported the results
of an extensive laboratory tests campaign on laboratory-
compacted samples of iron ore tailings collected after the
collapse of the B1 dam, providing physical, hydraulic, and
mechanical characteristics of the tailings to support numerical
backanalysis. Based on the premise that a greater similarity
in terms of geotechnical characteristics and hydromechanical
behavior is expected in tailings from the same geological
formation, Carneiro et al. (2023) presented a database of
iron ore tailings from the Brazilian Iron Quadrangle. The
authors classified the materials into three categories, whose
properties are summarized in Table 1.

The most common minerals found in these materials
are iron, goethite, magnetite, and hematite. The compiled
data represents an important indicator of the variability of the
key material parameters, as well as ranges of values that can
be adopted as a reference point. Figure 1 shows the particle
size ranges of Iron Quadrangle tailings, with the pink zone
representing plastic tailings. The white curve indicates the
division between coarse and fine tailings within the blue zone.

Driven by the occurrence of numerous catastrophic
accidents, a particular focus is given to the assessment of
mine tailings’ static liquefaction susceptibility. Bedin et al.
(2012) studied the behavior of a gold ore tailing through
conventional triaxial compression tests. Each specimen
was compacted in three layers. The results were analyzed
in the light of CSSM, and it was observed that the tendency
towards total liquefaction was only identified in specimen
subjected to low levels of confining stress. On the other hand,
intermediate levels of confinement led to the occurrence
of large deformations associated with high pore pressure
generation, but without the complete loss of the material’s
shear strength (flow instability). A tendency for grain breakage
was only noticed in tests with higher levels of confining stress.
Schnaid et al. (2013) extended this study by identifying the
state parameter (¥ ) and the small strain shear modulus ( G,)
as valid indicators of the static liquefaction susceptibility in
the gold ore tailings studied. Pereira et al. (2006) analyzed

Table 1. Categories of Iron ore tailings from Brazilian Iron Quadrangle (from Carneiro et al., 2023).

Average mass density

Category Grain size (/om’) Plasticity
Coarse tailings Silty sand 3.63 Non-plastic
Fine tailings Sandy silt 3.59 Non-plastic
Plastic tailings Silt and clay 3.97 Average plasticity index of 13.4
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Figure 1. Particle size distribution zones of iron ore tailings from
the Brazilian Iron Quadrangle, in which the pink zone covers plastic
tailings, and the blue zone encompasses coarse and fine tailings,
distinguished by the white curve (Carneiro et al., 2023).

the static liquefaction susceptibility of iron ore tailings from
different plants in the Brazilian Iron Quadrangle. The authors
verified that some tailings collapsed even at low strain levels,
which indicates the importance of incorporating this aspect into
TSF stability analyses. Besides the axial compression stress
path, recent studies have highlighted the tendency for static
liquefaction arising from non-conventional stress paths, such
as lateral extrusion and p ' reduction under constant deviatoric
stress (CSD tests). Moreover, the sample preparation method
may influence liquefaction behavior since it is difficult to
reproduce in the laboratory the same particle arrangement
found in hydraulically deposited tailings.

Several studies have addressed the interpretation of field
tests, focusing on the susceptibility to liquefaction of tailings
disposed in TSFs (Albuquerque Filho, 2004; Pirete & Gomes,
2013; Santos Junior et al., 2022). Quirino et al. (2022) and
Viana da Fonseca et al. (2022) found that the proportion of
non-plastic fines has little influence on the effective friction
angle of a sandy iron ore tailings but highly influences the
position of the CSL in the compressibility plot, e —In p’.

Esposito et al. (2002) developed a methodology for
quality control during the construction of upstream tailings
dams, with a probabilistic and observational approach, which
considers the void ratio variability along the structure built
as a hydraulic embankment and allows the evaluation of
its liquefaction potential. Cavalcante et al. (2012) created a
numerical method that represents the deposition mechanism
of hydraulically transported tailings. Studies on the effects
of earthquakes on the stability of tailings dam have also
been conducted, focusing on the particularities inherent
to Brazilian seismicity (e.g. Agurto-Detzel et al., 2016;

Ayala et al., 2020), where seismic accelerations range from
2.5% to 15% of gravity due to its position in the middle of
a tectonic plate. However, Brazil is still in an early stage
of developing studies that consider the effects of seismic
loading under TSF.

Regarding the analysis of the TSF’s stability, particularly
with respect to the consequences of static liquefaction,
the application of NM has become a prevalent approach.
NM have the benefit of making it possible to simulate the
behavior of the structure during its raisings and according to
the occurrence of various liquefaction triggers. In this sense,
NM has been routinely used in tailings dam failure back
analyses (Morgenstern et al., 2016; Arroyo & Gens, 2021).
Limit-equilibrium analyses were successfully applied to a
real case, through the accurate definition of the stratigraphy,
strength of the reservoir’s component materials, pore pressures
and shapes of the failure surfaces (Becker et al., 2023b). It
is important to note that limit equilibrium methods estimate
the ultimate stress state preceding failure without accounting
for the effects of progressive failure on the structure and
its foundation. Consequently, caution is warranted when
applying these methods to materials prone to strain-softening
prior to failure.

Given the importance of using constitutive models in NM
that adequately represent the behavior of the materials, Faria et al.
(2023) compared experimental data from a laboratory testing
campaign of an iron ore tailings from the Iron Quadrangle
with results obtained from the calibration of the Modified
Cam-Clay and NorSand constitutive models, both based on
CSSM. The NorSand model accurately predicted stress-strain
behavior and the stress paths of isotropically consolidated
drained (CID) triaxial compression tests. A similar comparison
was carried out by Coutinho et al. (2025) for isotropically
consolidated undrained (CIU) triaxial compression tests,
also for iron ore tailings, showing a good agreement between
these tests and the Norsand model (Figure 2).

Costa et al. (2024) also demonstrated the successful
application of the NorSand model to simulate the strain-
softening behavior of the material. However, they noted
the high sensitivity of the numerical simulation responses
to the parameters of the constitutive model, highlighting
the importance of accurate and reliable experimental data
for calibration.

Rogenes et al. (2025) re-simulated the B1 Dam Failure in
Brumadinho using a numerical hydromechanical flow coupling
code with two constitutive models, CASM (Arroyo & Gens,
2021) and NorSand. The authors were able to conclude that
the most important aspect related to the constitutive model
in assessing structures susceptible to static liquefaction lies
in the constitutive model’s capacity to represent the sudden
strength loss due to pore pressure generation. Even though
the NorSand model assumes an associated flow rule, the
model was able to simulate the failure conditioned by two
hypothetical triggers: dam loading and gravity increase.
However, NorSand simulations required slightly more
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Figure 2. Comparison between laboratory test results and simulation using a calibrated NorSand model (Coutinho et al., 2025).

pronounced disturbances to activate the failure mechanism
(twice the value of dam load and 1.4 times higher gravity
increase than those required to trigger the failure with the
CASM simulations).

Carvalho et al. (2024) have demonstrated that some iron
ore tailings do not follow an associated flow rule, which is
an assumption adopted by currently used CSSM constitutive
models. These aspects underscore the need for constitutive
models specifically developed to better represent tailings
behavior (non-textbook geomaterials), considering fabric,
mineralogy, particle morphology, non-associated plastic
flow rules and stress-history. In addition, considering the
current tendency towards high height filtered tailings stacks,
there is a demand for constitutive models that can accurately
simulate tailings behavior in unsaturated conditions and
with the incorporation of some particle size distribution
and morphology.

Due to the characteristics of TSFs, the development
of alternative disposal solutions has become an important
focus of research. Geosynthetics have been used in tailings

dam drainage systems (Aratijo et al., 2010) and in tailings
dewatering systems (Bittar et al., 2010). Silva et al. (2021)
were able to validate analytical and numerical methods for
predicting the behavior of geotubes used to dewater gold
ore tailings. Palmeira et al. (2010) studied the performance
of non-woven geotextiles applied as drains and filters in
tailings dams and observed that conditions encountered
in certain regions of the structure, such as in the vertical
drainage system, indicate the need for further studies and
laboratory tests to better replicate field conditions, as well
as careful assessment of the occurrence of severe clogging
and the geotextile durability.

3. Tailings dams

3.1 Introduction

Some recent tailings dam failures (Mount Polley, Cadia,
Funddo & B1 in Brumadinho) highlighted the need for a
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better understanding of the tailing’s geotechnical behavior
for safer TSF. In Brazil, the construction and operation of
upstream tailings dams has been prohibited, thus imposing
the closure of these structures (Brasil, 2019). Local country
guidelines (e.g., ANCOLD, 2019; CDA, 2013, 2019) along
with international guidelines (e.g., ICOLD, 2005; ICMM,
2020) govern TSF design and performance worldwide.

In Brazil, the main guideline to be followed for the
design of Tailings Storage Facilities is the NBR 13028
(ABNT, 2013), although international guidelines are also
adopted. However, Brazilian legislation (e.g., Brasil, 2019;
ANM, 2022) is the main driving factors for mining tailings
design and performance in Brazil.

3.2 Peak and critical state friction angles for non-
plastic tailings

Traditionally, tailings strength has been evaluated
using deterministic methods. However, given the inherent
heterogeneity of tailings, a statistical approach is more
suitable for accurately representing their behavior. The current
body of literature on the distribution of tailings strength is
both sparse and superficial, which hinders the probabilistic
analyses critical for effective risk management.

Becker et al. (2023a) investigated the probability density
functions of the peak friction angle and relative density of
sand tailings from the Germano dam reservoir in Mariana,
Brazil. Utilizing publicly available CPTu data, their study
also highlighted the significant influence of disperse plastic
layers on the strength of sand tailings.

The sand tailings from the Germano reservoir consist
primarily of silty sand, incorporating quartz, iron oxides,
hematite, and goethite. The fines consist entirely of silt. The
iron ore mining and tailings disposal processes, marked by
frequent changes in discharge points lead to the development
of a heterogeneous stratigraphy, characterized by randomly
distributed layers of plastic tailings scattered between the sand
tailings. Interpretation of CPTu data in this type of stratigraphy
is complex, since the cone tip resistance is influenced by the
material properties both ahead and behind the penetrating
cone (Treadwell, 1976). The zone of influence around the
cone in soft materials can be as small as two to three cone
diameters, whereas in stiffer materials, it can extend up to
10 to 20 cone diameters (Lunne et al., 1997). The area of
influence in sand layers also depends on their relative density
and horizontal stress state (Ahmadi et al., 2005).

To more accurately assess the heterogeneity of coarse
tailings in the characterization of the Germano reservoir, four
distinct scenarios were evaluated:

*  Scenario 1: Analysis of all measurements classified
as sand tailings (/, < 2.6, corresponding to types
5 and 6 in the Robertson (2016) soil classification
chart), without excluding any data;

*  Scenario 2: Outlier removal — measurements with

peak friction angle ( ¢}'7 ) values exceeding mean value

plus three times the standard deviation or falling
below mean value minus three times the standard
deviation were discarded, resulting in the exclusion
of approximately 0.3% of the data;

*  Scenario 3: Exclusion of measurements potentially
influenced by adjacent layers of plastic tailings — data
within the first 0.20 m and the last 0.35 m of any sand
tailings layer were discarded, following Ahmadi et al.
(2005) criteria, conservatively assuming a relative
density of 50%;

*  Scenario 4: A combination of scenarios 2 and 3 —
outliers were removed after discarding measurements
potentially influenced by the plastic tailings layers.

Two correlations were employed to estimate the peak

friction angle ( ¢;, ) from CPTu tests in this research. The first,
Equation 1, was developed by Kulhawy & Mayne (1990)
for uncemented, clean, rounded sands, based on flexible-
walled CPT calibration chamber test data, in which Q,, is
the normalized cone resistance. The second, Equation 2,
proposed by Robertson & Campanella (1983), estimates the
peak friction angle using spherical cavity expansion theory
and plasticity limit formulation, in which ¢, is the cone
resistance and o', is the effective vertical normal stress.

¢, =17.6+11logQ, 1)

4, =tan™! {0.1 + 0.3810g[o_q—"ﬂ @

vo

When both correlations are applied, for all four scenarios,
the mean peak friction angle ranged between 33° and 35°,
consistent with the peak friction angles reported for iron ore
tailings dams in the same region of Brazil (Pereira, 2005;
Consoli etal., 2023; Farenzena, 2024). The standard deviation
varied between 1.9° and 2.5°. The probability density functions
of the peak friction angle for sand tailings from the Germano
Dam’s main reservoir, as estimated through correlations with
CPTu tests, closely followed a normal distribution.

The discard of cone tip resistance measurements near
the boundaries of the sand layers, when there are interspersed,
plastic tailings layers, reduces the influence of these plastic
layers in the assessment of the sand tailings parameters. From
the data analyzed by Becker et al. (2023a), this discarding
process resulted in an approximate 1° increase in the mean
friction angle, while the standard deviation remained
unchanged. This finding underscores the importance of this
exclusion step when assessing friction angles using CPTu
data. Conversely, the removal of outliers had little to no
impact on the results.

Coutinho (2022) related both peak friction angle ( ¢1', )

and critical state friction angle (¢;s ), with the initial state
parameter y, obtained from a campaign of triaxial tests
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carried out on non-plastic tailings. Figure 3 shows the data

basis plots of ¢;, versus i/, developed by Jefferies & Been
(2015) together with seven drained triaxial tests performed

by Coutinho (2022). The peak friction angle ¢1', decreases
with the increase of the absolute values of the state parameter
¥, » with Coutinho (2022)’s data fitting well into the database.

It is also interesting to analyze the graph of the

difference (¢1.7 - ¢;S ) versus i, as shown in Figure 4. It is

clearly observed that ( ¢;, - ¢;S ) decreases with the increase
of the absolute values of /. Or, in other words, as the soil
transitions from dilating to contracting, the peak friction

angle ¢1', gets closer to the critical state friction angle ¢;S .
Jefferies & Been (2015) proposed an equation relating

¢}, and y,, (Equation 3), based on an average critical state
friction angle of 32° for quartz sands. The authors argue
that this equation is broadly applicable, regardless of grain
size and shape, fines content, or mineralogy. This equation
is plotted as a dashed green line in Figure 3 and shows a
good fit for the triaxial tests performed by Coutinho (2022).
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3

3.3 The brittleness index for non-plastic tailings

The brittleness index ( /;, ) (Bishop, 1969, 1973) relates
the peak undrained strength (S, e ) to critical state undrained
strength (S, ji; ) (Equation 4). I, is a useful parameter to
assess the potential for post-peak loss of undrained shear
strength of a material in an undrained condition. An [z,
value equal to 1 indicates a material prone to complete
liquefaction, since the s, ;;; value tends to 0.

_ Su, peak ~ Su,lig

[BU -

“

Su,peak

Coutinho (2022) evaluated the influence of the initial
state parameter on [, values for the tailings in his study, as
well as for those from the Germano Dam, reported by Telles
(2017) (Figure 5). For these tailings from the Brazilian Iron
Quadrangle, a linear correlation can be observed between
the initial state parameter and the I, . An increase in y,
leads to a higher 7, , due to an increase in the S, ., and
a decrease in S, j; .

Saar et al. (2024) highlighted the need for a case-
by-case interpretation of iron ore tailings, given that their
behavior is strongly influenced by mineralogy, morphology,
and fabric. In the sandy-silty tailings studied, partial drainage
was detected during CPTu tests, which underscores the need
for adjustments in the piezocone penetration rate when used
in non-textbook materials (Schnaid et al., 2021). Using an
inappropriate rate in some in-situ tests, such as the Vane Test,
makes data interpretation particularly complicated. In these
cases, the design parameters must be defined in consonance

@ Coutinho (2022)

@ Telles (2017)
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Figure 5. Linear correlation between initial state parameter and
brittleness index for iron quadrangle tailings (Coutinho, 2022).
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with laboratory tests data. In addition, it is important to
note that the case-by-case interpretation premise is valid
for tailings from other ore types, given that each type has
its own particular properties.

3.4 Undrained strength parameters for plastic tailings

Becker et al. (2024) analyzed the characteristics, and
the strength of iron ore plastic tailings found in a dam in
Minas Gerais state, Brazil. This material is like other plastic
tailings originating from iron ore in the same state and is
composed of a reddish mixture of silt-sized and clay-sized
particles. Clay-minerals are almost absent, and the presence
of iron oxides results in a specific gravity of particles (G, )
between 3.9 and 4.0. The plasticity index is low, ranging
between 7% and 11%. These tailings have a coefficient of
consolidation within the same range of normally consolidated
clays of similar plasticity and their permeability is also low
(k <10® m/s). After identifying and selecting only plastic
tailings and discarding results of other materials, 845 layers
of plastic tailings were found in 31 CPTu tests. These layers
presented low tip resistance, friction ratio below 2%, and high
values of positive excess pore pressure. The Soil Behavior
Classification Index (Robertson, 2009, 2016), /., exceeds
2.95, and these materials are classified as “silty clay to
clay”. It should be noted that the same layer often appears
in several tests, and the plastic tailings are sometimes found
amid layers of sand tailings. Sixty-seven field vane tests
performed near the CPTu tests allowed the estimation of
the cone factor ( N, ). A log-normal distribution was found
with a mode of 16.2, and median of 19.4. The normalized

peak undrained strength ratio (s, eq / O"I,’O) based on the

N,, median showed a lognormal distribution with mode
0f 0.159, and median of 0.207 (Figure 6). These values are
significantly lower than the peak undrained strength of the
sand tailings originated from the same iron ore, as well as
other sand tailings indicated in the literature.

A particular concern today in Brazil is the definition
of geotechnical parameters for geomechanical modeling of
upstream tailings dams undergoing de-characterization. In
this regard, data from in-situ and laboratory test campaigns
were jointly analyzed to provide an accurate interpretation
of the expected tailings behavior.

3.5 Static liquefaction trigged for lateral extrusion

Recent investigations into the TSF failures at Fundao
and Cadia have identified a significant factor contributing to
liquefaction: strain softening and associated deformations of
the underlying fine-grained soils. These deformations lead
to an increase in deviator stress (¢ ), a decrease in mean
effective stress ( p'), resulting in an increased stress ratio
(77) in the overlying loose, saturated tailings. This mechanism
was initially termed “basal extrusion” by Jefferies & Been

(2015) and was subsequently renamed “lateral extrusion”
(LE) by Morgenstern et al. (2016).

Given that the primary condition to achieve an LE
stress path is maintaining constant vertical stress, it can
be mathematically demonstrated that under axisymmetric
conditions (i.e., triaxial conditions), this stress path has a
slope of -1.5 in the deviator versus mean effective stress
space. Another crucial feature of the LE stress path is its
similarity to the constant shear drained (CSD) path. In this
path, conditions are presumed to remain largely drained until
the stress ratio (77 ) exceeds the instability stress ratio (77, )
for a specific soil state. An illustration of the LE stress path
is provided in Figure 7.

However, as suggested by Jefferies et al. (2019), due to
the significant volumetric strain observed in loose materials,
this stress path may occasionally involve small increments
of deviator stress under undrained conditions. This drained-
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Figure 6. Histogram and lognormal distribution for all layers
of plastic tailings based on the N, median, discarding CPTu
measurements taken at distances of less than 0.05 m from the sand
layers (Becker et al., 2024).
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to-undrained transition may occur in field conditions due to
extended drainage paths or minor disturbances that generate
excess pore pressure beyond the material’s dissipation capacity.

The triggering of instability under the lateral extrusion
stress path was extensively studied by Souza et al. (2024) on
silica fine sand (SFS). A series of 12 LE triaxial tests were
conducted, employing three distinct testing procedures to
investigate the instability behaviour under varied drainage
and stress path conditions. The first consisted of conventional
undrained compression (CAU) tests. In the second procedure,
the stress path was followed in a drained manner, meaning
the drainage valves were open, allowing the specimen to
drain during the entire extrusion process. The third procedure
sought to replicate the undrained increments described by
Jefferies et al. (2019). In this approach, the LE stress path
was followed while incorporating several small, undrained
increments of 5 kPa, 10 kPa, or 20 kPa of deviatoric stress,
each applied over three minutes. These increments were
followed by drained stages of equal duration, lasting three
minutes. The study by Souza et al. (2024) investigated sand
instability under three primary loading conditions: undrained
compression (CAU), fully drained lateral extrusion, and
lateral extrusion with alternating drained and undrained
stages. Rather than targeting a single state condition, the
test program for each loading scenario was designed to
encompass a range of initial state parameters, which varied
from -0.02 to +0.09.

The determination of the onset of instability in LE and
CSD tests typically involves the assessment of the strain
rate versus time graph (6 ¢, versus df). For LE tests, where
a constant vertical stress must be maintained throughout
the extrusion, the onset of instability, as determined by the
assessment of the d&, versus df plot, coincides with the
point where the equipment can no longer maintain a constant

vertical stress condition (Souza et al., 2024). An illustration
of the onset of instability during a triaxial LE test is shown
in Figure 8, which presents plots of vertical stress and axial
strain ratio over time. A noticeable change in the trend can
be observed in both graphs. In this case, the rapid increase in
axial strain ratio and the corresponding decrease in vertical
stress are attributed to the liquefaction of the specimen.

The results obtained by Souza et al. (2024) demonstrated
that during the drained LE stress path, the SFS can achieve
high values of axial strain rate at instability (between 5 and
28%/min) with negligible excess pore pressure (below 2
kPa). This supports the statements of many other authors
(Eckersley, 1990; Sasitharan et al., 1993; Skopek et al., 1994)
that excess pore pressure observed after flow liquefaction is a
consequence of the collapse and not its cause. However, the
tests with undrained increments demonstrated that even short
undrained stages during the LE stress path can significantly
reduce 7, , leading to flow liquefaction occurring much earlier
than would be predicted based on drained LE tests. Figure 9a
illustrates the stress paths followed during five instability
tests conducted by Souza et al. (2024) and the corresponding
development of excess pore pressure throughout the LE tests.
It can be observed that the alternating transitions between
undrained and drained stages cause the stress path to shift
leftward due to the positive excess pore pressure generated
during the undrained stage. Subsequently, the stress paths
(Figure 9a) shift back to the right, aligning with the original
inclination of the LE stress path, during the drained stage.
Additionally, Figure 9 shows that LE tests conducted with
the drainage valves open throughout the entire extrusion
process exhibit higher instability stress ratios compared to
tests with undrained increments and the CAU test.

Souza et al. (2024) also interpreted the results of the
instability tests using the modified state parameter approach
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Figure 8. Interpretation of the onset of instability adopted in LE tests from Souza et al. (2024): (a) Changes in vertical stress over time;
(b) Correspondent changes in axial strain rate. (reproduced from Souza et al., 2024).
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(reproduced from Souza et al., 2024).

(Chuetal., 2003). The modified state parameter values ranged
from -0.03 to +0.08. For similar modified state parameter
values, the drained lateral extrusion stress path resulted in
the highest value of 7, , followed by the CSD tests, then
the lateral extrusion with undrained/drained stages (where
smaller stress increments, dg, led to higher 7, values), and
lastly, the CAU triaxial test.

3.6 Hollow cylinder lateral extrusion tests

Souza (2023) expanded upon the findings of Souza et al.
(2024) by investigating the LE mechanism using the Hollow
Cylinder apparatus. This equipment overcomes some of
the limitations of triaxial tests by enabling the rotation of
principal stresses and allowing for independent control of the
intermediate principal stress ( o, ). By varying the parameters
of the principal stress angle (o ) and the intermediate stress
ratio (b), the tests can more accurately replicate in situ
conditions, such as those observed below slopes, where the
major principal stress is no longer aligned with the vertical
axis (Reid et al., 2022a).

Studies have shown that soils generally exhibit
reduced strength at small to medium strains as ¢ increases
(Uthayakumar & Vaid, 1998; Shibuya et al., 2003; Reid et al.,
2022b), a phenomenon known as cross-anisotropy. This
below-slope condition was simulated in the study by Souza
(2023) through a series of hollow cylinder tests conducted
on Silica Fine Sand (SFS) and Fundao Sand Tailings (FST),
employing a range of o and b values.

The rotation of the principal stresses and the control
of the intermediate stress in a hollow cylinder test are
achieved by independently adjusting the pressure applied
to the specimen’s inner bore and outer surface, as well as
the torque applied to its base. Figure 10 illustrates a hollow

cylinder specimen alongside a schematic representation of
the corresponding stress conditions.

Souza (2023) conducted 28 instability tests, comprising
9 triaxial (TX) and 19 hollow cylinder (HC) tests, with 18
tests performed on FST and 10 on SFS. The Critical State
Line (CSL) for the FST material was established using CID
and CIU tests on loose specimens. For FST, values of «
ranged between 0 and 45°, with b values set at either 0 or
0.25. Conversely, « values in the SFS tests were either 0
or 22.5°, while b was also set at either 0 or 0.25.

Souza (2023) demonstrated through hollow cylinder LE
tests on both SFS and FST materials under varying ¢ and b
values that lower instability stress ratios were obtained when
o and b were non-zero. Furthermore, as ¢ and b increased,
7, decreased, a trend also observed by Fanni et al. (2024)
in CSD tests.

Additionally, the results from Souza (2023) revealed
that volumetric strain behaviour varied based on the type of
loading applied during the extrusion stage. For both TX and
HC tests conducted under identical consolidation conditions,
the drained extrusion tests exhibited faster contraction than
those with undrained increments. This suggests that following
the LE stress path with undrained increments would result
in a looser state at the same mean effective stress, compared
to following the same path in a drained manner.

The findings presented by Souza (2023) highlight the
significance of the lateral extrusion stress path in understanding
soil instability and liquefaction mechanisms, particularly in
loose, saturated tailings. Drained LE tests demonstrated high
instability stress ratios, while undrained increments significantly
lowered 77, , confirming the sensitivity of liquefaction onset
to drainage conditions. Moreover, the hollow cylinder tests
revealed that cross-anisotropy, represented by variations in
o and b, substantially influences instability stress ratios,
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Figure 10. Hollow cylinder specimen: (a) specimen during moist tamping; (b) previous to cell closure; (c) stress conditions within the

specimen (reproduced from Fanni et al., 2022a).

offering valuable insights into in situ stress states. These
results underscore the need to account for realistic stress
paths and anisotropic conditions in geotechnical design and
failure analysis.

3.7 Assessing static liquefaction susceptibility for a
tailings dam through a hydromechanical coupled
numerical model

Numerical modeling has been an essential tool for
assessing stability and particularly the static liquefaction
susceptibility of Tailings Storage Facilities (TSFs), in which
numerous boundary conditions and scenarios capable of
leading to failure can be investigated. However, this can
only be done if the materials composing the structure are
represented by constitutive models that can simulate its real
mechanical behavior, and more specifically simulate the
liquefaction phenomenon.

There are several historical cases of TSF failure analysis
using numerical models (NM) reported in the literature (e.g.,
Zabolotnii, 2020; Jefferies et al., 2019; Morgenstern et al., 2016;
Robertson et al., 2019; Arroyo & Gens, 2021). Ledesma et al.
(2022) states that the primary liquefaction triggers considered
in this type of analysis are the rise in the phreatic surface
within the tailings, horizontal displacements at the toe of the
downstream slope and a surface load applied on the crest of
the TSF. However, there is a lack of studies on the analysis
of the conditions of TSFs in service, especially regarding
analysis of unconventional critical scenarios.

Coutinho et al. (2025) performed stability analyses of
a 77 m high Brazilian Iron Quadrangle tailings dam, using a
hydromechanical coupled Finite Element numerical model.
The study focused on assessing the tailings dam susceptibility
to static liquefaction, considering a scenario of clogging of

the internal drainage system (reducing its initial permeability
coefficient by a factor of 1000) associated with the elevation
of the phreatic surface in the impoundment. This critical
situation, although hypothetical, may occur in a deactivated
TSF because of inadequate maintenance, combined with
heavy rainfall. This series of conditions can arise in many
mining regions around the world.

The tailings dam uses a cyclone tailings disposal
process that separates the iron ore tailings into two types:
underflow and overflow tailings. The underflow material is
deposited and compacted downstream, while the overflow
is stored in the impoundment.

The triaxial tests used well recognized techniques
(Viana da Fonseca et al., 2021; Jefferies & Been, 2015;
Reid & Fanni, 2020) such as moist tamping and free ends,
as well as void ratio at the end of the test determined by the
freezing technique. Drained and undrained triaxial using
predominantly loose specimens allowed the determination
of critical state lines in the g: p' and e:Ilnp' plots, as
shown in Figure 11, with respective equations ¢ =M, p'
and e=I"—A/n p’ shown inside Figure 11.

The parameter M, (critical state friction ratio obtained
from triaxial compression) is equal to 1.19, I" (void ratio at
reference pressure of 1 kPa) is equal to 0.932, and A (slope
of the CSL) is equal to 0.023. Jefferies & Been (2015)
recommend that the parameter M used in the Norsand model
is obtained from the triaxial tests from dense specimens.
Figure 12 shows a plot of the peak stress ratio ( 77,,,,. ) against
the minimum dilatancy ( D,,;, ), the ratio between volumetric
and shear strains. As shown in Figure 12, the plot yielded
values of M =1.34 and N =0.31, the latter named Volumetric
coupling in stress dilatancy.
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dilatancy (D, . ) (Coutinho et al., 2025).
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Figure 13 presents the cross-section of the dam,
comprising a twenty-six-meter-high starter dyke built with
compacted soil, and the downstream slope raised with
compacted underflow tailings. The overflow material was

stored in the impoundment. Unlike the conventional upstream
construction model, in this structure, the lifts consist of
compacted downstream underflow tailings above the starter
dyke, which serves as the foundation for these lifts and
helps to increase the stability of the dam. The structure has
an average slope of 1V:2H, with downstream berms five
meters wide every ten meters in height, resulting in a flatter
slope of 1V:3.4H.

The underflow and overflow tailings, despite the
segregation process, presented similar grain sizes distributions.
For this reason, only the underflow material was the subject
of an experimental campaign. The tailings are non-plastic
fine silty sand, composed of 52% sand, 46% silt and 2% clay,
with D, = 0.06 mm, compatible with the range of values
reported by Carneiro et al. (2023) for mining tailings from
the Iron Quadrangle. These materials were modeled using
the NorSand constitutive model (Jefferies, 1993; Jefferies
& Been, 2015), based on the Critical State Soil Mechanics
framework. NorSand has been successfully used to simulate
the behavior of sandy and silty materials, especially at typical
stress levels observed in most TSFs (Costa et al., 2024;
Faria et al., 2024; Ghafghazi & Shuttle, 2008). Numerical
simulations have demonstrated the efficacy of the NorSand
model in addressing real-world scenarios encountered in TSF
analysis (Brien et al., 2021; Shuttle et al., 2021).

To assess the Critical State Line (CSL) and the Instability
Line (IL) of the underflow tailings, a series of 12 isotropically
consolidated drained (CID) and undrained (CIU) triaxial tests
were performed. However, for more realistic investigations,
the authors understand that a broader discussion on the K
values used in such simulations would be important, since
hydraulically disposed tailings typically present K values
lower than 1 (Rogenes et al., 2025). To circumvent this, it
is ideal to also model the construction phases of the dam as
documented in construction reports.

In addition, these triaxial tests plus eight bender elements
tests and five resonant column tests were used to calibrate
NorSand parameters. The initial void ratio of the undeflow
material was set to represent the state parameter value closer
to zero, which reflects the actual condition of the TSF based
on the results of a CPTu test campaign.

Table 2 summarizes the NorSand parameters
calibrated for the tailings. Additionally, the slope of the
instability line (77, ) is given by a stress ratio of 0.77. The
calibrated NorSand model was able to accurately replicate
the experimental results of the CIU and CID triaxial tests,
although less satisfactory agreement was observed in the case
of the specimen associated with negative state parameters.

The TSF construction simulation comprised 34 stages,
after which the 7 / M contours indicated that the areas closer
to the toe are prone to static liquefaction, especially when
saturated. Therefore, although no significant displacements
were observed in the model, the dam was in a state of high
mobilization in certain areas and may undergo drastic
deformations in the event of a trigger.
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Figure 13. Cross-section of the tailings dam (Coutinho et al., 2025).
Table 2. NorSand parameters for iron ore tailings (Coutinho et al., 2025).
. V4 G o
Material OCR ref ref M N X H, H.
(kN/m’) (MPa) ~ (MPa) 0 ¥
Underflowand =y 50 250 033 600 1000 045 134 031 400 102 346

overflow tailings

OCR - Overcosolidation ratio; Y — Specific weight of the material; V — Poisson’s ratio; Gref — Shear modulus at reference stress; O, ref — Normal reference

stress; 771 — Exponent of the reference shear modulus; )/ - Critical state friction ratio; N — Volumetric coupling in stress dilatancy; J - Dilatancy constant; H, o and

H p — Constants for adjusting the plastic hardening modulus.

The critical clogging scenario resulted in the destabilization
of the downstream toe of the slope, represented by high
n/M values and significant displacements in this area,
but without causing complete liquefaction of the entire
dam. This condition was achieved only after removing the
unstable portion of the dam toe to simulate progressive failure
(Figure 14). The NorSand model was able to satisfactorily
represent the destabilizing effect of the loss of confinement.
These results highlight the importance of recognizing the
permeability reduction of the internal drainage due to
clogging as a factor that can lead to a TSF failure. In iron ore
tailings dams, this reduction can be caused by ochre since
the iron concentration creates a propitious environment for
ferrobacterial proliferation. The results also describe the role
of loss of confinement as a trigger for static liquefaction,
which can be the last phase of a progressive rupture.

4. Filtered tailings stacks

4.1 Introduction

Filtered tailings stacks have gained increased attention
due to advancements in cost-efficient filtration methods and
growing scarcity of water in arid regions (Amoah et al.,
2018). High-density thickened and filtered tailings are

being increasingly explored as a solution to mitigate both
failure risks and the competing demands for water resources
(Fourie et al., 2022).

The mining industry has increasingly adopted filtered
tailings stacks as an alternative to conventional slurry tailings
storage due to heightened safety concerns following major
tailings dam failures. Filtered tailings, where solids content
exceeds 80%, are stacked in layers to minimize environmental
risks such as water contamination and dam collapse. While
filtered stack tailings reduce the reliance on large volumes of
water and provide greater land efficiency, they also present
challenges in achieving optimal compaction during stacking
(Davies, 2011). Compaction plays a crucial role in enhancing
the stability of filtered stack tailings facilities. Insufficient
compaction can render the structure susceptible to liquefaction
under certain stress conditions, potentially compromising the
stability of the dam (Jefferies & Been, 2015).

High production rates and the Brazilian wet climate
pose notable challenges for designers and operators when
implementing filtered tailings facilities, which can lead to
tailings saturation and increased liquefaction potential.

4.2 Influence of compaction on liquefaction potential in
filtered tailings stacks

Andrade et al. (2025) investigated the relationship
between compaction levels and the susceptibility to static
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Figure 14. (a) Isovalues of /M and (b) stress paths in nodes P2, P3, P4 and P5 after the toe break (Coutinho et al., 2025).

liquefaction in a filtered tailings stacks facility based on
results of extensive laboratory tests. The study examined the
behavior of filtered tailings, focusing on their susceptibility
to static liquefaction based on different levels of compaction.
Laboratory tests were conducted on both undisturbed and
laboratory-compacted samples from a test embankment,
shown in Figure 15, composed of three layers with varying
thicknesses: 0.60 m, 1.00 m, and 2.00 m (see Figure 15a).
These layers were compacted using non-conventional
methods, such as bulldozers and trucks, instead of traditional
compaction rollers. The undisturbed samples were collected
from these three layers. The laboratory-compacted samples

were prepared from a tailings batch collected directly from
the test embankment.

Key laboratory tests included isotropically consolidated
drained (CID), and undrained (CIU) triaxial compression
tests performed on samples from different layers of the
embankment. Figure 16 illustrates the end points of twenty
tests that reached the critical state in both the ¢: p' and
e:lnp' plots.

The g: p' plane (Figure 16a) provides the slope of
a unique CSL given by a critical state friction ratio M,
equal to 1.25, within the range observed by Torres-Cruz &
Santamarina (2020). However, the points in the e:Inp'
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Figure 15. (a) view and (b) cross-section of the test embankment
(Andrade et al., 2025).

plot do not describe a single CSL, although the samples
used in triaxial tests had similar grain size distributions,
which suggests an apparent transitional soil behavior (Coop,
2015). The power law proposed by Li & Wang (1998) was
determined for non-linear CSL (Equation 5).

' ' ! ¢
€es :e(),ref - (p /pref) (5)

where e, is the void ratio in the critical state, the reference

effective stress ( p;ef ) adopted (100 kPa) and initial reference
void ratio ( €y . ), Adjustment parameter for nonlinear CSL
inthe e:In p' plot ( 1") and the adjustment parameters for
nonlinear CSL in the e:1n p' plot (&). Thus, three CSLs
were determined (Figure 16b), each representing the material
at 75%, 85% and 95% DC, respectively.
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Andrade et al. (2025) identified that samples with
degrees of compaction below 90% exhibited a significant
reduction in undrained shear strength, making them prone
to liquefaction. In-situ measurements showed that the
middle and top layers, which had greater thicknesses,
had lower degrees of compaction compared to the bottom
layer, being more vulnerable to liquefaction. In this regard,
thicker layers, while beneficial for productivity, adversely
affected compaction efficiency, since they are related to lower
degrees of compaction, which in turn increased the tailings’
contractive tendencies under undrained conditions. It is
important to point out that the susceptibility to liquefaction
also depends on the degree of saturation of the tailings
(Wang et al., 2024).

Instability lines (ILs) were established, illustrating
the relationship between compaction and the tendency
to liquefy, as shown in Figure 17. The instability lines
demonstrate how compaction levels affect the tailings’
behavior. The slope of the instability lines decreased with
lower compaction, indicating that these samples were
more prone to liquefaction. The study found that samples
with a degree of compaction below 85% had the highest
susceptibility to liquefaction specifically under low confining
stresses. The 75, was also used to quantify the extent of
shear strength loss in undrained conditions. Samples with
low compaction and low confining pressures were the most
susceptible to significant reductions in shear strength. This

highlights the importance of achieving optimal compaction
to prevent liquefaction (Lade & Yamamuro, 2011) and
lesser runout in case of breach.

The results of this study provide key insights into the
compaction behavior of filtered tailings, emphasizing the
critical role that proper compaction plays in maintaining the
stability of tailings facilities. Compaction directly influences
the tailings’ geotechnical behavior, and failure to meet optimal
compaction levels can result in liquefaction risks, particularly
in the upper layers of the stack where compaction tends to
be lower. These results align with previous studies that also
demonstrated that compaction reduces the susceptibility of
tailings to liquefaction (Jefferies & Been, 2015; Lade &
Yamamuro, 2011).

The study provides evidence that inadequate compaction
of filtered tailings stack facilities significantly increases the risk
of liquefaction. Even though filtered tailings stack facilities are
considered safer than traditional tailings dams, their stability
depends on achieving sufficient compaction. Samples with
less than 90% compaction exhibited contractive behavior
and a substantial loss of undrained shear strength. This work
emphasizes the importance of stringent compaction control
in filtered tailings stacks construction. More understanding
is needed regarding the behavior of filtered tailings stacks
under different compaction conditions, and future research
should focus on developing improved methods for achieving
uniform compaction.
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Figure 17. Instability Lines Based on Degree of Compaction (Andrade et al., 2025).
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4.3 Static liquefaction susceptibility analysis of a rare
earth filtered tailings stack

In the context of energy transition scenario, rare earth
elements (REEs), a group of elements that includes the
lanthanide metals along with scandium and yttrium, play
an important role as raw materials for industry, as REE
oxides and metals are associated with applications such
as superconductors, miniaturized magnets, catalysts used
in refining various products, and components for hybrid
vehicles (Lucy, 2015).

Oliveira (2025) studied the key aspects of a REE tailings
stack structure, along with a geotechnical characterization
of the tailings material and an interpretation of both drained
and undrained triaxial tests in the light of the Critical State
Soil Mechanics (CSSM).

The rare earth elements at the site are found within
ionic clay deposits. The weak bond between the REE and the
clay particles facilitates ion exchange using salt, enabling an
extraction process involving screening, leaching, precipitation,
and filtration. As a result of the initial screening, two distinct
types of tailings are produced:

* Undersize: Finer tailings generated during the
screening stage, representing 65% of the tailings and
subsequently processed through filtration;

*  Oversize: Coarser tailings retained during the sieving
process.

Since the stack is predominantly composed of undersize
tailings, this study focuses on the geomechanical behavior
of this material.

The filtered tailings stack in this case study is in
the central-western region of Brazil. The construction is
planned to occur over six years by the downstream method
(Figure 18), reaching a maximum height of approximately
90 meters. The construction will be divided into two zones
based on the local rainfall regime. The annual precipitation
in the region is approximately 1,500 mm, distributed, mainly,
between the months of October and March.

FILTER
N\

The undersize from the pilot plant underwent an
extensive laboratory campaign aimed at characterizing the
material and determining its geomechanical properties. This
characterization included tests to assess grain size distribution,
Atterberg limits, specific gravity, and mineralogy.

Both isotropically consolidated drained (CID) and
consolidated undrained (CIU) triaxial tests were conducted
with effective confining stresses in the range 100 kPa to 2,200
kPa on samples that were moist tamped to achieve maximum
dry densities between 85% and 100% of the Standard Proctor,
representing the expected in-situ conditions in different zones
of'the stack. The results of the triaxial tests were screened to
select those that achieved the critical state condition. Of the
40 triaxial tests conducted, only 11 were found suitable for
this study. The main data from these tests are summarized in
Table 3. Further details regarding the critical state condition
will be discussed later on.

The triaxial tests were performed in commercial
laboratories, where specimen saturation was achieved through
backpressure application and CO, percolation, resulting
in a minimum Skempton B parameter of 0.95. A freezing
technique was used at the end of the shearing to determine
the final void ratio. Enlarged and lubricated bases were not
utilized in the testing procedures.

The undersize is classified as a non-plastic silty sand
(ML), with a specific gravity ( G, ) of 2.70. Sub-samples were
analyzed using X-ray diffraction (XRD) with the reference
intensity ratio (RIR) method for mineral assessment. The
undersize is composed of kaolinite (60%), feldspar (15%),
mica (14%), and quartz (11%).

Figure 19 compares the grain size distribution of the
tailings studied in this work with those reported in Brazilian
literature. Unlike other tailings, the undersize shows a well-
graded distribution with higher proportions of medium and
coarse sand.

The specific gravity found in this study is significantly
lower than that of other tailings evaluated. This variation and
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Figure 18. Schematic cross-section of the filtered tailings stack (Oliveira, 2025).
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Table 3. Summary of triaxial compression tests data of the undersize tailings (Oliveira, 2025).

'

Py
ID Type DC e e
(kPa) mold 0. Yo
1U CID 85% 100 0.939 0.806 0.09
2U CIU 300 0.944 0.719 0.11
3U CID 90% 300 0.831 0.737 0.13
4U CIU 300 0.826 0.700 0.09
5U CID 1200 0.835 0.608 0.13
6U CID 95% 100 0.745 0.672 -0.05
70 CIU 100 0.749 -0.03
8U CIU 1200 0.752 0.491 0.02
U CID 100% 600 0.654 0.626 0.09
10U CIU 100 0.661 0.612 -0.10
11U CIU 2200 0.656 0.362 -0.05
100 -
a0
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0 —e— Gold (Nierwinski, 2019)
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Figure 19. Grain size distribution of rare earth tailings in comparison with different tailings on literature (Oliveira, 2025).

the observed values can be primarily attributed to mineralogy,
particularly its low iron content. The mica content is also
significant.

The drained tests on the undersize tailings, represented
by dashed lines in Figure 20, exhibited contractive behavior,
characterized by volume reduction during shearing. Samples
6U and 9U displayed a slight peak in deviatoric stress at
approximately 10% axial strain, followed by a decrease in
strength at higher strains. Notably, these samples did not
exhibit volumetric expansion, which is typically associated
with peak strength in dense soils under drained conditions.
In the undrained tests, represented by continuous lines, most

samples demonstrated positive excess pore pressures and
contractive behavior. An exception was observed in the
10U sample, which, being initially dense and subjected
to low confining stresses, exhibited initial contraction
followed by dilation. To enhance clarity, the results have
been stress-normalized due to the wide range of confining
stresses tested.

The CSLin the (e:1n p') plane was defined based on
the final void ratio (e, ) and the mean effective stress ( P;s )
of the triaxial tests in which the critical state was reached.
The logarithmic relationship (Equation 6) provided the best
fit for the data points.
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e=[-Alnp' (6)

A unique CSL was defined as fitted undersize tailings
regardless of their initial void ratio and compaction’s energy,
as shown in Figure 20b. The CSL parameters are ,, =0.098
and  =1.17.Inthe g : p' plot, the CSL resulted in a ratio
of (g, / p;'s )=1.16, corresponding to a critical state friction
angle of ¢, =29°.

The initial state parameter () was calculated (Table 3)
based on the CSL. Negative i, values, which indicate a
tendency for dilative behavior, were observed exclusively
in specimens initially compacted with an energy level equal
to or greater than 95% of the Standard Proctor. ¥ ranged
from 0.09 to 0.11 for the specimens compacted DC = 85%,
and from —0.04 to 0.02 in denser specimens compacted at
DC =95%.

Triaxial tests revealed predominantly contractive behavior,
characterized by volume reduction and the generation of
positive pore pressures during shear. Despite this, the material
exhibited low brittleness, and no liquefaction was observed,

1,8
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even in specimens with low degrees of compaction subjected
to high confining stresses. This behavior may be associated
with the high mica content in the tailings, a factor that will
be thoroughly investigated in future studies. These tailings
also demonstrate remarkably high compressibility for silty
sand. At a 90% degree of compaction (DC), for instance,
they exhibit more than three times the compressibility of the
well-documented sand tailings from the Fundao dam, when
evaluated at similar void ratios and within a comparable
stress range. This high compressibility results in significant
volume reduction during consolidation, leading to a lower
void ratio prior to shearing and limiting strength loss during
undrained loading.

The results of the triaxial tests indicate that the filtered
tailings stack of rare earth under investigation are, apparently,
not susceptible to liquefaction. The scarcity of studies on rare
earth tailings and their geotechnical properties in the existing
literature underscores the significance of this work, while
simultaneously limiting opportunities for direct comparison.
Further field and laboratory investigations under realistic
conditions of compaction, loading, and in-situ drainage are
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Figure 20. Triaxial tests results: (a) 77 versus axial strain and (b) critical state line (Oliveira, 2025).
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essential to achieve a more comprehensive understanding
of this rare earth filtered stack behavior.

4.4 Filtered stacking disposal

Given the hundreds of meters height expected for this
TSF type, several studies have focused on the behavior of
tailings under very high-stress levels (Delgado et al., 2023;
Wagner et al., 2024b; Consoli et al., 2024a; Silva et al., 2023,
2024). For high-stress levels, eventually, it was possible to
verify an increase in the non-linearity of CSL in the e — log
p’ plane, which may be associated with particle breakage or
with a relevant morphological particles’ evolution (Figure 21a)
(Schnaid et al., 2013; Soares & Viana da Fonseca, 2016). Other
authors have also observed transitional behavior, characterized
by non-unique (straight or curved) CSL (Figure 21b), their
locations being highly dependent on the ¢, (Velten et al.,
2024) mainly for mixed grading and structured soils and less
common for mining tailings. A more detailed investigation
at the microstructural level (at particles level) can contribute
to the understanding both the non-linearity of CSL and the
possible transitional behavior.

Viana da Fonseca et al. (2022) showed a relevant
non-linearity of CSL in the e — log p’ plane at higher stress
levels for the iron ore tailings from Brumadinho reservoir.
This non-linearity was related by the authors to the material
grading changes by morphological particles’ evolution. This
evolution behavior was verified for initial mean effective
stress higher than 800 kPa.

The CSL slope changes at higher stress level, associated
with increased grain angularity have also been reported by
Soares & Viana da Fonseca (2016). Further research, by
quantification of morphological changes during laboratory

Stable state

Flow instability

or
compliance in the lab

e=T—XAlnp .
---e=A— B(p'/100)¢

tests and discrete element method (DEM) simulations, could
help to validate this stress-strain behavior at macro-scale.
Delgado et al. (2023) have highlighted, through
drained triaxial tests on sandy-silty iron ore tailings from
Brazilian Iron Quadrangle region, that from about 3.200
kPa of mean effective stress, some relevant level of particle
breakage appears to occur during shearing. This particle
breakage under high stress levels increases the fines content,
consequently, changing the grain size distribution of the
material. Oliveira et al. (2025) observed that the fines
introduction conditioned a downward translation in the CSL
in the e—p’ plane. Wagner et al. (2024a) observed that,
when fines content exceeds a certain limit, the fines begin
to regulate the mechanical behavior of the material, and the
CSL can assume a position in the e—p’ plane superior to
its original position (before the fines introduction).
Consoli etal. (2023), aiming to generalize the behavior
of the sandy-silty iron ore tailings from Brazilian Iron
Quadrangle region, showed, after drained triaxial tests under
mean effective stresses up to 120 MPa, that particle breakage
caused by high-stress levels exerts an important influence
on the mechanical behavior, evidenced by the curvature
of the CSL in the v—In p' plane. The authors proposed
an equation with five parameters, which describes a curve
as an ‘inverted S’ shape (Figure 22), as an alternative to
representing the CSLinthe v—In p' plane. In this equation,
v, 18 the limiting (maximum specific volume at critical state
that the material could achieve) specific volume; v, is the
inferior asymptote, related to the minimum specific volume
that the material could achieve; C;, C,, and C; are fitted
to match laboratory test results that for the silty sandy iron
ore tailings studied by the authors are respectively: -0.974,
-0.074, and 2.126. The parameter p ', is herein assumed

Conventional soils

log p’

log p’

Figure 21. Schematic illustration of (a) non-linearity of CSL and (b) the transitional soil behaviour (modified from Viana da Fonseca et al.,

2021).
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Figure 23. Scanning Electron Microscopy image at 500x magnification
of iron ore tailings after triaxial testing with a confining stress of
3 MPa (Mafessoli et al., 2023).

as 10 MPa. This ‘S-shaped’ CSL proved to be equally
favorable for analyzing the critical state behavior of lightly
cemented compacted iron ore under high confining pressures,
facilitating its incorporation in modeling to predict their
mechanical behavior (Consoli et al., 2024b). Nevertheless,
it is emphasized that such a model based on ‘inverted S’
shape CSL is not yet a consensus and should be evaluated
with caution, as it can be influenced by spurious localized
rupture structures (shear bands).

Also, regarding filtered tailings stacks, Nadai et al.
(2023) addressed aspects related to the dynamics of water
flow inside these structures, particularly the concerns about

the formation of saturated regions due to capillarity, including
those due to local climatic conditions. It was observed that
studying the hydraulic characteristics of mixtures between
plastic and coarse tailings is a way of increasing the efficiency
of stack designs. Jesus et al. (2023) studied the characteristics
of mining tailings in the unsaturated condition, using the
model proposed by Vilar (2006). According to these authors,
the model was suitable for determining the failure envelope
of an iron ore tailings from the Brazilian Iron Quadrangle
in the unsaturated condition.

Consoli et al. (2022) highlighted that stacking filtered
tailings improved with Portland cement in compacted layers
is a way of making stacks with steeper slopes feasible,
covering smaller areas, and promoting lower environmental
impacts. Mafessoli et al. (2023) showed that the voids/
cement factor proposed by Consoli et al. (2007) for natural
and artificially cemented soils is suitable for estimating the
unconfined compression strength and initial stiffness of iron
ore tailings stabilized with Portland cement. The addition of
the cementing agent increased both the mechanical strength
and stiffness of the composite material and led to a transition
from purely frictional behavior to cohesive-frictional behavior.
Meanwhile, the high stress levels to which these materials can
be subjected, especially at the base of high filtered tailings
stacks, can cause the failure of the bonds. Figure 23 shows
an example of a Portland cement-stabilized iron ore tailings
sample subjected to a triaxial test with a confining stress of
3 MPa, at which point the grains and cement bonds broke.

In addition to evaluating the use of Portland cement, other
types of cementing agents, such as alkali-activated cements,
have been considered (Bastos et al., 2016; Consoli et al., 2018;
Bruschi et al., 2022; Santos et al., 2022; Servi et al., 2022;
Caectano et al., 2023; Levandoski et al., 2023). Farenzena et al.
(2024) studied the effects of stabilizing filtered iron ore
tailings by adding an alkali-activated cement composed
of two by-products of iron ore processing, metakaolin and
sodium silicate. The formation of bonds was found to induce
cohesive-frictional behavior in the material, which contributes
to increasing mechanical strength. The authors emphasize that
alkali-activated cements, in addition to their environmental
benefits, are less expensive than conventional cementing
agents such as Portland cement and lime. Furthermore,
the stabilization of mining tailings can also be carried out
using polymers (Carneiro & Dal Toé Casagrande, 2020).
Alelvan et al. (2022a) investigated the feasibility of using
polymers to improve the characteristics of silty gold ore
tailings and demonstrated that polymers are an interesting
alternative to promote increased cohesion between grains,
to produce a composite with greater mechanical strength.

5. Concluding remarks

From an engineering standpoint, the disposal of tailings in
dams and filtered stacks presents a significant ongoing challenge
that must be addressed to manage the massive volumes of material
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produced annually by mining operations. Among the largest earth
structures in the world, Tailings Storage Facilities (TSFs) have
received intense regulatory examination following recent global
failures, prompting scientific research advancements, collection
of datasets, and investigation of case studies to enhance our
understanding of their design and performance.

Some of the recent contributions from Brazilian research
groups are addressed in this paper. Considering the primary
concern surrounding liquefaction dam failures, focus has
been directed towards assessing constitutive parameters from
laboratory tests such as triaxial and hollow cylinder in both
compression and extension. Additionally, a critical evaluation
is provided on modelling the strain softening behaviour in
non-plastic tailings under various loading conditions. The
strength of plastic tailings was evaluated, with particular
emphasis on their low undrained strength ratio, in comparison
to non-plastic tailings. A final word of caution goes towards the
indiscriminate use of moist tamped specimens to investigate the
hydraulic-placed soils such as tailings. Recent studies (Hight,
2013) show that moist tamping may result in non-uniform void
distribution with the exaggerated presence of macro-voids,
leading also to large collapse potential.

Recently, filtered stacks are increasingly viewed as
a preferable option for tailings storage for several reasons,
including their stability and structural integrity combined to
the lower risk of catastrophic failure. However, the design
of filtered stacks presents several challenges, including
the variability of tailings, their transitional behavior, the
susceptibility to liquefaction of undercompacted materials,
and the effects of particle breakage, among other factors
described in the paper. This paper has highlighted several
aspects related to the behavior of tailings, including the
prediction of their properties and the related to modeling
and design challenges.
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List of symbols and abbreviations

b Intermediate stress ratio

e Void ratio

e Post-consolidation void ratio

€.  Reference void ratio

e, Critical state void ratio

k Permeability coefficient

m Exponent of the reference shear modulus
p' Mean effective stress

p;) Consolidation mean effective stress

p'cs Mean effective stress at the critical state
p,',ef Reference mean effective stress

q Deviator stress

q, Corrected cone resistance

Sy lig Liquified undrained strength

S, peak  Peak undrained strength

t Time

CASM Clay and Sand Model

CAU  Consolidated anisotropically undrained
CID Consolidated isotropically drained

CIU Consolidated isotropically undrained
CPTu  Cone penetration test with pore pressure measurement
CSD  Constant Shear Drained

CSL Critical State Line
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CSSM  Critical State Soil Mechanics

D,;,  Minimum dilatancy

DC Degree of compaction

FST Fundao sand tailings

G, Small strain shear modulus

G,ef Shear modulus at reference stress

G, Specific gravity of particles

H Plastic hardening modulus

H, Constant for adjusting the plastic hardening modulus
H, Constant for adjusting the plastic hardening modulus

HC Hollow cylinder test

Isy Brittleness index

1, Soil Behavior Classification index

L Instability line

LE Lateral extrusion

M Critical state friction ratio

M, Critical state friction ratio obtained from triaxial
compression

N Volumetric coupling in stress dilatancy
Ny Cone factor

O, Normalized cone tip resistance

REE  Rare earth elements

SFS Silica fine sands

TDF  Tailings Disposal Facilities

TSF Tailings Storage Facility

TX Triaxial test

XRD  X-ray diffraction

a Principal stress angle

¥ Unit weight

o0&, Axial strain increment

ot Time increment

&, Axial strain rate

n Stress ratio ¢/ p'

ny Instability Line slope

M  Peak stress ratio

y) Slope of the CSL in the e:In p’ plot
1% Poisson’s ratio

o, Intermediate principal stress
Oref Normal reference stress

o Effective vertical normal stress
% Dilatancy constant

174 State p arameter

¥ Initial state parameter

r Void ratio at reference pressure of 1 kPa
¢L',S Critical state friction angle

¢;, Peak friction angle
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