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ABSTRACT: This paper presents a case study for an innovative iron ore tailings storage facility in Minas Gerais - Brazil, combining
zones of compacted filtered tailings, compacted waste and conventionally disposed waste. The Alegria Sul Tailings and Waste Stack
is currently being operated at a disposal rate of up to 4Mt/year, with a total estimated height of 180m, which were nearly unprecedented
in Brazil when construction started, in 2020. This case study presents the geotechnical challenges and solutions associated with the
project throughout investigation, design and construction activities, including the evaluation of undocumented and uncontrolled
previous mining disposal within the foundation of the stack; design of internal drainage systems to deal with seepage originating from
natural springs and at the stack itself; compaction methods and quality control for the granular tailings and waste material; and the use
of extensive monitoring and numerical modelling to evaluate, control and eventually mitigate excess pore pressure generation and
deformations. This extensive monitoring and control proved to be necessary, leading to successful disposal.
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1 INTRODUCTION

After two important tailings dam failures, Funddo and
Brumadinho (Morgenstern et. al, 2016; Robertson et al, 2019;
Arroyo et al, 2021), the design and construction of tailings
storage facilities in Brazil has undergone significant reviews
and alternative disposal methods are being used. Many mining
companies are resorting to compacted filtered tailings stacks,
following advances in the filtering processes, allowing for
greater disposal rates (Leonida, 2020).

The filtering process reduces the water content of the
tailings, allowing for their compaction and the construction of
self-supporting stacks with mining or earthworks vehicles and
equipment, including compaction rollers (Burden and Wilson
2023; Davies, 2011).

This context is allowing the development of increasingly
higher and larger filtered tailings stacks, with greater disposal
rates, for which there is relatively small knowledge, experience
and field confirmation (Crystal et al, 2018), highlighting the
relevance of properly documenting case studies for these
structures.

This paper presents the case study of the Alegria Sul
tailings and waste stack being constructed by Samarco S.A. in
the state of Minas Gerais, southeast of Brazil.

2 PROJECT OVERVIEW

Samarco S.A. produced around 10 Mt/year of iron ore in 2024
from its Germano iron ore open pit Alegria mine in Mariana,
Minas Gerais. These numbers follow a long recovery period,
since the production of iron ore was stalled in 2015, after the
Fundao dam failure, during which the Alegria Sul tailings and
waste stack played an important role.

When Samarco's production restarted, tailings disposal
strategy was drastically changed: the fines portion of the
tailings (“slimes”), approximately 20% of the total weigth are
separated through a desliming circuit and deposited in the
existing Alegria South extinguished open pit.

The main part of the tailings are flotation tailings, which
are being filtered using vacuum disc filters and disposed in the
stack. The filtering technology has been used by Samarco in its
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pelletizing plant for over 30 years and is therefore a well-known
and controlled technology. Figure 1 presents a typical cross
section of the final planned geometry of the Alegria Sul tailings
and waste stack.

The disposal rate in the dry stack is around 4 Mt/year and
total height of it will be around 180 m. Construction of the stack
started in December 2020 and is planned to be finished in 2028;
7.7Mt of tailings have been disposed so far, and the stack
currently reached approximately elevation 1071m (May 2025).

[ -convencional Waste [ - Existing Waste Deposit

I - compacted Waste [ - Residual soi

l:l - Filtered Tailings - -g;asrstzli\l/ye/Phyllite

- - Tailings Blend -g::;\z\;lye/?hyllile
Figure 1. Typical cross section of the Alegria Sul Tailings and Waste
Stack.

3 GEOTECHNICAL BACKGROUND

The Alegria compacted filtered tailings stack is being built in a
locally typical non-greenfield area. Its foundation partially sits
on an existing mine stripping waste soil, which is founded on
local saprolites and metamorphic rocks, phyllite, itabirite and
quartzite.

During the early construction stages of the filtered tailings
stack, an old sediment retention pond containing soft and
saturated sediments was identified in an area previously
covered by vegetation. In situ testing showed variable
undrained shear strength but values of as low as 20 kPa were
measured. Further testing and numerical modelling led to the
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decision to fully remove this deposit, to avoid possible future
performance issues.

The remaining talwegs in the footprint of the planned stack
were levelled to a certain elevation with mildly compacted
waste fill (minimum of 92% of the Standard Proctor) to allow
the use of mining trucks in the tailings stack construction.

3.1  Existing Waste Deposit

The existing waste deposit covers the northern part of the
stack’s foundation, has variable thickness and consists mainly
of decomposed phyllites and itabirites (banded iron formation),
stripped from the adjacent pit. Phyllites present a silty
composition and are very friable; the itabirites have a coarser
composition but are also friable. Due to its variability,
geotechnical testing was focused on field tests, mainly SPT
(Standard Penetration Tests) and permeability tests. A database
of geotechnical parameters from other waste dumps in the Iron
Quadrangle was also considered to postulate geomechanical
parameters of the waste deposit.

The variable thickness of the deposit was mapped by
combining historical topographic records from before the
construction and results from the performed boreholes.

3.2 Tailings Type and Main Properties

Disposed tailings correspond to a silty-fine sand material
obtained from flotation processes. The slimes portion is
removed through a desliming circuit and disposed in an
extinguished open pit. As discussed ahead, currently, the
possibility of blending a small portion of slimes (6%) to the
filtered tailings is being studied and is planned for future
raisings of the stack.

Typical particle size distributions for these materials are
shown in Figure 2. Both filtered tailings and the planned
tailings blend are non-plastic materials.
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Figure 2. Grain size distribution filtered tailings and the tailings blend
with 6% of slimes

To determine the shear strength parameters of the filtered
flotation tailings, several laboratory and field tests were
performed, including test fills, followed by a critical comparison
with similar tailings (Rezende, 2013). The adopted drained
shear strength parameters were zero cohesion and friction angle
of 33°, the latter in a conservative approach. Peak and residual
undrained shear strength ratios (Su/c’vo) of, respectively, 0,24
and 0,06 were assumed as being representative.

4  DESIGN FEATURES
Specific relevant design features are discussed in this item.

4.1  Compacted Waste Levelling Platform

Due to the physical restrictions of the licensed area for the
Alegria South filtered tailings stack facility and the need to use
mining equipment, which require specific road geometries,
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design considered the construction of a levelling platform on
the talwegs, made with compacted waste borrowed from an
adjacent dump.

4.2 Compacted Waste Envelope

The stack geometry considered the use of compacted waste as
an outer protective shell, with a minimum width of 15m,
contributing with a higher erosion resistance and minimizing
infiltration. Tailings are disposed in the interior of the structure,
always compacted to the design criteria specifications.

4.3 Internal Drainage

Underdrains were built in the talwegs under the compacted
waste platform to collect foundation water. The location of the
drains was defined and adjusted in situ before and during
construction whenever springs or wet areas were noticed.

Another set of underdrains were built above the levelling
platform, in a herringbone fashion, with the goal of collecting
water from the tailings deposit and to aid the dissipation of
eventual construction excess pore pressures. Figure 3 and
Figure 4 show a plan view of the underdrains scheme and a
typical cross section of the tailing’s underdrains. A
geomembrane liner was included at the bottom to avoid
infiltration allowing the measurement of flows from the tailings
separately than those outcropping at the foundation. The
underdrains design geometry was backed up by a
hydrogeological model of the area.

§

Figure 3. Underdrains plan view (DP — foundation drains; DR —
tailings drains)

Figure 4. Tailings underdrains
4.4  Surface drainage and protection

A thorough surface drainage and protection design is
constructed as construction advances, with surface drains,
surface slipways and protective grass cover. This measure
significantly reduces the downstream sediment generation, to
values below 40 m3/ha/year.

5 CONSTRUCTION PROCEDURES AND CONTROLS

Construction of the filtered tailings stack facility started in
December 2020, after commissioning the filtering plant and



auxiliary facilities. From the filter plant, tailings are conveyed
to a stockpile, where they are loaded in mining trucks and
hauled to the disposal site.

5.1  Test Embankments

Two sets of trial embankments were carried out to evaluate the
compaction strategy in compliance with design requirements.
The first was carried out in a pilot plant, varying layer
thicknesses and number of passes of the compaction rollers. A
correlation of degree of compaction and void ratio was obtained
from these tests. The second was done when the construction
started and the main objectives were to compare the results of
the previous trial embankment, to evaluate the productivity of
rollers when compared with compaction by dozers and to test
different placement moisture contents. Test embankments
proved to be very important to direct the construction.

Figure 5 present results of the tests, where a direct
relationship between void ration and degree of compaction
could be established.
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Figure 5. Void ratio as a function of the Degree of Compaction
(Franca et al, 2023).

5.2 Tailings compaction control criteria

Even though the stack was designed so that tailings remain
mostly unsaturated, compaction was specified to ensure dilatant
behavior during shear.

At an initial stage, through triaxial testing on samples from
the first trial embankment, it was evaluated that tailings with a
degree of compaction over 95% (Standard Proctor) show
dilatant behavior.

To address the stress ranges of the stack, based on its
Critical State Line (CSL) and oedometer tests, the final
specified degree of compaction was 98%. Void ratios of the
compacted layers are also part of quality control and are
explicitly controlled and maintained below 0.66.

Figure 6 shows the CSL and oedometer tests results for
two different initial void ratios, 0,66 and 0,8 (lines identified as
OED e0=0.66 and 0.80). It can be seen that the tailings remain
below the CSL for all stress ranges foreseen throughout the
stack, if void ratio is maintained below 0,66.
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Figure 6. Compressibility, represented by oedometer test results for
two different initial void ratios (e0 = 0,66 and 0,80) versus Critical State
Line.

The results of laboratory tests and test embankments lead to
following compaction specifications: degree of compaction
(>98%), moisture content deviation (+/3%) and void ratio
(<0,66).

5.3 Compaction Cycles

The disposal follows a sequence of stages and utilizes specific
equipment to ensure adequate compaction. The process starts
with stacking the tailings at the stockpile, where a first moisture
content determination is performed. Then, tailings are
transported by 200t capacity trucks to the disposal areas,
previously marked by a topography crew, according to the
construction plan.

After unloading the trucks, tailings are spread with dozers
and graders, with topographic layer thickness control.

An important part of the compaction cycle is the
moistening of the layers. The filtering process generally results
moisture content of around 13% ~15%, close to the optimal
Standard Proctor compaction moisture content of around ~15%;
however, significant moisture content loss occurs at the
conveyor belt, at stockpile, during loading, hauling, etc. Thus,
tailings arrive at the disposal areas with moisture content at the
dry side, requiring water addition to reach their optimal
moisture content. Due to their properties, tailings may also
significantly lose moisture at the compaction area, either due to
infiltration or evaporation, so the duration of the cycle can
significantly affect water consumption.

After moisture adjustment, a second measurement of
moisture content is taken, and the compaction process is started,
applying a smooth vibratory 20-ton roller. This process
generally results in a degree of compaction of around 100%
Standard Proctor.

5.4 Quality assurance / Quality control (QA/QC)

The tailings disposal includes routine controls and
verifications of layer thickness, degree of compaction (>98%),
moisture content deviation (+/3%) and void ratio (<0,66)
including solids specific gravity tests for every layer or 5.000
m? of disposed material.

In addition to the routine testing for each compaction layer
complementary geotechnical testing is also carried out,
including disturbed sampling for tailings characterization and
Standard Proctor tests (every 200,000m?); as well as
undisturbed block sampling for laboratory tests (triaxial,
oedometric compression, direct simple shear) and CPTu (every
1,000,000m3).

Five rainy seasons have already been faced with no
significant problems, due to the high permeability of the tailings



(around 10°m/s). Design criteria and guidelines are being
consistently met.

The average compacted layer thickness of the tailings is
0.76 m, with a standard deviation of 0.066m; average
compacted waste thickness is 0.78m with a standard deviation
of 0.018m (data from December 2020 to May 2025). Tailings
and waste are not simultaneously compacted, and usually the
compacted waste envelope layers are built ahead of the tailings
embankment, to protect the stack from erosion.

Degrees of compaction and associated moisture content
deviation records for 2024 and 2025 are shown in Figure 7 and
Figure 8; the associated void ratios are presented in Figure 9.
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Figure 7. Degree of compaction records 2024-25.
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Figure 8. Moisture content deviation records 2024-25.
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Figure 9. Void ratio control records 2024-25. Where to high void
ratios were measured, layers were re-compacted.

6 MONITORING

The designed instrumentation is being installed as the
construction proceeds; instrumentation is automated and
controlled from a Geotechnical Monitoring Center.

As of May 2025, 84 vibrating wire piezometers, 10 water
level indicators, 6 inclinometers, 4 magnetic extensometers, 21
prisms for remote sensing, 3 load cells and 11 flow
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measurement  devices have already been installed.
Displacements are also measured by satellite interferometry
(InSAR).

Monitoring records do not show readings with any
significative variation that would lead to interpret reduction of
stability, through excess porepressures and/or displacements.
As shown hereafter monitoring is also applied to aid, verify,
calibrate and evaluate numerical modeling results and analysis.

Field inspections are done weekly by the geotechnical
staff, and once a month with the Engineer of Record.

7 NUMERICAL MODELLING

Since the design stages of the project and throughout
construction, numerical modelling was applied as an auxiliary
tool to aid and inform management and technical decisions.

Numerical models have been developed for 3 key bi-
dimensional cross sections, and a tri-dimensional model has
also been developed for the northern portion of the stack. The
models are periodically updated and calibrated as additional
geotechnical testing and monitoring becomes available, as
design and construction directives evolve — e.g. disposal rates,
adjustments to waste and tailings zoning — and as new
evaluations become relevant in the project.

Figure 10 illustrates the finite element mesh of the latest
developed 3D model.

Existing Waste
Deposit

Figure 10. Finite elements mesh for the 3d model.

7.1

General Hypotheses

The models were aimed specifically at evaluating and providing
insight on the possibility of excess porepressure buildup due to
the stack raisings and associated plastifications, as well as
general estimation of displacements and deformations. The
analyses consisted of sequential elastoplastic equilibrium and
consolidation calculations simulating the stack construction
according to as built records and production plans.

The evaluation of unsaturated flow and its impacts within
high filtered tailings stacks is an ongoing research topic (e.g.
Nadai et al, 2023; Oldecop et al, 2017). Due to the innovative
nature of the project and specific practical goals of the analysis,
a conservative approach has been pursued for modelling.
Excess porepressure due to raisings was uncoupled from
porepressure due to “natural” groundwater flow (hydrogeology,
rainfall infiltration, etc.), assumed to be steady state and defined
based on maximum instrumentation readings. All materials,
including those above water level, were assumed to be saturated
with regards to excess porepressure buildup and dissipation
computations.

As previously discussed, compaction control was specified
to ensure dilative behavior throughout construction; thus, the
absence of strain softening was assumed as an input for the
constitutive model. Filtered tailings, compacted waste,
conventional waste and the existing waste deposit were
modelled with the Hardening Soils model (Duncan & Chang,



1970; Schanz et al, 1999). Parameters were calibrated to
flooded oedometer and saturated drained isotropic triaxial tests
on undisturbed samples from QA/QC. Saturated undrained
isotropic triaxial tests were used to verify that the modelled
excess porepressure generation and undrained strength were
conservative; the hypothesis is on the safe side especially for
the compacted filtered tailings, as dilative behavior was not
modeled.
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Figure 11. Examples of constitutive model calibration fits to CID
triaxial test stress-strain behavior for tailings blend.

7.2 Main Insights and Outcomes

During design and initial construction stages results from the
numerical simulations were used to define reference values for
displacement and pore pressure monitoring interpretations and
associated action plans. Monitoring data is also compared with
model results in each update to identify possible anomalous
behavior or reassess modelling hypotheses. Results were also
used as insight to define and locate additional instruments, such
as piezometers and settlement gauges.

As rate of construction plans were subsequently updated
and additional in situ permeability tests for QA/QC became
available, the analysis results generally showed that relevant
excess porepressure buildup, above 30 kPa, within the tailings
was unlikely, even with the aforementioned conservative
modelling hypotheses. Comparison of modeling results with
piezometer readings highlighted some piezometers that may be
affected by unsaturated flow and infiltration, with periodic
oscillations that could not be related directly to rainy and/or dry
seasons. Lastly, results show that herringbone underdrains can
contribute to excess porepressure dissipation, but their efficacy
is significantly reduced as the transverse distance to their
alignment increases, thus their location has to be carefully
studied, or, alternatively, continuous draining blankets at
certain elevations has to be considered. Figure 12 illustrates
some of these results.

Excess
porepressure

‘ Transverse drain effect |

Figure 12. Example of excess porepressure buildup estimation results
for the 3D model.

Vertical displacements estimated in the model generally
show a reasonable match to instrumentation. Figure 13 shows
the comparison of monitored and computed vertical
displacements at depth for magnetic extensometers placed in a
vertical axis in the central area of the stack.
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Figure 13. Example of comparison between measured and monitored
displacements at depth for magnetic extensometers.

Settlement behavior captured by monitoring in the norther
region was also investigated with the numerical simulations.
Results highlighted the correlation of the greater settlements
with the existing softer waste deposit layer in the foundation,
which showed significant deformation, but no significant
yielding. As exemplified in Figure 14 calculated settlements
generally showed an adherent match to surface prism and
magnetic settlement gauge readings, especially considering that
the parameters were estimated from laboratory test, and not
reassessed specifically to fit monitoring data. Results also
showed a reasonable match to InSAR data for the northern
region; for the western region settlements were somewhat
overestimated, suggesting that the assumed compacted waste
stiffness parameters — which cover deformations in this portion
of the stack - may be conservative.
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Figure 14. Examples of comparison between measured and predicted
settlements for prisms fort the 3D model.

Lastly, sensitivity analysis with tailings permeability
parameters were performed to evaluate the impacts of blending
a small portion of slimes (6%) to the filtered tailings in future
raisings, showing that impact of the permeability reduction to
potential excess porepressure buildup is mild.

& CONCLUSIONS

The paper showed relevant data of an innovative filtered
tailings stack under construction in Brazil, where coarser
tailings are disposed; the finer tailings are disposed in an
abandoned open pit mine.

Original design has been continuously verified and
adjusted where necessary, supported by monitoring results and
numerical modelling.

A main concern in the construction of tailings stacks and
large fills in general is the development and buildup of excess
pressures. In the Alegria Sul Tailings and Waste Stack, due to



an efficient internal drainage system and the properties of the
tailings and waste materials, monitoring indicates excess
porepressures buildup has been small, which is compatible with
numerical modelling predictions.

Compaction control using conventional measures, degree
of compaction and moisture deviation have been used
successfully and are generally compatible with the concomitant
void ratio control for the filtered tailings; laboratory tests
showed that the tailings with degrees of compaction above 98%
and void ratios lower than 0,66 when placed show dilative
behavior, even at high confining stresses.

Significant settlements, of around 50 c¢cm have been
registered and, until end of construction in 2028, maximum
settlements of around 390 cm are foreseen at depth, largely due
to the existing waste deposit deformability.
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