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Abstract

Tailings Dams are structures constructed to store the waste of mining activities. Nonetheless,
its collapse is a recurring phenomenon, due to the lack of control and monitoring of the material
deposition and the stability conditions of the reservoir. In this context, the Brumadinho tailings
dam failure occurred in January of 2019, in Brazil, causing around 270 casualties, destroying
residential and administrative buildings, native vegetation, agricultural fields; and polluting
water resources. The damage extent of the phenomenon can be back-calculated from numerical
analyses, using rheology laws, which can describe the behavior of the flowing material. In this
thesis, it was employed the Voellmy and Bingham methodologies for modeling the runout, and
they are expressed as a function of some intrinsic parameters, such as the basal friction angle
and the turbulence coefficient, for the former, and the yield stress and plastic viscosity, for the
latter. It is important to perform a calibration of these values such that the real phenomenon is
accurately reproduced. However, if a predictive analysis is performed to analyze the potential
of failure, known values of similar events could be used and adapted to the case under study.
Using this methodology, it is possible to reproduce the path followed by the flow, the velocity
profile, and the flow depth; and to analyze who and what was affected by the runout. More
importantly, even if this study was a post-failure analysis, the techniques discussed here can be
used in a monitoring study to evaluate the hazard posed by the rupture of tailings dam and the

consequences it would cause.
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1. Introduction to Tailings Dams and Discussion about the Collapse of
Brumadinho

1.1 Tailings Dams: Construction, operation, and water influence

Tailings are formed by the waste of the ore’s mechanical and chemical processing to extract
the desired economic product from the mine resource. Their components are commonly mixed
into a slurry, which is carried by pipes (Fleurisson & Cojean, 2016), until disposal in settling
ponds, with the material retained by impoundments. However, before launching it in the
settling ponds, the water present in the material can be recovered and used in the mining
process, decreasing the demand for hydric resources and the susceptibility to accidents due to

liquefaction (Thomé & Passini, 2018).

The hydraulic separation can be done using hydrocyclones, which also enables the division of
the tailings into fine and coarse particles (more commonly sand). The excess water and the
coarse particles are launched downstream and the fine material with remaining water is

launched upstream the dyke (Figure 1) (Thomé & Passini, 2018).

upstream downstream

- \-__
Pond e \ Embankment

Cyclone \
overflow into |l
- _—

“Tailings header

Figure 1 - Hydraulic separation through hydrocyclones (Fleurisson & Cojean, 2016).

Another technique is the spigotting, where all the material is disposed upstream the dyke
(Figure 2). Due to different settling velocities, the coarse particles accumulate near the
discharge points, forming beaches that work as a retention shell (Martin, 2002), meanwhile,

the fines are carried by the water flow and deposit on the ponds (Thomé & Passini, 2018).
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Figure 2 - Spigotting technique (Adapted from Thomé & Passini, 2018).

The last method to be mentioned is the one where the disposal is done with spray-bars, and in
this technique, the main goal is to reduce the pressure of the tailings launch, and, consequently,
to decrease the dragging of the particles and to improve the hydraulic separation. For this aim,
tubes with holes along its extension are positioned longitudinally on the beach to capture the
tailings released from the main pipe and redistribute it (Thomé & Passini, 2018). The three

methods discussed above are illustrated in Figure 3.

Figure 3 - Hydraulic segregation techniques (Thomé & Passini, 2018).

Initially, only the starter dyke is constructed, and when the need for more volume capacity
takes place, the so-called heightening dykes are built (Figure 4). Different procedures can be
used for this process, according to the shift of the axis of the dam. Among them, there is the
upstream method that consists of the construction of the new dykes over the beaches formed in

the decantation after discharge, moving the crest of the dam upstream (Thomé & Passini, 2018).

Reservoir Possible failure surface

Heightened dykes

tailings

Figure 4 - Upstream Heightening dam (Fleurisson & Cojean, 2016).



In this way, the dam is built using as a foundation the tailings that settled on the beach, so the
volume of material in the construction is reduced, which decreases the cost and increases the
procedure velocity. Due to these conditions, this is one of the most used techniques for
heightening, even though the resultant safety is lower since the sediments on the beach are not
compacted. This condition may originate differential settlements and hydraulic segregation
(associated with the granulometric distribution and water flow), and, consequently, the
formation of liquefaction regions (Lima Bevilaqua, 2019). Besides that, the higher the final
height of the impoundment, the more the potential sliding surface is placed in the fine elements

of the pond, significantly decreasing the safety factor (Fleurisson & Cojean, 2016).

The dams constructed with the upstream method have a greater probability of failing, given
poor maintenance, errors in the design, and/or structural failure. Among several possible causes
of failure, the most common is due to static liquefaction, in which the material starts to behave
as a liquid, due to an applied stress (Kossoff et al., 2014). This stress causes a compression
force in the grains of tailings, reducing the volume of voids (Lima Bevilaqua, 2019), thereby
the material must be contractive. In contractive conditions, there is a reduction of the pore
volume due to the outflow of water that fills up the void spaces of granular material (Rodriguez

Pacheco, 2019).

Due to the low permeability of tailings and at undrained conditions, the water is not able to
percolate, so this compressive stress is also transmitted to the fluid, and, consequently, the pore
pressures increase (Lima Bevilaqua, 2019) (Rodriguez Pacheco, 2019). When the pore pressure
reaches a critical level and the intergranular stresses are annulled (reduction of effective
stresses), the soil behavior becomes viscous liquid (Erro! Fonte de referéncia nao

encontrada.) (Araujo & Ledezma, 2020).

Pore Grain

Water Sand

Fifective

Ihere is contact
between the soil
particles

Figure 5 - Liquefaction and the loss of adhesion among the particles due to the excessive water pore-pressure
(adapted from Araujo & Ledezma, 2020).



The liquefaction of tailings occurs when the tailings are contractive, saturated more than 80%,
and the effective stress ¢’ is null. According to Terzaghi’s principle (Equation 1), this
corresponds to the situation when the pore pressure u is equal to the total stress o (Rodriguez

Pacheco, 2019).
oc=0"+u €))
Moreover, the shear stress resistance of soils is given by Equation 2:
T=(c—u) tan® + c ()

Where 7 is the shear strength, @ is the internal friction angle and c is the cohesion. The last two
are characteristic parameters related to the type of material, and for tailings, the internal friction
angle varies from 18 to 38 and the cohesion is zero. Thus, when the pore pressure increases,
the shear strength decreases, until a value where geotechnical stability is lost, and the safety
factor is lower than one. This can be caused by a dynamic or quasi-static load, being the last
one related to excessive dam rising rate, increase in the water table due to rainfalls, injection
of water due to failures in the drainage system, among other reasons (Rodriguez Pacheco,

2019).

As mentioned above, some problems related to water may affect the stability of the system,
therefore, water control during the construction is fundamental. It is necessary to assess and
reduce as much as possible the water flow inside the dam and in the foundation. Water can
originate from the slurry and the environment, through rainfalls, run-offs coming from the
upper catchment (Fleurisson & Cojean, 2016), the underground, or from a capillary rise. The
water coming from rainfall partly infiltrates the beach and the rest flows as a surface run-off
until reaching the ponds. Also, evaporation occurs and induces the capillary rise coming from
the phreatic surface (Rodriguez Pacheco, 2019). Figure 6 summarizes the phenomena related

to water that affect the operation of tailings dam.

Barss Slurry flow and particle
bl segregation
Siafocs rmolf cracks  Infiltration/ wee
Decant pand runoff
Rain
Decant Evaporation |\ z:::
system Evaporation R

Tailings
discharge Leakage
point recovery

-2 system

| Perimeter drainage

Underground
water Phreatic

surface

Unconsolidated Capillary
material Saturated e
flow i
inilss
Consolidation Flow into
foundation
Matric Flow through
suction the dam

Figure 6 - Water control in tailing dams (Rodriguez Pacheco, 2019).
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Moreover, to avoid problems with stability due to water pore-pressure effects, the initial dyke,
which constitutes the toe of the final dam, must allow the drainage of possible seepage water
inside the system. This preventive action can be done by placing an upstream underdrainage
system under the initial dyke, and if necessary in the heightening ones, which are responsible

for the water table drawdown (Fleurisson & Cojean, 2016).

Some considerations must be given to the foundation material, which may also cause the failure
of the system. If a structurally weak material with low permeability is used, the pore-pressure
tends to increase, and then, the shear strength is reduced (Equation 2). On the other hand, if
permeability is too high, water flow can be formed making the foundation vulnerable to piping

failure (Kossoff et al., 2014).

If the drainage system is not efficient, the water flow can cause internal erosion, related to the
motion of particles and the formation of empty tubes in the ground. This situation may
contribute to collapses and lateral landslides, characterizing the above-mentioned piping (Lima
Bevilaqua, 2019). This phenomenon occurs when the erosion resistance is overcome, the soil
nature is dispersive, and the critical stress (resistance to effective stress) and critical hydraulic
load (amount of energy required to initiate the erosion due to seepage flow) are achieved

(Rodriguez Pacheco, 2019).

Moreover, it is required to assess and control the water level in the settling pond to prevent the
occurrence of water overtopping, which may cause crest erosion and dam breaching. To avoid
seepage, the level of the water table must be as low as possible from the top of the
impoundment, which is often formed by coarser material with higher permeability (Fleurisson
& Cojean, 2016). Additionally, the level of the phreatic line is an important factor for the dam
stability since the pore-pressure increases with higher levels of the water table. Failure can
occur if the width of the beach is too short and the ponds are close to the dam crest, which
increases the hydraulic gradient (Rodriguez Pacheco, 2019). Figure 7 describes the phenomena

mentioned above.

Nevertheless, in many failure cases in history, the causes were related to a combination of
factors. The previously discussed events related to water can be associated with meteorological
causes (e.g. intense rainfalls), structural problems, slope instability, bad management and

operation, among others (Rico et al., 2008).
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Figure 7 - a) Piping, b) Overtopping (Rodriguez Pacheco, 2019).

1.2 Corrego do Feijao Mine: Characterization of the tailings dam

The mine called Corrego do Feijao (Figure 8), located in Brumadinho, Minas Gerais, Brazil,
was part of a mining complex composed by the dam I and other 12 structures, currently a
property of the company Vale S.A., whose main activities were the iron ore extraction and
distribution, tailings disposal, sediments retention, water flow control and water collection (G1

Noticias, 2019).

The construction of Dam 1, for tailings disposal, was initiated in 1976 when the starter dam
was built, with a maximum height of 18 m (Lima Bevilaqua, 2019), over a rocky soil with good
bearing capacity and low permeability (Illipronti Laurino et al., 2020). The dykes resultant
from the raises have as a foundation the tailings beaches, and in the abutments, they are

supported by residual or saprolitic soil (Vale & TUV SUD, 2018).

do Feijao Mine

Dam | © . #

ar Technalogies

Google Earth

Figure 8 — Position of the Corrego do Feijdo Mine and the Dam I (Google Earth, 2018).



As the volume of production and, consequently, of tailings increased, the upstream method was
the main choice to enhance the capacity of the dam, and nine more raising lifts were added to
the structure in 14 stages, built using compacted soils or compacted tailings (Figure 9). Finally,
the last dike was constructed in 2013 and the total height of the dam reached 86 m (Lima
Bevilaqua, 2019).
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Figure 9 - Cross-section of Dam I (Schnaid et al., 2013).

Between 1976 and 2005, the disposal of the tailings was performed using the spigotting
technique, and problems occurred due to the distance between the points of material release,
which was about 100 m. In this way, the formed beach was not uniform, with regions of good
compressibility and drainage close to the release points, and worse conditions between them.
Consequently, this operation caused the formation of non-uniform disposal of the tailings, with

the presence of layers with different compaction values (Silva, 2010).

After 2006, the spigotting technique was substituted with the spray-bars (Figure 10), which
operated alternately among 3 divisions, with 3 to 4 bars each. In this way, it was expected to
form more uniform and homogeneous tailings deposits in the reservoir, providing adequate
hydraulic segregation. Moreover, the alternated operation would be able to favor the drying of
the release tailings and, consequently, their decantation, which contributes to the increase of

their resistance (Silva, 2010).

The tailings constituted of uniform fine silty sand, with, approximately, 4% of clay, 28% of
silt, 56% of fine sand, 8% of medium sand, 3% of coarse sand, and 1% of gravel. Although the
high concentration of sand, some strata presented low plasticity, with liquid limit w; < 35%
(Schnaid et al., 2013). The compaction of the material was heterogeneous, varying from soft
to compact, and the permeability coefficient was in the range of 107> a 10™* cm/s (Vale &

TUV SUD, 2018).
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Figure 10 - Tailings Disposal System (adapted from Silva, 2010).

Regarding the internal drainage of the system, there is not much information concerning the
first dykes, but the executive projects indicate the construction of blanket drains, made of sinter
feed, and longitudinal tubes, for the second and fourth heightening. For the remaining ones,
As-Built projects were consulted and, according to it, blanket drains and chimney drains were
used for the fifth to ninth heightening, constituted by sinter feed or sand, and for the last one,
only a blanket drain made of sand was installed (Vale & TUV SUD, 2018). This drainage

system can be observed in Figure 9.

For the outlet of the draining system, perforated PVC tubes were designed (raises 5, 6,7, and
8), toe drains covered by geosynthetic material (raises 9 and 10), and a cut-off trench of 2 m
(raise 8) (Vale & TUV SUD, 2018). Some of the structures mentioned above, which constituted
the drainage system, are illustrated in Figure 11. Furthermore, the superficial drainage is made

of concrete channels on the berms that direct the flow downstream.

Toe Drain

E 1 Blanket Drain

Cut-off
trench

Figure 11 - Internal drainage system (adapted from ANA - Agéncia Nacional das Aguas, 2016).

The monitoring of the dam was done through periodic reading of Sandpipe or Casagrande

piezometers, water level indicators, inclinometers, and measures of water flow. Then, the



monitoring data was compared to the previously established levels of safety: attention, alert,

and emergency (Illipronti Laurino et al., 2020).

From the year 2017, the company owning the complex decided to install deep horizontal drains
(Figure 12), after a reunion of international specialists, where it was alerted that the factor of
safety was 1.06 (CPI: Rompimento da Barragem de Brumadinho, 2019), and it was necessary
to drawdown the water table to achieve stability (Jornal Estado de Minas Gerais & Parreiras,
2019). These drains are installed in boreholes with a horizontal axis and small inclination to
allow the water flow by gravity; they are constituted by tubes and filters, which retain the
particles during the water movement. They reduce the water pore-pressure by collecting the
water from the infiltration of the water table (CPI: Rompimento da Barragem de Brumadinho,

2019).

Figure 12 - Deep Horizontal Drain (Dreno Horizontal Profundo - Drilling, n.d.).

The procedure to install the drains was, nevertheless, poorly executed and did not enhance the
safety factor of the impoundment. On the contrary, an incident occurred on June 2018, during
the installation of drain 15 (in a planned total amount of 30), when an excess of water pressure
during the drilling caused hydraulic fracturing and, consequently, pipping, when solid material
was dragged to the downstream side of the dam (CPI: Rompimento da Barragem de

Brumadinho, 2019).

Vale decided to interrupt these interventions and after looking for other solutions, they carried
out a project for deep wells, but there was no time to implement it (Jornal Estado de Minas
Gerais & Parreiras, 2019). However, in the final investigations, the incident with the drains

was disregarded as a possible contribution to the failure, as well as the drilling of new boreholes



for the installation of piezometers (BRUMADINHO ENGINEERING HISTORY — World Mine
Tailings Failures - from 1915, n.d.).

1.3 The collapse of the Brumadinho tailings dam: Possible Causes and Consequences

The tailings dam I collapsed on January 25th, 2019 at 12:28, triggering a flow with an initial
velocity close to 80 km/h, which, in seconds, reached the company installations, such as the
railway and the bays for the ore distribution and, subsequently, the administrative center with

the offices and the lunchroom for the employees (G1 NOTICIAS, 2019).

These constructions were located, approximately, 1 km downstream of the dam (CPI:
Rompimento da Barragem de Brumadinho, 2019). Residential and administrative buildings,
infrastructures, and farms were affected or destroyed, and after three hours, approximately, the
flow reached the river Paraobeba, about 9 km away, as illustrated in Figure 13 (G1 NOTICIAS,
2019). The tragedy caused between 270 and 310 casualties, dead or missing. Post-failure
studies indicate that if a warning had been released 15 minutes before the collapse, the number
of deaths would have been reduced to zero, or if released at least at the moment of the collapse,
many lives could have been saved. However, the warning system did not work (Lumbroso et

al., 2020).

Google Earth

-

Figure 13 - Damage extension of dam breaching (Google Earth, 2019).
Studies commissioned by Vale S.A. confirmed that the dam rupture was caused by static

liquefaction, releasing 75% of the volume capacity of the impoundment before the collapse,
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which corresponds to 9.7 million m?. This value was obtained via analysis of satellite images
and comparison of the volume before and after the breaching (G1, 2019). This volume was
formed by water, mud and solid material from the dam, which took about 5 minutes to leave
completely the breaching zone and the maximum mudflow discharge was of 90,000 m?/s,

according to post-failure modeling of the phenomenon (Lumbroso et al., 2020).

As stated by the report published almost one year after the collapse, some triggering factors
could have contributed to the dam instability, such as quick loading due to the heightening
construction or tailings launch, quick cyclic loading or fatigue caused by detonations,
unloading due to raising of level water or movement, internal erosion, human interaction,
localized loss of resistance due to underground source of water, loss of suction and resistance

in unsaturated zones above the water level and creep (G1, 2019).

Additionally, the technicians pointed to insufficient internal drainage of the system, which
culminated in the high water level close to the dam and the saturation of a significant part of
the tailings, which caused high shear stresses inside the dam, mainly in its toe. Concerning the
causes, there was no relation to seismic movements or explosions, which could provoke quick
loads. Moreover, it was mentioned the elevated precipitation levels during the rainy season and
the high iron content, resulting in water accumulation, heavy tailings, and cementation of the

particles, what would make them very fragile in undrained condition (HuffPost Brasil, 2019).

It was considered as a leading cause of the breaching a faulty design of the dam, whose toe had
blocked a creek that was used to drain groundwater, a fact that culminated in constant rising
water level inside the dam. Moreover, the abrupt failure can be associated with creep rupture,
triggered by even an irrelevant small strain (BRUMADINHO ENGINEERING HISTORY —
World Mine Tailings Failures - from 1915, n.d.).

Data from satellite monitoring indicated movement and deformation of the downstream side of
the dam in the analysis right before the collapse (Figure 14). These results matched with
deformations detected from a ground-based radar interferometry, located near the railway,
which pointed to a reduction of the amplitude of the reflected wave in a certain area. This could
be related to the variation of humidity or level of compaction (CPI: Rompimento da Barragem

de Brumadinho, 2019).
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Figure 14 - Satellite monitoring of the dam movement and real-time result from the ground-based radar
interferometry (CPI: Rompimento da Barragem de Brumadinho, 2019).

Some hypotheses about problems in the drainage system can be raised while observing satellite
images of the dam months before the collapse (Figure 15). The existence of superficial water
on the backside of the dam (after inactivation) can be observed, which is very close to the

rupture crest (Figure 16) (D. M. Pereira et al., 2019).

Google Earth Google Earth

Figure 15 - Satellite images showing superficial water in the reservoir, in June of 2017 and 2018, respectively
(D. M. Pereira et al., 2019).

_» Rupture Crest

Google Earth

Figure 16 - Satellite image showing the rupture crest in March of 2019 (adapted from Google Earth, 2019).
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Another study evaluated the Temperature Vegetation Dryness Index (TVDI) before and after
the collapse, using Landsat-8 data. This parameter is correlated to the soil moisture, in the way
that the lower the value of TVDI, the higher is the soil moisture, and consequently, the soil is
more likely to suffer from liquefaction. According to the analysis, the TVDI at the dam body
was relatively high, but the region close to the vegetation boundary and another about 199 m
from the dam crest had TVDI either negative or between 0 and 0.2, indicating high soil moisture

(Figure 17) (Lan et al., 2019).

Vol
Distance: 199 m

Figure 17 - TVDI distribution on January 14,2019 (Lan et al., 2019).

The same analysis was performed after the collapse, and it showed the surface, the sub-soil,
and the water in the tailings dam exposed, with a large area of negative values, confirming the
high level of soil moisture (Figure 18). Moreover, this area had no precipitation in January,
directing the attention to the insufficient drainage and the possibility of water accumulation

(Lan et al., 2019).

13



Figure 18 - TVDI distribution on January 30, 2019 (Lan et al., 2019).

A study about the dam I stability was carried out by Frederico Lopes Freire, who analyzed
aerial images of the structure. He pointed out the saturation increase due to constant natural
drainage within the impoundment, whose origin probably derives from higher elevation points
and the dense forest behind it. In Figure 19, it is possible to visualize the tailings pond, and the
arrows indicate the flow of water, drained outside the dam at the elevations 912 m and 913 m
(BRUMADINHO ENGINEERING HISTORY — World Mine Tailings Failures - from 1915,
n.d.).
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Figure 19 - Aerial images of the analysis of water influence, in July 201 1(BRUMADINHO ENGINEERING
HISTORY — World Mine Tailings Failures - from 1915, n.d.).
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Figure 20 shows the same image after some years, when the dam was already inactive. In this
context, the arrows point to the middle of the reservoir, and the water is not more collected by
the drains, causing an increase of the humidity stain. Moreover, it was noted a top alignment
deformation on the left side of the dam (indicated by the white square) (BRUMADINHO
ENGINEERING HISTORY — World Mine Tailings Failures - from 1915, n.d.).
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Figure 20 - Aerial images of the analysis of water influence, in July 2018 (BRUMADINHO ENGINEERING
HISTORY — World Mine Tailings Failures - from 1915, n.d.).

Another study was performed, in 2018, by a company hired by Vale to monitor dam I. It was
done the stability analysis of the system, and it was computed the factor of safety and the
circular slip surface, using the Limit Equilibrium Method. They analyzed some sections of the
dam, and they considered the drained and undrained conditions for the calculation. The most
critical cross-section is illustrated in Figure 21, with a red dashed line indicating its position in

the aerial image (Vale & TUV SUD, 2018).
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Figure 21 — The most critical cross-section of the dam, according to the LEM analysis (Vale & TUV SUD,
2018).
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The piezometric condition adopted was interpreted considering not only piezometers but also
the results of Piezocone Penetration Tests (CPTU) since they identified the presence of perched
water tables below lenses of fine material. Then, layers of tailings were defined, through the
verification of CPTU studies, which are illustrated in Figure 21, and each of these layers is

assigned to a different piezometric level (Vale & TUV SUD, 2018) (Bonatto, 2019).

According to the investigations conducted by the “Superintendéncia Regional do Trabalho de
Minas Gerais (SRT-MG)”, the inspectors concluded that the fine material was launched
inappropriately. This may be related to what has been discussed previously about the launching
technique consisted of the spigotting system, which resulted in non-uniform beaches. As a
result, there was an accumulation of infiltration water above deposits of fines, and due to its
low permeability, instead of infiltrating in the deepest layers of the reservoir, the water moved
towards the front part of the structure, close to the dykes. In this way, the perched water tables

were formed (Jornal Estado de Minas Gerais & Parreiras, 2019).

Regarding the geotechnical parameters, for the drained condition, they considered the unit
weight, the effective cohesion, and the effective friction angle; meanwhile, for the undrained
condition, the saturated materials subjected to liquefaction are characterized by their effective
undrained peak resistance (su/o’v0) and the remaining materials, by their effective drained
resistance (¢’, ¢”) (Vale & TUV SUD, 2018). The static slope failure occurs when the imposed
stress from the permanent loading is higher than the peak of the curve obtained from the

effective shear stress — shear strain relationship (Rodriguez Pacheco, 2019).

In the drained condition, the lower value of the factor of safety was FS=1.60, which is greater
than the minimum established by the Brazilian codes as FS=1.50. In this case, the critical slip
surface develops in the lower part of the dam (first to third raises), showing that those dykes
control the stability. Nonetheless, for the undrained situation, the critical factor of safety was
FS=1.09, the critical surface develops along the saturated tailings, involving their maximum
possible volume, and the analysis shows that the upper part of the dam is more critical (Figure

22) (Vale & TUV SUD, 2018).
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Figure 22 - Analysis of stability by LEM under undrained conditions (Vale & TUV SUD, 2018).

The ruptures of tailings dams result in severe damage in the environment and socioeconomic
relations, leading to changes in the land cover, contamination and damage of ecosystems,
casualties, and problems related to the health, welfare, and economic livelihood of the

population affected (L. F. Pereira et al., 2019).

Regarding the land cover (Figure 23), 297.28 ha were covered by the tailings, where 193
structures have been compromised, being 41% corporative, and 59% residential homes.
Furthermore, in the affected area, 51% corresponded to native vegetation (mostly preserved
and part in intermediary stages of conservation), 19% to anthropic activities, and 13% to
farming activities (Table 1). The remaining part was occupied by the dam and superficial water.
The region is composed mainly of low and flatlands, surrounding the watercourses (L. F.

Pereira et al., 2019).
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Figure 23 - The land cover of the area covered by the Tailings (adapted from L. F. Pereira et al., 2019).

Table 1 - Characterisation of the Land cover in the area covered by the tailings (based on L. F. Pereira et al.,

2019)

Type of Land Cover Area (ha) Percentage in Area (%)
Preserved Vegetation 98.18 33.0
Vegetation with human interference 19.94 6.7
Vegetation in different stages of 19.91 6.7
preservation
Swamps 12.94 4.4
Pasture 14.16 4.8
Annual Agriculture 23.30 7.8
Water 6.12 2.1
Residential 7.03 2.4
Rural Highways 1.35 0.5
Corporative Edifications 49.95 16.8
Dykes 18.33 6.2
Tailings 26.05 8.8
Total 297.26 100

In addition to affecting these areas in the Corrego do Feijao Valley, the flow reached the main
river of the region, the Paraopeba river, where it has deposited a great part of the sediments
transported, changing the streamflow and the number of sediments flowing along its path
(Andrade et al., 2019), preventing the collection and treatment of water and causing the death

of the river fishes (Romao et al., 2019).
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In the days following the rupture, the tailings caused the increase of turbidity, which culminated
in the total interruption of the use of water and the increase of particles in suspension. This
caused the reduction of the passage of sunlight for photosynthetic activities that affected the
aquatic ecosystem and contributed to the silting of the river. Moreover, the quantity of

manganese detected overcame the maximum value observed in the historic series (Soares et

al., 2019).

According to researchers from the Fundagao SOS Mata Atlantica, one year after the tragedy,
the river has still not recovered, and the water continues to be inappropriate for use, in all its
extension downstream Brumadinho. They observed several points along the river path and
noted that the tailings are concentrated in the lower Paraopeba (upper circle in Figure 24),
moreover, none of the points presented good or great quality. The ecosystem of the basin has
been altered and some species have disappeared, even if the level of oxygen was satisfactory.
Regarding this, they relate it to the intense concentration of heavy metals since the analysis
detected the presence of iron, manganese, and copper in levels above the maximum limits fixed

in legislation (Noticias UOL, 2020).
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Figure 24 - Highlighted the region of the Lower Paraobeba, where the tailings were concentrated one year after
the event, and where the tailings reached the river (adapted from D. M. Pereira et al., 2019).

To recover the conditions of the river, the company Vale created a treatment station in the
junction of the river and the Ferro-Carvao Creek, where the tailings reached Paraopeba (close

to Brumadinho, in the lower part of the map in Figure 24). Besides that, the riverbed is being
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dredged for the removal of the sediments. The researchers, previously mentioned, stated that
the turbidity in this point of intervention has decreased, but not the quantity of heavy metals

(Noticias UOL, 2020).
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2. Methodology

2.1 Triggering Analysis and the Limit Equilibrium Method

The triggering phenomenon is briefly discussed since its analysis is required in one section of
this thesis. Therefore, this part is not the main goal of the present work, and only the main

concepts used are described below.

The stability of the dam slope is studied using the Limit Equilibrium Method (LEM), which is
one of the main methods to derive the safety factor of a slope. It consists of dividing the soil
mass into some vertical or horizontal slices composing the slip surface, with constant or
variable width, and, for each of them, determine the equilibrium in terms of forces and/or

moments (Figure 25) (Agam et al., 2016).

Figure 25 - Vertical slices scheme with the acting forces (Zhu, 2008).

In Figure 25, the forces acting on the slice with a width b; and angle o; of the base are the

following (Zhu, 2008):

W;: Weight;

E; and E;: Horizontal interslice forces;
X; and X;,4: Vertical interslice forces;
N;: Normal force at the base;

T;: Shear resistance at the base;

u;: pore pressure at the base (not represented in the drawing).
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There are different approaches, given by many authors about how to define the safety factor,
however, to give a general idea, it can be mentioned the Simplified Bishop method, which says
that the safety factor is given by the ratio of total strength available on the slip surface to the
total shear strength mobilized (Agam et al., 2016). Thus, the main idea of this stability analysis

regards the relationship between resisting and soliciting forces acting on the slices.

For the Simplified Bishop method, the vertical forces equilibrium and moment equilibrium on
the center of the slip surface are satisfied, but the equilibrium of the horizontal forces is not
applied. Besides that, the vertical interslice forces are neglected. Therefore, this is a non-
rigorous method, however, it provides values of safety factor coherent with values resultant

from more rigorous methods (Zhu, 2008).

For the calculation of the safety factor, besides the equilibrium equations, the Mohr-Coulomb
failure criterion and the principle of effective stress are considered. The vertical forces and the
momentum equilibrium are better described by Zhu (2008), however, the equation for the
safety factor determination is illustrated below:

(W —uib)tan®d’; + ¢';b;]1/(cos a; + sin a; tand';)

FS =
Z?:l Wi sin ai

(6)

Where @'; is the effective internal friction angle and ¢’; is the effective cohesion.

Spencer’s method is based on Bishop’s simplified method and it considers the resultant of a
pair of interslice forces, given by Q, as described by Agam et al. (2016). Equations 7 and 8

need to be solved to obtain the safety factor:

1. Considering that the external forces are in equilibrium and the interslice shear and

normal forces are parallel:

Y=o )

2. Considering that the sum of the moments about the center of rotation is null:

Z[Qcos (x=6)]=0 (8)

Where « is the slope of base of slice and 0 is the slope of resultant Q of pair of interslice forces.

These analytical methods are used by some numerical modeling softwares to obtain the most

critical slip surface and the correspondent minimum safety factor of the slope to be analyzed.
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In this thesis, it is used the software RocScience Slide, and the procedure performed for the

analysis is described in the next section.

2.2 Analytical and Numerical Modeling of Runout and the RASH 3D

I.  Landslide Flows: Definitions and Classification

When analyzing the runout originated by a landslide, the first procedure to be done is to
perform a classification of the material and of some aspects regarding its movement. Different

terms and methods can be used for this classification, and some of them are discussed below.

Debris flow can be defined, according to Takahashi, as one type of massive subaerial sediment
motion or transportation, a phenomenon that can be motivated by gravity or fluid dynamic
forces, where in the first case, the movement is “en masse”, treated as a whole without
distinguishing its parts and in the second it behaves as an individual particle motion.
Particularly, the debris flow is characterized as a mixture of water and sediments, which flows
as a continuous fluid due to gravity, and it has large mobility in reason of the large and saturated

voids filled by water or slurry (Takahashi, 2014).

Additionally, a flow-like landslide usually is originated by a slide, after a rupture of the surface,
and it continues to move along great distances with distributed velocity profiles. Meanwhile,
the landslide source volume can be defined as the volume between the sliding surface and the
ground surface before the rupture, i.e. the first volume of material that slides and originates the

further flow (Hungr et al., 2001).

These mass movements may give rise to disasters and the magnitude of the damage can vary
regarding the characteristics of the motion. Thereby, different types of phenomena were
classified according to their destructive power, based on a standard derived from events in the

past (Table 2) (Takahashi, 2014).

Table 2 — Classification of the mass movements according to their magnitude and mobility (Takahashi, 2014)

Magnitude Arrival Equivalent friction
Phenomena Velocity (m/s)

(m?) distance (km) coefficient
Landslide 10~10° 1076~10 <0.3" > 0.5
Landslip 2 x 105 - 0.7** 0.25*
Debris flow 103~10° 20~0.5 0.2~10 0.3~0.05
Debris avalanche 107~10%° 10~10? <30 0.3~0.05
Pyroclastic flow 10*~10% 10~50 <60 0.4~0.2
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*Landslip smaller than 1.5 X 10*m?, **Las Colinas, El Salvador, 2001.

Observing Table 2, it is possible to note the higher fluidity of debris flow, debris avalanches,
and pyroclastic flows, characterized by higher velocities, greater distances reached, and smaller
equivalent friction coefficients, in comparison to landslides and landslips, which are consisted

of dry earth blocks (Takahashi, 2014).

Many other classifications and reviews have been published by different authors, including a
revision made by Hungr in 2001, who has taken as starter point the classifications of Varnes in
1978 (Table 3) and its later modification proposed by Cruden and Varnes in 1996 (Table 4).
The first one is based on the movement mechanisms and the material type, the second adds the

velocity of the movement as a key aspect (Hungr et al., 2001).

Table 3 - Varnes classification (1978) (Hungr et al., 2001)

Debris (<80%
Rate of Earth (>80% Sand
Bedrock Sand and
movement and Finer)
Finer)
Rapid and higher | Rock flow | Debris flow Wet sand and silt flow
(>1.5 m/day) (creep, slope | Debris Rapid earth flow
sagging) avalanche Loess flow
Dry sand flow
Less than rapid Solifluction Earth flow
(<1.5 m/day) Soil creep
Block stream

Table 4 - Cruden and Varnes Classification (1996) (Hungr et al., 2001)

Velocity Velocity Typical
Class Description (m/sec) Velocity

7 Extremely Rapid 5 5 m/sec
6 Very Rapid 5x 1072 |3 m/min
5 Rapid 5x107* | 1.8 m/r
4 Moderate 5x107° 13 m/month
3 Slow 5x 1078 | 1.6 m/year
2 Very Slow 5x 10719 | 16 mm/year
1 Extremely Slow
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As stated by Varnes, the material type distinction is based on the percentage content of coarse
material, where “Earth” has less than 20% of gravel and coarser clasts, with grain diameter
greater than 2 mm, and “Debris” has a higher concentration of that material type. Nonetheless,
it is not simple to apply these classifications due to the difficulty of estimating the average
grain-size distribution, as a consequence of lateral and vertical non-homogeneity, the difficulty
of access, and lack of exposures. Additionally, the coarse material content may not affect,

significantly, the mechanical behavior of the flow (Hungr et al., 2001).

Regarding these limitations, Hungr proposed a new classification, focusing on genetic concepts
and the context of each landslide, instead of a simple grain size distribution. The different
classes can be assessed by geomorphological analyses, field observations, and laboratory tests.
The materials can be grouped in different types regarding the origin and composition, and as
an example, there are the sorted anthropogenic deposits, such as mine tailings, which are related
to the texture or genetic label of the soil involved, such as sand, clay, loess or talus (Hungr et

al., 2001).

Based on Hungr and others, debris flow can be described as unsorted material with low
plasticity, which could have been produced by unsorted anthropogenic waste, such as mine
spoil, while earth flows are resultant of the process of weathering of clayey colluvium, which
if liquid or semi-liquid, can characterize a mudflow instead. Analyzing the composition of the
material in some events in the past (Figure 26), it is possible to observe some differences

between these types of flow (Hungr et al., 2001).

Debris flows, non-valcanic
Debris flows. volcanic
Earth flows

O»m

SIND

Figure 26 - Textural composition of the material in different types of flows.
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Debris flows usually contain non-plastic or weakly plastic material and less than 30% of silt
and fines, which sets it apart from earth flows, which has from 10% to 70% clay content. On
the other hand, mudflows cannot be distinguished from earth flows based on the textural
composition, but it can be in other terms like velocity and water content. Hence the importance
of considering the context of each landslide. These new types of material were joined with key
aspects for the definition of the landslide, and they were summarized in table 5 (Hungr et al.,

2001).

Table 5 - Hungr classification of landslides of the flow type (Hungr et al., 2001)

Water Special
Material Velocity Name
content' condition
-no excess o
. ) Non-liquified sand
Silt, sand, gravel, | Dry, moist or | pore pressure, . ) )
_ o Various (silt, gravel, debris)
debris (talus) saturated -limited
flow
volume
-liquefiable _ )
_ ) Saturated at _ Sand (silt, debris,
Silt, sand, debris, material,? )
rupture surface Ex. Rapid rock)
weak rock? -constant
content Flow slide
water
-liquefaction
N At or above in situ, 3 ) )
Sensitive clay o Ex. Rapid Clay flow slide
liquid limit -constant
water content*
Peat flow
-excess pore Slow to very
Peat Saturated .
pressure rapid
-slow
Near plastic movements, )
Clay or earth o < Rapid Earth flow
limit -plug flow
(sliding)

! Water content of material in the vicinity of the rupture surface at the time of failure.
2 Highly porous, weak rock (examples: weak chalk, weathered tuff, pumice).

3 The presence of full or partial in situ liquefaction of the source material of the flow slide may be observed or
implied.

4 Relative to in situ source material.

26



-established
channel,’
Debris Saturated _ Ex. Rapid Debris flow
-increased

water content

At or above -fine-grained
Mud > Very Rapid Mudflow
liquid limit debris flow
Free water
Debris -flood® Ex. Rapid Debris flood
present

-no established

channel,®
Partly or fully
Debris -relatively Ex. Rapid Debris avalanche
saturated
shallow, steep
source
_ -intact rock at
Various, _
Fragmented rock ) source, Ex. rapid Rock avalanche
mainly dry

-large volume’

II.  Numerical Models for the Runout Analysis

In reason of the potential damage caused by rapid landslides, some continuum dynamic models
have been developed to predict the hazardous area extent from a possible risk situation of a
landslide. Employing these models, it is possible to analyze the landslide runout and to obtain
useful information about the flow velocity, depth, and areal distribution of the phenomenon

(Sauthier et al., 2015).

These properties can be predicted by different numerical models, proposed by many authors.
However, they all derive from some assumptions and equations to describe the flow movement.
These equations are briefly illustrated below, and the assumptions made are discussed together

with the models’ description.

The motion can be analyzed by the equation of conservation of mass (Equation 9) and the

equation for the momentum (equation 12) (Pirulli, 2010).

5 Presence or absence of a defined channel over a large part of the path, and an established deposition landform
(fan). Debris flow is a recurrent phenomenon within its path, while debris avalanche is not.

¢ Peak Discharge of the same order as that of a major flood or an accidental flood. Significant tractive forces of
free flowing water. Presence of floating debris.

7 Volume greater than 10000 m* approximately. Mass flow, contrasting with fragmental rock fall.
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Where v; corresponds to the velocity vector in x, y, z directions, p is the mass density and:

Spv, N Spv,, N Spv,

V- (pv) = 6x 8y 6z

(10)
Due to the incompressibility of the fluid, the mass density pis constant and Equation 9
becomes:

Vv =0 (11)

Meanwhile, the equation of momentum is the following, considering gravity and pressure

forces in the fluid.

5Ui
p(E+vi-Vvi)=—V-a+pg (12)

Where o is the Cauchy stress tensor, and g is the vector of gravitational acceleration.

Considering the hypothesis of shallow water, these previous equations can be integrated in

depth to obtain the depth-averaged equations of motion (Equations 13) (Pirulli, 2010).

( Sh N 8(vzh) N §(vyh) _o
ot ox &y
S(zh)  6(vzh) 8(Tyh)\  8(Geh)
( 5t TTax T T sy )T Tax TmTeeh (3
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Where v, and v, correspond to the depth-averaged flow velocities in x, y directions, h is the
flow depth, o, and G, are the depth-averaged normal stresses, and g, and g, are the
projection of the gravity vector (Pirulli, 2010). Furthermore, 7,, and 7,, are the shear

resistance stresses, or the basal shear resistance T, which is the term related to the complex

rheology of the granular material (Pirulli, 2005).

The use of a continuum approach makes the solid-fluid mixture to be considered as a
homogeneous continuum, whose rheological properties are similar to the real behavior of the

flow (Pirulli, 2010). This is related to the assumption that the depth and length of the flowing
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mass are large compared to the dimensions of a typical particle composing the granular material

(Pirulli, 2005).

The flowing material is composed of a liquid phase, made up of water and finer grain fractions,
and a solid phase composed of coarser grain fractions. Thus, two different approaches can be
considered when modeling the flow: a two-phase model, which treats separately the solids and
the interstitial fluid, and a single-phase model (Fraccarollo & Papa, 2000), which consider the
behavior of the entire fluid-solid mixture (Pirulli et al., 2017). The single-phase model is often
used for modeling muddy debris flows, meanwhile, the two-phase model is more common to

be used for modeling granular or clay-poor debris flows (Remaitre et al., 2005).

Hungr proposed a model called Dynamic Analysis (DAN), where he substitutes the real
moving mass with an equivalent fluid (Figure 27), with similar bulk properties, such as external
shape and mean velocity. The constitutive behavior can be determined by the Back-Analysis

of a real case (Hungr, 1995).

PROTOTYPE MODEL

Figure 27 - Modelling of a flow as a homogeneous apparent fluid, with velocity profile dependent on the chosen
rheology (Hungr, 1995).

Briefly, the fluid is divided into blocks contacting each other, free to deform and represented
by a moving mesh and Lagrangian curvilinear reference frame. The forces acting on each
boundary block are the tangential component of weight, the tangential internal pressure
resultant P, and the basal flow resisting force T (Figure 28). The flow resistance term T and the
velocity-depth distribution profile depend on the rheology of the material and they are a
function of other parameters of the flow, due to the assumption that the shear stress on

tangential planes increases linearly with normal depth (Hungr, 1995).
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Figure 28 - Blocks representing the fluid and the forces acting on each block.

Besides Hungr, many authors have proposed models to study the debris flows, and more
generally, granular flows. Among those, there is the analysis made by Savage and Hutter for
the simulation of granular flows on a gentle slope, with the material considered as an
incompressible continuum. In both models, it is assumed that the density of the granular flow
is constant, the effects of sidewall and erosion are not considered, and the granular material
remains shallow during flow. As a consequence of these hypotheses, the velocity profile is
perpendicular to the flow direction and assumed to be uniform, and, the interaction between
the granular material and the bed can be described by the Coulomb Frictional Law, with

constant friction coefficient (Fei et al., 2012).

As hungr did in his DAN model, Savage and Hutter considered a system of depth-averaged
differential equations for shallow-water (Leonardi, 2015), in a one-dimensional framing and
belonging to continuum mechanics (Pirulli, 2010). The consideration of a shallow water flow
means that the flow depth is small compared to the length of the channel. The one-dimensional
models well describe the channeled flows and the contribution of shear stress on the rigid
boundary is obtained in analogy with the case of a uniform flow having the same depth and

mean velocity (Fraccarollo & Papa, 2000).

Some other hypotheses incorporated by the models are that the volume mass is volume-
preserving, cohesionless, incompressible, and both the deforming mass and the sliding basal
surface obey the Mohr-Coulomb yield criterion, characterized by internal () and bed (o)

friction angles, respectively (Pirulli, 2005).

These models well simulate the granular flow in gentle slopes, but the assumptions above
mentioned and the consideration of the uniform distribution of the grains simplify the problem
in a way that limits its applicability. Generally, granular flows are constituted by various sizes

of particles, which may lead to segregation (Fei et al., 2012), where large grains tend to move
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towards the surface and the small ones tend to accumulate in the bottom. This phenomenon
originates regions with different solid concentration, culminating in different regimes within

the flow (Leonardi, 2015).

Finally, the RASH 3D code uses a continuum mechanics approach and it is based on a single-
phase integrated solution of the Saint Venant equations considering shallow water flow, as
discussed above for the other models. Therefore, the behavior of the moving mass can be
described using the depth-averaged balance equations of mass and momentum (Equations 13)

(Sauthier et al., 2015).

Moreover, as in the DAN model from Hungr, the heterogeneous mass is replaced by an
incompressible equivalent fluid (Figure 27), and the rheology of the material is described by
the basal shear resistance T (Figure 28), developed in the interface between the moving mass
and the slide surface. However, differing from the last-mentioned models, the RASH 3D uses
an Eulerian reference frame (Sauthier et al., 2015), which is fixed in the space, contrary to the

Lagrangian, which origin is moving attached to the moving mass (Pirulli, 2005).

Even if the Lagrangian reference frame makes it possible to analyze internal strain of the
moving mass, due to stretching in the path, the Eulerian allows to have a detailed overview of
the displacement and the general behavior of the mass, and it is less computational demanding
(Pirulli, 2005). Besides that, the apparent fluid is represented by a triangular mesh, whose

behavior is analyzed using a finite volume approach (Sauthier et al., 2015).

III.  Rheological Laws to describe the behavior of the flow

After the selection of the numerical model to reproduce the phenomenon under analysis, it is

necessary to define the rheological law to describe the evolution of the flow.

The rheology considered is the key element to determine the behavior of the landslide, making
it possible to obtain its velocity, degree of longitudinal spreading, and the distribution of
deposits along the path. Each rheology is characterized by a different constitutive relationship

and some parameters (Pirulli, 2005).

The rheological parameters used in the numerical models can be previously measured and used
as an input or, they can be determined by calibration through the processes of back-analysis.
In the first case, the landslide dynamics are described by constitutive relationships, which are

a function of intrinsic properties of the material, measured by independent methods. This
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process can be extremely challenging due to the complexity or impossibility of measuring
properties during landslide runout flows, and these properties may also change along the path

(McDougall et al., 2008).

On the other hand, in the calibration-based approach, the parameters are determined by an
iterative process of trial-and-error, where the values are adjusted until the simulation can match
what occurred in full-scale prototype events. Commonly, this method uses as a reference the
travel distance, velocities, and the extent and depth of the deposits. The same constitutive

relationships of the first method can be used in the calibration process (McDougall et al., 2008).

Among the Rheologies presented by Hungr to describe the motion, three are going to be
discussed here: 1) Frictional Flow, where T is a function of the effective normal stress on the
base of the flow, exclusively; 2) Voellmy Fluid, where T is a function of the basal friction ¢
and turbulence term ¢, given in dimensions of acceleration; 3) Bingham Flow, where T is a
function of the flow depth, velocity, constant yield strength 7,, and Bingham viscosity p
(Hungr, 1995). Nonetheless, it is necessary to consider that the debris flow may change from

one regime to another during the runout (Pirulli, 2010).

Depending on the velocities and on the granulometry characterizing the flow, its nature can be
laminar or turbulent, the latter more appropriate for higher velocities and coarse-grained debris
flows or granular debris flows, influenced by grain collisions. However, this simple regime
distinguishing is not enough for describing the entire motion, and it is necessary to add a
friction term to analyze the cessation of the movement. Thus, the Frictional Rheology can be
accounted for by obtaining the value of resisting shear stress, which is dependent on the normal

stress only, and it is given by equation 3 (Pirulli, 2010).

T =(p g, h-tang) - sgn(@) fori=xy 3)

Where p is the bulk density of the material, g, is the normal projection to the slope of the
gravity acceleration, h is the height of the flowing mass, ¥, are the depth-averaged velocity in
x and y direction and ¢ is the bulk basal friction angle (Pirulli, 2010). Besides, the sgn is a
function that defines the sign of the velocity vector v, and it is related to the basal friction
angle ¢ and the angle a, representing the topography of the sliding surface (Figure 28). If tan
@ < tan a, the fluid never stops on the inclined plane and the sgn(v,) = -1; in the opposite case,

the fluid may stop and the values of the Coulomb friction law are not continuous, being
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necessary to impose some criterion depending on the force balance, when the fluid stops

(Mangeney et al., 2000).

The Voellmy rheology instead is characterized by two resistive force contributions, one related
to the shear force that is proportional to the normal force and another related to viscosity, in
which the drag is proportional to the velocity squared (Quan Luna et al., 2013). It adds to the
frictional rheology a turbulent term related to all the resistance factors influenced by velocity.
The resisting shear stress is given by equation 4 (Pirulli, 2010).
2
Qf=—0rgfh-wmp+&%i)smﬂﬁ)fwi:xw (4)

The main parameters of a Voellmy fluid are the Coulomb basal friction coefficient u, which
describes the stopping mechanism, and the turbulence coefficient £ (m/s?), which accounts for

velocity-dependent friction losses. These constants are dependent on the flow properties and

the roughness of the flow surface (Quan Luna et al., 2013) (Pirulli et al., 2017).

Schaerer suggests the following values of the turbulence coefficient according to the flow

surface and based on field observations (M. Donnelly & L. Barger, 1977):
- Smooth snow cover, no trees: 1200-1800 m/s?
- Average, open mountain slope: 500-750 m/s?
- Average gully: 400-600 m/s?
- Slope with Boulder, trees, forests: 150-300 m/s?

According to Jeyapalan et al., 1983, the majority of the studies of tailings deposits indicates
that the flow will be laminar in nature and the behavior of the liquified tailings can be described
by the Bingham rheology, which is characterized by yield stress and viscous flow
characteristics once the yielding is reached (Pirulli, 2017). In fact, rheological flows are
characterized by the dependence of viscosity on the strain rates within the fluid (Lumbroso et

al., 2020).

The Bingham fluid presents plastic and viscous behavior, which is characterized as a rigid
material below a threshold yield strength, and as viscous material above this limit value (Pirulli

et al., 2017). The parameters describing the rheology are the yield stress (z,), the minimum

shear stress to induce shearing in the fluid, and the plastic viscosity (yg), which is the
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inclination given by the curve relating the shear stress T and the shear rate y tensors (Figure

29), defined by equation 5 (Leonardi, 2015).

{y=0 fort <, )
T=Ty+ UV fort>1,

Shear stress T

~
=

Shearratey =

Figure 29 - Curve representing the Bingham model (adapted from Leonardi, 2015).

Moreover, the fluid can be classified as a function of viscosity p as Newtonian, for which
viscosity is constant, regardless of temperature and pressure values; and as Non-Newtonian,
with viscosity varying according to quantities related to shear stress (or squared velocity, these
terms are inversely proportional) and time. The latter characterizes all the rheologies discussed
previously. If the viscosity decreases as the shear strain rate increases, the fluid is Pseudo-
Plastic, if it increases, it is Dilatant. In Bingham rheology, when the yield shear strength is null,

the fluid becomes Newtonian (Figure 30) (Pirulli, 2005).

Shear stress (1) [Pa]

?Seudop]asti{:

Shear rate (y) [s1]

Figure 30 - Common rheologies for fluids.
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3. Classification of the Tailings Flow of Brumadinho Dam Collapse

The flow originated after the collapse of the tailings dam in Brumadinho can be classified using
the different methods described in section I. Each one of them can be evaluated separately, and

after, the results can be compared to achieve a final classification of the material.

3.1 Takahashi Classification (2014)

This classification is described in

Table 2, and it is based on some properties concerning the destructive power of the flow, such

as the magnitude, the velocity, the arrival distance, and the equivalent friction coefficient.
- Magnitude

The dam total capacity before the breaching was about 12 million m?, and, as stated before, the
volume release after the collapse reached 9.7 million m?®. Therefore, the magnitude of the

phenomenon is in the range of 107 m?, characterizing a debris avalanche.
- Velocity

The velocity registered in the subsequent moments after the collapse was close to 80 km/h, and
it lost pace along the path until it reached the river Paraopeba. There is no further information
published about the velocity of the runout, however, based on the range of the initial velocity
(approximately 20 m/s), the flow may be started as a debris avalanche and during the path, it

has become a debris flow or it has been a debris flow the entire phenomenon.
- Arrival distance

According to satellite images and digital maps of the extension and shape of the runout, the
travel distance was about 8.6 km along the path (white line) or about 5.7 km if crossed a straight

line (yellow line), from the position of the dam until the Paraopeba river (Figure 31).

Figure 31 - Travel distance of the tailing flow in Brumadinho.
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In this way, the arrival distance can be considered in the range of 10 km, approximately, and

then, the runout can be classified as a debris flow.
- Equivalent friction coefficient
There are no available data in the literature about the equivalent friction coefficient.

Finally, Table 6 summarizes the Takahashi classification according to the factors under

analysis.
Table 6 - Takahashi's Classification of the Brumadinho runout
Magnitude Arrival Equivalent friction
Velocity (m/s)
(m3) distance (km) coefficient
Phenomenon 107 m?: Debris Initially 20 About 9 km: -
avalanche m/sec: Debris Debris flow
avalanche or
debris flow

Thus, the runout probably started as a debris avalanche, due to the volume released
(approximately 107 m?), and the initial velocity (about 20 m/s), while along the path, it has
been altered to debris flow, according to the reduction of velocity and the arrival distance (about

10 km).

3.2 Varnes (1978) and Cruden and Varnes (1976) Classifications

These classification methods are organized in Table 3 and

Table 4, and they are related to the material and velocity of the moving mass.
- Material

This factor is analyzed based on the concentration of sand and fine material in the mass,
nonetheless, these quantities are difficult to estimate in the conditions of a landslide hazard. As
a usual composition, tailings, resultant of mining waste, are composed of mixtures of crushed
rock and fluids from the mining processes (Pirulli et al., 2017), with low permeability and

cohesionless.

Nonetheless, the geotechnical characterization of the tailings has been done some years before

the collapse, and the material was defined as a uniform fine silty sand with 99% of sand and
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fine material. In this way, the flow is in the category of Earth, with a concentration of sand and

fines higher than 80%.
- Velocity

Considering what has been discussed about velocity in the previous classification, the rate of
movement was higher than 1.5m/day, characterizing wet sand and silt flow, rapid earth flow,
loess flow, or dry sand flow. According to the latter modification proposed in 1996, the moving

mass is in the velocity class 7, classified as extremely rapid.
Afterward, Table 7 summarizes what has been discussed in this classification method.

Then, the moving mass, according to Varnes and Cruden and Varnes’s methods, can be
characterized as an extremely rapid phenomenon, which is inside the earth category regarding
the material, and not debris, as concluded by the previous classification, which did not take

into account the constitutive material of the mass.

Table 7 - Varnes, and Cruden and Varnes Classifications of the Brumadinho runout

Rate of Typical
Material
movement Velocity
Phenomenon Rapid and Wet sand and 5 m/sec —
higher silt flow extremely rapid

(>1.5m/day) Rapid earth
flow

Loess flow

Dry sand flow

3.3 Hungr Classification (2001)

Based on the classification of Varnes and Cruden and Varnes only, Hungr developed a new
one, considering new key aspects, as described in Table 5. These new factors involve genetic
concepts and the context of each phenomenon, such as material, water content, special

condition, and velocity.
- Velocity

From the previous classification, it is already known that the movement of the mass is

characterized as extremely rapid. Then, categories outside this range are excluded.
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- Water content

This key aspect does not contain specific and exact data concerning it, as well, however, the
studies pointed that the dam collapsed due to static liquefaction, a phenomenon that occurs

with a level of saturation higher than 80%. Then, the mass may be considered saturated.
- Material and special condition

Considering the information available and discussed in the previous classification, the material
may be addressed in the class containing silt, sand, debris, weak rock, which is characterized
by an extremely rapid velocity. The flow slide resultant from this material involves excess
pore-pressure or liquefaction of the landslide source, and sorted or unsorted loose man-made
fills such as mine tailings fall in this category. Even if the flow slide may be largely unsaturated
and appear dry, the liquefaction can occur in a confined thin saturated basal layer. (Hungr et

al., 2001).

Moreover, this phenomenon culminates in runouts with high velocity and long lengths even in
gentle slopes, which is a distinguishing aspect. Then, for a better analysis, it can be verified the
slope map of the terrain in the area that covers the runout (Figure 32). The slope of the terrain
is measured in degrees and it is organized in different classes, represented by graduated colors.
As can be seen, a great part of the area is covered by very flat slopes, mostly lower than 10
degrees, and with a maximum slope of 23 degrees. Even then, the runout reached almost 9 km

of the path from the dam position until it reached the Paraopeba river.
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Figure 32 - Slope map of the area that covers the runout.
The runout can also be compared to past events, in terms of the textural composition of the

material, using the Ternary diagram of Figure 26. Drawing the lines according to the material
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composition: 32% of silt and clay, 67% of sand, and 1% of gravel, it is found the position
representing the runout material. As it can be seen in Figure 33, mainly earth flows are
characterized by very low gravel content as in the case of the Brumadinho runout, on the other
hand, the runout presents a lower amount of fine material in comparison to most of the earth
flows, being more similar to debris flows. In any case, the variability is too high to take into

consideration only the granulometry of the materials.

Debris flows, non-volcanic
Debris flows, volcanic Q
Earth flows

e(l»rn

Brumadinho

Figure 33 - Textural composition of the runout.

Moreover, it is interesting to note that liquefaction may also develop in debris flows, but this
phenomenon does not occur spontaneously at the source, but during the motion along the path,
with modification of the source material or entrance of new materials (Hungr et al., 2001). In
the case of Brumadinho, it is known that the liquefaction occurred in the source material and it

originates the flow.

Finally, Table 8 summarizes what has been discussed.

Table 8 - Hungr Classification of the Brumadinho runout

Special
Material Velocity
condition
Phenomenon: Silt, sand, -liquefiable Extremely rapid
Sand (silt, debris, debris, weak material,
rock) Flow slide rock -constant water

In conclusion, according to Hungr classification, the runout is characterized by a Sand-silty-

fine flow, regarding its textural granulometric composition; its origin, related to the liquefiable
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source material; and the context of the landslide, which was extremely rapid even in a gentle

slope terrain.

Finally, considering all the methods discussed above, it is possible to join the results in a final

classification, which describes the general idea about the type of runout (Figure 34).

Hungr:
The material 15 a
Sandy-silty-fine
flow slide, with
extremely rapid
velocity and
constituted by a
liquefiable material

at the source.

The runout is characterized by

an extremely rapid movement,

with an initial velocity close to
20 m/sec and a liquefiable
material at the source, with
magnitude of 10e7 m*. The

material is composed mainly by
Takahashi: sand, silt and clay and it has { 1 Crude
Debris Ax : reached the distance of 9 km OLES Tl
ebriz Avalanche in _ " and Varnes:
the beginning, with from the source, flowing in a Exir "
itude of 10e7 in wi emely rapi
magaitade of 10¢ terrain with gentle slope. flow, with earth ¢
velocity of 20 m/sec; material and typical
‘being transformed velocity of 5 m/isec
into a Debris flow of mofe.
along the 9 km path.

Figure 34 - Final Classification of the runout in Brumadinho.
Even if Takahashi’s classification resulted in a flow constituted by debris, what has been found
out as wrong in the following methods, some key aspects that define the flow have been
discussed, such as the magnitude of the moving mass, in the range of 107 m?, the range of
velocity with an initial value of 20 m/s, decreasing along the path, and the arrival distance of

approximately 9 km.

Then, in Varnes’s Classification, the material has been included as an important factor to the
definition of the flow, and due to its composition of 99% of sand and fines, the possibility of
debris has been excluded, according to this method. Moreover, with the latter modification
proposed by Cruden and Varnes, the flow has been classified in class 7 of velocity, which

means it was an extremely rapid movement.

Finally, with the classification proposed by Hungr, the method of Cruden and Varnes has been

improved, considering not only the granulometric distribution of the mass but the origin and
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the context involving the flow phenomena. Then, the occurrence has been classified as a sand-
silty-fine flow slide, originated by a liquefiable material that with an increasing of saturation
and pore-pressure culminate in the flow slide, flowing in gentle slope terrain for almost 9 km,

until it reached the Paraopeba river.
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4. Analysis of the Runout with RASH 3D

For the analysis of the flow originated by the dam I collapse, it was used the code RASH 3D
to obtain the change in position of certain points after some intervals of time and the velocity
of the movement. The mentioned points belong to a study area surrounding the phenomenon,
and their position is given by coordinates Xx,y,z, i.e. the planar coordinates and the elevation.
The initial values, corresponding to the situation before the collapse, is obtained using a Digital
Elevation Model (DEM) (Figure 35) of the area of interest, with a spatial resolution of 30

meters.

Figure 35 - Digital Elevation Model of the terrain and the contour of the damage extent.

The points and their initial coordinates are determined using the software Arcmap, where each
cell of the raster, i.e. the DEM, is converted into a point. These points are positioned in the
center of each cell and they carry the information about position (x, y, z) correspondent to the

cell that originates them, as exemplified in Figure 36.

Figure 36 - Part of the DEM converted into points.
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Besides the coordinates X,y,z, it is required to determine the value of height h, which
corresponds to the height of the moving mass, given initially by the position of the sliding
surface (Figure 37). There is no available DEM post-failure, as the one considered previously,
so this value of height is not known, and, therefore, two different methods are chosen to

determine it.

The first one is a simplistic approach, in which it is considered the volume of material and the
area of the dam to extract the height, given as a constant value for all the points. In the second
method, it is determined the slip surface of the dam slope, using the Limit Equilibrium Method

in a numerical analysis, which resulted in different values of height along the surface.

A l h Debris-flow sources
I

Figure 37 - Scheme of the coordinates and height h of the flow (adapted from Kritikos & Davies, 2015).

I.  Determination of Height: Method I — Volume and Area Analysis

In the first attempt to determine the height, it is obtained a simplified representative value using
a volume/area calculation, where it was defined the area and the volume of the detachment,
and consequently the height of the moving mass. The area of the detachment was considered
as the area of the top of the dam (Figure 38a), equal to 230,114 m?, which is associated with a
released volume of 9.7 million m?, resulting in the value H of 42.2 m (Equation 14). This value

is considered constant and it is applied to all the points inside the detachment area (Figure 38b).
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Figure 38 - a. Area of the detachment obtained using Google Earth; b. points in the detachment are for which the
value of height was assigned.

Volume 9.7 10°
Area 230,114

Height = =422m (14)

In this case, the volume of the released material was already known, since it is a post-failure
analysis. However, the total volume of the dam could be used in predictive analysis, since in
liquefaction of tailings, most of the material tends to become unstable, so it would be more

conservative and in favor of safety to consider a release of 100% of the material.

II. Determination of Height: Method II — Slip Surface Analysis

In the second approach, the height is derived from the slip surface of the dam, obtained
employing a numerical analysis in the software Slide 2. For this aim, it is used the Limit
Equilibrium Method (LEM), where the potential slip surface associated with the minimum
factor of safety is determined (RocScience, 2016). As discussed before, this same technique

was used in predictive analysis to verify the stability of the dam.

The first thing to be done is to define the model that represents the medium that is going to be
analyzed, and for that, it is used as a basis the model illustrated in Figure 22, which represents
the most solicited cross-section found in the analysis of the stability study performed before

the collapse. The final model is illustrated in Figure 39.
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Figure 39 - Model for LEM analysis on Slide.

As discussed before, in Section 1.3, the inappropriate material deposition inside the dam
created perched layers of clay material, resulting in a total of 8 layers, where each one is
assigned to a different piezometric level. Moreover, the dykes are assigned to the piezometric
level of the layer where they are located. In each layer, above the piezometric line, the material
is considered as unsaturated tailings (brown), and below it, as saturated tailings (light blue)

(Figure 40).

Figure 40 - Model for LEM analysis on Slide in detail.

Then, it is necessary to determine the material properties, such as the unit weight and the
strength parameters: cohesion and friction angle. These values are obtained from the same
study used for the model, and they were determined for the undrained condition, suitable to
represent the state of the materials subjected to a possible occurrence of liquefaction. These

values are shown in Table 9.
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Table 9 - Material properties for undrained conditions (adapted from Vale & TUV SUD, 2018).

Material Model’s v o' e (KPa) Su/c’v0

color (KN/m?) | (degrees) Peak
Tailings ‘ 26 35 0

Saturated Tailings 26 0.26
Ultrafine Ore Dyke 25 30 0
Compacted Soil Dyke 19 30 10
Compacted Tailings Dyke 28 37 0
Residual Soil Foundation H 20 30 16

Usually, circular surfaces are applicable in scenarios with homogeneous slopes or simple multi-
material slopes. On the other hand, some complex slopes may have almost circular slip
surfaces, so this analysis is always recommended, at least, to initially identify a possible

position of the surface (RocScience, 2016).

Non-circular surfaces are expected in more complex situations, in models with thin weak layers
or anisotropic materials (RocScience, 2016). The Brumadinho dam is composed of tailings,
which material composition is nearly regular, however, there was the formation of the perched
layers that modifies the scenario under analysis. In this way, it is convenient to test both circular

and non-circular slip surfaces searches and verify the results.

In Slide, there are different methods to “search” for the different slip surfaces in the slope and
define the most critical one, which gives the smaller safety factor. There are methods for both
circular and non-circular surfaces, using different techniques, and it is interesting to test some
of them. When different methods result in a similar surface, it is a good indication that this is

the critical surface.

It was considered all the search methods available for circular slip surfaces, and the two most
recommended for non-circular surfaces, with which is obtained the global minimum slip
surface. The Monte Carlo optimization is used to refine the search and find surfaces with an
even lower factor of safety. Moreover, the approach used to obtain the surfaces was Spencer’s,
which is recommended for both circular and non-circular analysis (RocScience, 2016). Figure
41 illustrates the slip surfaces obtained in the analysis, and Table 10 describes the data related

to each one of them.
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Figure 41 - Slip surfaces obtained from the Slide analysis.

Table 10 - Results from Slide analysis.

Slip Surface Type Search Method LEM Safety Factor FS
Approach
1 Circular Auto refine search Spencer 1.189
2 Circular Grid search Spencer 1.187
3 Circular Slope search Spencer 1.177
4 Non-circular | Cuckoo search with Monte Carlo Spencer 1.036
optimization
5 Non-circular | Simulated annealing search with Spencer 1.038
Monte Carlo optimization

Observing the images in Figure 41, it is possible to note some similarities between the surfaces,
regardless of the one found with the Grid Search. The Auto refined and Slope searches resulted
in a similar critical surface, which involves the entire dam, and the safety factor of 1.19. The
Cuckoo and Simulated Annealing searches found almost identical surfaces, also involving the

entire dam, with a safety factor of 1.04.

A difference that could be pointed is that the circular surfaces cross the foundation below the
starter dyke, and the non-circular ones cross the starter dyke and they end on the toe of the dam.
Furthermore, in the slope search, the surface begins in the tailings, more distant from the last

heightened dyke, differently in comparison to the others.

Observing the video that recorded the moment of the dam breaching, it is possible to observe
that the collapse started at the top of the dam, which began to move and lower its level. Some
seconds after, the effects appeared in the lower part of the dam, close to the starter dyke (Figure
42).
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Figure 42- a),b),c) Images of the moment of the collapse, highlighting the first rupture areas in the slope, d)
Indication of the place of rupture in the bottom of the dam (Youtube, 2019).

According to the images above, the collapse in the bottom part occurred, approximately, in the
region pointed by the arrow in Figure 42d, which in the model corresponds to the area indicated

in Figure 43.

Figure 43 - Indication of the place of rupture at the bottom of the dam in the model.

These observations confirm the hypothesis that the slip surface involves all the dam, with limits
in the upper part of the system and the lower part, very close to the level of the terrain.
Analyzing the aerial image of the dam right after the collapse, it is possible to assume some

areas where the rupture probably occurred.

Figure 44 shows the rupture distant from the last dyke, located in the middle of the tailings,
between 240 and 340 meters from the crest of the dam. In this scenario, a larger amount of
saturated tailings is involved by the slip surface, which makes sense in terms of liquefaction
occurrence. However, in the results from the numerical analysis, the slip surfaces are very close
to the crest of the dykes, and for example, in the slope search, the distance between the slip

surface the dyke’s crest is about 50 meters.
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Figure 44 - Verification of possible rupture crests.

What could explain this difference is how tailings instability evolves in the process of failure.
Probably, there was an initial slide correspondent to the slip surface obtained on the software,
and, after some time, secondary instabilities may have occurred, when a new slip movement
was formed carrying more material. This phenomenon is illustrated in Figure 45, where the

surfaces represented are not the real ones and they are only used to explain the concept

discussed here.
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Figure 45 - Primary and secondary instabilities of tailings dam (adapted from Lumbroso et al., 2020).
In fact, the investigations carried after the failure pointed that the first failure occurred close to
the crest of the dam, but it was followed by progressive failures, involving the whole dam
structure and releasing more volume of tailings (Lumbroso et al., 2020). Watching the videos
recorded in the moment of the collapse, it is observed that after the initial failure, the material

keeps detaching from the main structure, as illustrated in Figure 46.
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Figure 46 - Images of the moment of failure of Brumadinho dam (Youtube, 2019).

Considering all of this information, it was chosen the slip surface number 3 (Slope search
method) to derive the values of height used in RASH3D, since is the only one that starts in the
tailings in liquefaction and it involves all the dam, even if the safety factor was not the lowest
value found, being prioritized the shape of the curve. The vertical slices of the stability analysis

are illustrated in Figure 47, and from each of them is considered an average value of height.
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Figure 47 - Vertical Slices from LEM analysis.
These slices are drawn in the plan view, determining a detachment area, and the points inside
the slices are assigned with the corresponding value of height (Figure 48). As discussed before,
the values of height are not constant for the entire slope, as in the first method, but they vary

along the surface according to the slices.
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Figure 48 - Detachment area derived from the slices of Slide analysis.

In this case, the maximum value of height was 39 meters and the minimum, 0.5 meters. Graphic
1 summarizes all the values of average height considered for the 50 vertical slices resultant

from the LEM analysis on Slide.

Graphic 1 - Values of height derived from the vertical slices of LEM on Slide.
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the surface of the dam and multiplying it by an average width, giving a value of, approximately,
4 million m? (almost 60% of reduction in volume). Therefore, even if this approach is more
robust since it considers a numerical analysis to obtain the slip surface, it is not possible to
reproduce the occurrence of a secondary instability as discussed previously. Then, for this
specific problem, it is observed a significative underestimation of the released volume, being

less reliable in comparison to the previous method.

The most important point to consider from the Slide analysis, which is a prediction of what

could happen in reality, is that in the condition where the tailings reach their maximum peak
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undrained resistance, the safety factor becomes almost 1, with the slip surface involving a large
portion of the saturated tailings, mostly in the bottom part. Then, even if the results are not
reproducing the entire phenomenon correctly, it is a good indication that instability may occur

in some way, given certain conditions of the materials involved.

To summarize and conclude this topic, the input data for the RASH3D code are given by the
initial coordinates x, y, z, h of the points, the duration of the analysis, the intervals of time to
be analyzed, and the parameters corresponding to the chosen rheology. These parameters are
unknown and must be determined by a calibration process of trial and error until the results are

reasonable and similar to what happened in reality.

The results will be compared to the known data such as the shape of the damage extent, the
duration of the phenomenon, and the maximum velocity reached at the beginning of the
collapse. According to official reports about the occurrence, the collapse started at 12:28:30”,
when the B1 dam formed giant waves of tailings with an initial velocity close to 22 m/s and

lost pace during the flow. Finally, it has reached the river Paraobeba at 15:50.

4.1 Results and Discussion

The analyses are performed using RASH 3D code, with which is possible to test different
rheologies, such as frictional and Voellmy, which intrinsic parameters are the basal friction
angle (o), for both, and the turbulence coefficient (&), for the latter only; and also Bingham,

whose parameters are the yield stress (7,) and the plastic viscosity (¢).

However, after performing the simulations for the frictional rheology, the results were not good
and did not match the occurrence in any aspect, so they are not going to be discussed here. This
may be related to the fact that this rheology only considers the resisting contribution from the

normal force at the base, being a bit simplistic in comparison to other rheologies.

Then, for Voellmy and Bingham, different values of parameters were used until the simulation
properly matched the real phenomenon, in a calibration process. The first registration time was
0.00 seconds, the last was 12,000 seconds (the phenomenon lasted 12,150 seconds or 3 hours

and 22 minutes), and the interval between registrations was 500 seconds.

The results are described below, at different intervals of time, and each point of the flow is
classified according to their maximum height (Hmax), in meters, during the runout; it was used

a total of 10 classes, distinguished by graduated colors. Moreover, a threshold value of height
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was selected for the representation of results, equal to 0.01m, so only points with a height
greater than this value are going to be shown. This is used since RASH3D tends to enlarge the
runout using points with very small heights, so a minimum value can be chosen to visualize

the most significant points representing the runout movement.

I.  Voellmy Rheology: Method I — Volume and Area analysis

For the Voellmy rheology, it is necessary to verify different values of the basal friction angle
and the turbulence coefficient to find out which quantities better describe the phenomenon.
Therefore, it is analyzed the individual influence of each of these parameters on the material

behavior, varying them, separately, until the movement is properly reproduced.

Concerning the basal friction angle, it is possible to obtain a first idea of the range of values
that can be used by verifying the slope map of the terrain, in degrees, since the Coulomb basal
friction angle should be lower than the terrain slope to allow sliding. This map was already
shown in Figure 32, where it is observed that, inside the flow path, low values of slope degree

(represented by green colors) are predominant in the terrain.

It is possible to determine the maximum, minimum, and average values, and the distribution

along the area of study.
- Minimum: 0
- Maximum: 23.27°
- Average: 6.84°
- Standard Deviation: 4.07°

Therefore, the first attempts may consider values of basal friction angle close to 6.84°- 4.07° =

2.77°, and, depending on the results, this value can be increased or decreased.

Running the simulations, it was observed that only very low values of basal friction angle (¢
< 1.0°) led to satisfactory results, which followed a similar path in comparison to reality. For
higher values of this parameter, the flow stops very distantly from the final position it should
reach. So, reducing the basal friction angle, the reached distance is greater for the same interval
of time. The very small values of friction angle indicate that the friction between the tailings
and the terrain is practically null, so the runout would depend only on the turbulence

coefficient.
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As a matter of fact, using a null value of friction angle, the runout follows its path correctly,
but it reaches the final position in an interval of time smaller than the real one: t=2000s, when
it should be around t=12000s. Therefore, the value of friction is fixed at 0.4° in order to adjust

the duration of the phenomenon.

This specific situation can be related to the nature of liquified tailings, whose friction
mobilization is very low. In fact, for the transmission of Coulomb friction stress, it is required
a large enough solid concentration to ensure that the particles are always in contact, even if
their relative positions change in time (Pirulli et al., 2017). Looking at the video that recorded

the collapse and part of the runout movement, it is observed that the flow is very liquid (Figure
49).

Figure 49 - Real flow after the collapse (Youtube, 2019).

In terms of turbulence coefficient, a wide range of values was tested, from 1000 to 2000 m/s?,
as used for other phenomena modeling, such as the Stava Valley case (Pirulli et al., 2017). It
was observed that the path is practically the same for each of them, and the main influence is
on the velocity of the material. The greater the turbulence coefficient, the greater are the

velocities. All the results discussed in these last paragraphs are illustrated in Figure 50.
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Figure 50 - Results of Voellmy Calibration (method I).

Finally, the simulation that better fits the phenomenon is chosen as the one with ¢: 0.4° and &;
2000m/s?, since it shows a greater value of maximum velocity Vmax:14.5 m/s and the duration
is similar to the real one. Even if this simulation has a greater value of velocity, it is yet quite
smaller in comparison to the maximum value, reported in the news, around 22 m/s. However,
since this value has no scientific support or more accurate data about it, the velocity profile is
not going to be used for the comparison with the real phenomenon. The development of the

flow over the terrain is illustrated in Figure 51 at different intervals of time.

55



t=2500s

t=15000s

* 9 & O O O O O O @

t=10000s

t=12000s

* ¢ 9 O O 0 O O ¢ @

Figure 51 - Results of simulation with Voellmy Rheology (method I), ¢ = 0.4 ° and & = 2000 m/s2.

In this simulation, between t:10000 and t: 12000 seconds, the flow reaches the river Paraopeba,

completing the trajectory. In terms of shape, it can be observed that the simulation resembles
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the real path, and the areas that are not covered by the points are correspondent to a maximum
height below the threshold. The maximum depth of the runout along the path was about 24 m,

in the region where orange to red points are observed, close to the first main curve.

Observing the evolution of the runout through time in the simulation, it is noted that a great
distance is reached at only t:2500s (or 42 min) and the flow completes its path along the
remaining time. The satellite image of the area (Figure 52) shows that at this time interval the
flow reached the Village of Brumadinho with a settlement there, and this change of the terrain

occupation could have influenced the flow dynamics.

arTecinelogies

Google Earth

Figure 52 - Position of the flow at t:2500s for Voellmy simulation (method I) (Google Earth, 2019).

In this way, it is possible to assume that the velocity of the points decreased drastically after
this moment, nonetheless, this reduction is not perceptible in the velocity map of Figure 53.
Looking at the velocity map created with the results of the simulation, some regions are
observed with higher velocities, indicated by the arrows. On the other hand, in the last part of
the path, there is a more homogeneous distribution of velocities with values lower than 5.5 m/s,

located after the dashed line.
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Figure 53 - Map of velocities with Voellmy Rheology (method I), ¢ = 0.4° and £ = 2000 m/s?, t=12000s.

One observation that can be made is the creation of branches that do not exist in reality, which
are highlighted by the circle in Figure 53. This element is connected to points with a maximum
height below the threshold, and it could have been formed due to the influence of a possible

gully in the topography.

II.  Voellmy Results: Method II — Slip Surface Analysis

For this new analysis, the same calibration process was performed, starting from values similar
to the ones found in the previous simulation. When the same values of parameters were applied,
the runout does not complete its path in the final interval of time, which makes sense since, in

this case, the volume is largely reduced (Figure 54).

As discussed before, the friction between the terrain and the flow material is practically null,
and the turbulence coefficient is the parameter with a real physical value governing the
phenomenon. Since in this method the position where the flow stops is not relevant, due to the
volume reduction, it is used the same parameters as the previous simulation to analyze its

behavior.
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Figure 54 - Results of Voellmy calibration (method II).

It is interesting to observe that even with a significant reduction of the volume, the runout
reached a great distance in the simulation with method II, stopping close to the Brumadinho
Village. Therefore, even if the volume is underestimated, the damage caused by the outflow is

still remarkable.

The results of the simulation time after time are shown in Figure 55.
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Figure 55 - Results of simulation with Voellmy Rheology (method II), ¢ = 0.4 ° and & = 2000 m/s>.
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In terms of shape, the result is very similar to the ones obtained in the simulation for the first
method, but one main difference is the position of the first detachment area, which is away
from the top of the dam, considered before. This happens because the slip surface starts close
to the dykes, and it is positioned below them, embracing a reduced portion of the area of the
tailings. The maximum values of height were about 16 to 19 m, near the first main curve, in

the same position defined by method I.

Moreover, for the earlier intervals of time, the distance reached by the flow is smaller in
comparison to the previous case. This fact can be associated with the reduction of volume and
of the maximum velocity of the simulation, which is 9.4 m/s. Looking at Figure 56, it is

observed some regions with higher values of velocity.
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Figure 56 - Map of velocities with Voellmy Rheology (method II), ¢ = 0.18° and £ = 2000 m/s?, t=12000s.

III. Bingham Rheology: Method I — Volume and Area analysis

After obtaining the flow path using Voellmy rheology, the Bingham rheology is applied to

compare the results and verify which model better describes the phenomena.

The parameters are the yield stress (7,,) and the plastic viscosity (1), which have been altered

several times until reaching values that result in a behavior more similar to reality. Each of
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these values has been modified separately in order to check their individual influence in the
flow. Then, it was observed that as the yield stress is reduced, the distance reached by the flow
and its velocity are higher. On the other hand, if the plastic viscosity is increased, the shape of

the flow, in the beginning, is better but the velocity is reduced.

In general, it was noted that the shape of the flow in the area close to the detachment is very
large (more points with a maximum height above the threshold) and even if it gets thinner with
an increase of plastic viscosity, the velocity reduces a lot, becoming much smaller than the
maximum values registered at the beginning of the collapse. Moreover, for high values of yield

stress, the flow does not reach the end of the path, stopping before it.

Thus, there was an attempt to balance the influence of both parameters to achieve a result
considering the shape of the flow and the velocity, and the calibration process resulted in the
following values for the Bingham parameters: 7, = 50 Pa and y, = 250 Pa.s. So, in this case,
it is possible to state that both parameters have physical meaning, contributing to the runout

behavior.

In fact, Bingham is a more rigorous method, meanwhile Voellmy is more empirical and it
works better for a certain scale of the phenomenon, in a way that results are probably affected

by the great volume released in the Brumadinho failure.

Some other tailings dam failure modeling, such as the Stava Valley case, in Italy, used much
higher values of yield stress, around 1000 to 2000 Pa (Pirulli et al., 2017). However, if these
values were used in the simulation, the distance reached by the flow would be extremely low,
and the path would stop close to the detachment area. Therefore, the yield stress, i.e. the
minimum value of shear stress that induces shear strains, for this case specifically needs to be

reduced.

These values used for Stava Valley failure were based on an analysis of a gypsum tailings
impoundment in Texas, and, in that case, the volume released was about 100,000 m?, which
reached a height of 11 m when the collapse occurred, and followed a total distance of 300 m
with an average velocity of 2.5 to 5 m/s. Besides that, the runout was modeled in a total interval
of time of 120 seconds (Pastor et al., 2004). Thus, the scale of this phenomenon is much more
reduced if compared to the Brumadinho case. Some authors have identified different

representative values for the Bingham model, as introduced in Table 11.
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Table 11 — Representative values of Bingham model (adapted from Pastor et al., 2004)

Author 7, (Pa) Ko (Pa.s)
Jan 100-160 40-60
Johnson 60,170-500 45
Sharp and Nobles 20-60
Pierson 130-240 210-810
Jin and Fread
(Anhui Debris dam) 38 2.1
(Aberfan) 4,794 958
(Rudd Creek) 956 958

Observing Table 11, it is possible to conclude that there is a very wide range of values that can
describe the runout movement, and they can vary according to the different scenarios behind
the phenomena. For the RASH3D computation, as discussed before, the input data regarding
the scenario studied is the topography of the terrain and the height of the detachment. In this
way, the chosen rheology, and its parameters combined with the input data (scenario) must

represent the expected runout, in that case of post-failure analysis.

The calibration of the parameters only depends on the initial information given about the
phenomenon, i.e. the topography and the detachment height, and on the expected results, i.e.
shape, velocity, and duration of the runout. Even with a great value of height detachment and
volume released, if the yield stress is too high, the runout reached distance is too small,

therefore if greater distances are expected for the flow, this parameter needs to be decreased.

On the other hand, the plastic viscosity gives the inclination of the curve relating the shear
stress and the shear rate (Figure 29). For the tailings in Texas, the value of viscosity was about
50 Pa.s, whereas, for Brumadinho, the calibration resulted in a viscosity of 250 Pa.s, so the
inclination of the curve is greater. If smaller values of viscosity were used the flow duration to

reach the final distance was smaller than expected.

Nonetheless, for Aberfan failure, the plastic viscosity was almost 1000 Pa.s (Pastor et al.,
2004), with a travel distance of 600 m, velocities observed between 4.5 to 9 m/s, and the slope
of terrain was about 12° (Dutto et al., 2017). If such a high value were used, the flow would
stop before the expected point. In that case, it is interesting to observe that the slope of terrain
was much greater than the ones observed in Brumadinho, and for gentle slopes, a big value of

viscosity would make the flow to reach smaller distances.
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The results for Bingham rheology using method 1 are illustrated in Figure 57.
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Figure 57 - Results of simulation with Bingham Rheology (method I), 7,,=50 Pa and 11,=250 Pas.
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In this simulation, the flow reaches the river Paraopeba at, approximately, t:12000 seconds,
and as it was mentioned before, the initial area of the runout is larger in comparison to the other
simulations, so there is a bigger spreading of the material, even in the opposite direction of the

main flow, in the region surrounding the dam.

The remaining parts of the runout are similar to the other simulations in terms of shape, and
there is no branch formed as in the Voellmy simulation. The maximum height of the flow along

the path was about 25 m, in that region with the red colored points close to the first main curve.

In this case, the distance reached at each time step was smaller than in comparison with
Voellmy. For example, the community of the city of Brumadinho was reached by the flow
between t:5000s and t:7500s, so there is no drastic reduction of the velocity, even if it decreases

along the path.

Regarding the velocity map (Figure 58), it is observed a significative reduction of the maximum
velocity, 6.1 m/s, in comparison to the value obtained for Voellmy in the first method, 14.5
m/s. In this way, in the Bingham rheology, the velocities are reduced a lot and most of the

points reach a very small maximum velocity, below 1.5 m/s.

This high concentration of low velocities can be associated with the larger shape at the
beginning since the spreading could cause the velocity profile reduction in that region close to
the detachment. Nonetheless, despite this initial part, after the breaching, the flow channel is
stretched and the velocities are increased, in a continuous region in the inner part of the path.
After the last curve (pointed by the arrow), the velocities decrease again until the flow reaches

the river.
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Figure 58 - Map of velocities with Bingham Rheology (method I), 7,,=50 Pa and uy=250 Pas, t=12000s.

IV.  Bingham Rheology: Method II — Slip Surface Analysis

The calibration process was done once more, and it was observed that for the same values used
for the parameters in the previous simulation, the distance reached by the flow was too short,
as it happened in the Voellmy simulations. In this case, the values that would make the flow to
reach its final position were very different, with a significant reduction of both yield stress and
plastic viscosity. Therefore, it would be meaningless to use these values, and it was preferred
to present the results in terms of the same parameters used for the first method, analyzing the

runout until the final position it reaches. The results are shown in Figure 59.
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Figure 59 - Results of simulation with Bingham Rheology (method II), 7,,=50 Pa and p4,=250 Pas.

In terms of shape, as in the simulation of method I, the beginning of the flow has a thick cross-

section, with a bigger spreading of the material, and for the same interval of time, the distances
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reached are smaller, as expected due to the reduction of volume and velocity, as is possible to

see in Figure 60.

Looking at the velocity distribution, there is a particular region (pointed by the arrow), where
the values are increased, after the detachment, when the flow path is stretched. After that, the

velocities are more homogeneous with smaller values until the flow stops.
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Figure 60 - Map of velocities with Bingham Rheology (method II), 7,==50 Pa and u,=250 Pas, t=12000s.

V. Summary of the Results and Further Analyses

In Figure 61, it is possible to observe the result of all the simulations performed and discussed
before, in terms of shape and maximum height, and in Figure 62, in terms of velocity. In terms
of shape, there is a portion of the runout that is not covered by the points since it was established

a threshold of 0.01 m for the maximum height values.

It is interesting to note that with the same values of parameters, even if the detachment area is
modified regarding the area, position, and values of height, the results are quite similar both
for Voellmy and Bingham. Additionally, these simulations are consistent with the shape of the

real phenomenon, which makes these values of parameters reliable.
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The differences between the rheologies are observed mainly in the shape close to the
detachment area, which is more spread in the Bingham. It can be pointed out that the threshold
chosen influenced the shape observed, since these areas not covered in Voellmy may be
occupied by points with a height smaller than 1 cm. Nonetheless, for the rest of the movement,
the shape of the flow is almost identical, which makes less relevant this initial difference in

shape.

Figure 61 - Comparison between the different simulations in terms of shape and maximum height (m), 1-
Voellmy (method I), 2 — Voellmy (method II), 3 — Bingham (method I), 4 — Bingham (method II).

Regarding velocity, for the same rheology, the results are very similar, differing only in the
values, which are bigger in the first method. On the other hand, the results have more
differences when comparing Voellmy and Bingham. For Voellmy, there are isolated zones of
higher velocities, meanwhile, for Bingham, there is a continuous zone inside the path with
higher velocities. Since there are no data available about the velocities profile, it not possible

to affirm which between them better represents the occurrence.
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Figure 62 - Comparison between the different simulations in terms of velocity (m/s), 1- Voellmy (method I), 2 —
Voellmy (method II), 3 — Bingham (method I), 4 — Bingham (method II).

Moreover, there are some differences in terms of shape found in the simulations (Figure 61),
concerning the pre-determined path. For example, in the Bingham simulation, the points
overcome the boundaries, flowing over the detachment area, and in Voellmy, some branches

are formed outside the runout path.

Even if these distortions did not occur, they can be analyzed to verify how the code interpreted
the movement of the material, and to check if it is reasonable. This can be done by studying
the 3D distribution of the points representing the terrain and the flow, through the software

Arcscene. Each of these discrepancies is discussed below.
- Case I: branches

The mentioned branches are highlighted in Figure 63.

70



Figure 63 - Voellmy branches.

The first branch analyzed is the one highlighted by the blue circle in the figure above, and
described in Figure 64, where the green points correspond to the terrain, the yellow ones to the
detachment area, and the blue ones to the Voellmy flow, both for the first method. It can be
noted that this branch is formed due to a valley formation in the terrain, indicated by the arrow.
In this way, part of the material flows around a region with greater elevation and goes down

directly to this gully, forming a branch.
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Figure 64 - Analysis of Voellmy branch I.
The second branch, highlighted by the red circle (Figure 63), is also related to a gully formation
in the region, as shown in Figure 65, and indicated by the arrows. For the Voellmy simulation,
this extra path is connected to points with a maximum height below the threshold in the
analysis, then, they are not visible in the maps (Figure 66). However, in the gully, the width of
the flow channel is reduced and, consequently, the height increases, making the points in the

branch to overcome the threshold.
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Figure 65 — Analysis of Voellmy branch II.

There is also an extra material indicated by the orange arrow in Figure 65, which is connected
to the main mass by points not shown in the representation (Figure 66). Analyzing the 3D
representation of the terrain, it is concluded that these points overcome the threshold due to a

reduction of the terrain elevation in that region, which increases their maximum height (Figure
67).
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Figure 67 - Analysis of Voellmy extra points.
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- Case II: Bingham overflow

The shape of the flow at the beginning of the runout is shown in Figure 68, where is possible
to observe that the material spreads to the surrounding of the detachment area and the

proximities.

Figure 68 - Bingham overflow.

Looking at Figure 69, it can be noted that the flow (represented by red points) spreads from the
detachment area to all the surrounding directions and has reached portions of the terrain with
higher elevation with respect to the top of the dam. These elevated regions are pointed by the
arrows in the image, and this indicates an upwards motion even if the velocity obtained is
lower. In the other simulations, this type of movement does not occur, and the material just

flows in the lower parts.

Figure 69 - Analysis of Bingham overflow.

The Voellmy (blue points) and Bingham (red points) flows are superposed for the sake of
comparison (Figure 70) and it is possible to better visualize the areas where Bingham overflow

occurs. This phenomenon does not represent the real situation, and the main consequence of
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this spreading is the reduction of velocity at the beginning of the flow, as shown in Figure 71.
As discussed before, this can be a consequence of the code itself, and how it distributes the

moving points along the terrain analyzed, tending to enlarge the flow with low height points.
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Figure 71 - Comparison between Voellmy and Bingham velocities, for the first method.

However, the remaining part of the runout follows a similar path in all the simulations, and
observing the 3D representation is possible to conclude that the resultant shape is coherent to
the terrain elevations. This verification is illustrated in the following figures, where the
Voellmy runout for the first method is used (as said before, besides the beginning, the rest of

the Bingham flow follows a very similar path, so there is no necessity to evaluate both of them).

Observing the figures below, it is noted that the material flows above a valley formation in the
terrain, where it may have existed a water branch from the river Paraopeba. Moreover, it can

be verified that the terrain has very low elevations where the runout passes.
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Figure 74 - 3D representation of the runout III.

Finally, it is possible to draw the final shape of the flows, resultant from the simulations, and
to plot them over the aerial image, on Google Earth, of 3 days after the collapse. In this way,
is possible to compare the shapes with the stain left by the real flow. Observing Figure 76, the
Bingham flow, after the enlarged detachment zone, reproduces almost exactly the real
phenomenon. On the other hand, Voellmy flow (Figure 75) better reproduces the beginning of

the movement, close to the detachment, and for the rest of the path, despite the branches, the

simulation is also quite good.
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As said before, the runout is not necessarily described by only one rheology since its behavior
can vary along its path. In this way, it is possible to state that at the beginning of the
phenomenon, the flow behaved more like a landslide, and for that reason, Voellmy better
matched this part. Nonetheless, after some time, the flow became more fluid-like, so Bingham

rheology better described the occurrence.
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Figure 76 - Final shape of Bingham (method I) simulation plotted on Google Earth.
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Regarding the second method used in this analysis, the simulations result in a path like the real
phenomenon, but less similar than what is was observed in the first method. As discussed
before, there is an underestimation of the volume released, which can be associated with the
secondary instabilities that occur in tailings collapse, not detected on Slide analysis presented

here. Nonetheless, the resultant impact caused by the outflow can not be neglected.
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Figure 78 - Final shape of Bingham (method IT) simulation plotted on Google Earth.
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Figure 79 shows the Voellmy detachment area for the first (pink) and the second (green)
methods. Comparing the aerial image with the contour of the simulations, it is observed that
the second method better reproduces the possible crest of the rupture, meanwhile, the first

method embraces all the area of the dam.
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Figure 79 - Comparison between the detachment area and the Voellmy simulations.
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5. Conclusions

Even if the study presented here was a post-failure analysis of the collapse of the Brumadinho
tailings dam, the main purpose was to evaluate the techniques that could be used to assess the
probability of failure of the tailings dam and the damage it could cause. In this case, there was
a lack of information about the rupture surfaces, the height of the flow, and the velocity profile,

as it would happen in a monitoring analysis of any similar structure.

Because of this, two different approaches were used to estimate the detachment of the material
in the rupture, which originated the outflow analyzed by the RASH 3D code. In the first
method, more conservative, the whole area of the dam was considered to detach, and it was
used the known volume released. For predictive analysis, this quantity is unknown, so the entire
volume of the dam should be used, in favor of security and due to the progressive instabilities

that occur in tailings rupture due to liquefaction.

On the other hand, the second method uses numerical analysis to estimate the slip surface with
the lowest safety factor, which is most probably related to the real surface detaching when the
rupture happens. Even if using a software for numerical analysis is more robust than just
assume the total area and volume of the dam, the results can underestimate the damage caused
by the failure of the tailings. This because the results only account for the first detachment, but

not the progressive failures that can occur.

Therefore, in monitoring studies, it could be relevant to perform a numerical analysis to verify
the potential of a rupture of the dam due to the results in terms of safety factor, together with
control of the efficiency of the drainage system, of the correct material deposition and of the
water level inside the dam. Then, to complement this verification and to assess the potential
damage related to a possible failure of the structure, it is recommended to perform an analysis
of the outflow that would be formed after the collapse, using the total volume reserved and the

total area of the dam to obtain the material released that originates the runout.

The tailings can be treated using rheological descriptions, characterized by some different laws,
such as the ones discussed here: Voellmy and Bingham. For the case of Brumadinho, both after
calibration provided satisfactory results, however, since, in predictive analysis, the damage

extent is not known, Voellmy could underestimate the potential damage.

As seen before, if a basal friction angle with a value greater than one was applied, the runout

would not reach the expected final position. In this way, if, based on literature and comparison
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with other occurrences, higher values of the Coulomb friction angle are used, the results may
not match the real damage potential of the material flow. This can probably happen in tailings
dam rupture due to liquefaction, where the outflow is almost liquid and friction is barely

mobilized, as occurred in the Brumadinho case.

Thus, the Bingham method is more suitable since it is a more robust law to model the runout
behavior, which presented very good results in terms of reproducing the damage extent. It is
important to test different values of parameters to analyze the damage potential, comparing
with known values of similar phenomena occurred and understanding their effect on the flow
behavior. In this case, it is appropriate to verify the worst, but reasonable, scenario that could

happen due to the failure of the tailings dam.

These analyses should be done together with other monitoring activities to estimate the damage
extent, and then, to verify who and what is at risk if a possible failure of a tailings dam occurs.
In this way, these tools can provide information for effective emergency planes that must be
performed to protect who and what is downstream the dam: mine workers, inhabitants of the
region, native vegetation, animals, water sources and rivers, constructions, i.e. everything that

was affected by the Brumadinho tragedy as seen before.
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