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E importante ressaltar que o presente trabalho tem como Unico objetivo ampliar o
entendimento sobre a representatividade de modelos numéricos na simulagao do fenomeno da
liquefacdo estatica. O estudo ndo tem a intengdo, em nenhum momento, de determinar a causa
da ruptura do caso utilizado como base, nem de questionar ou revisar as analises realizadas por
painéis de especialistas que avaliaram o evento, incluindo as publicagdes de Arroyo e Gens
(2021) e Robertson et al. (2019). Além disso, ndo visa definir se seria possivel realizar
intervengdes para evitar a ruptura.

Os autores ndo fazem qualquer julgamento sobre a representatividade dos modelos
apresentados em relacdo as condicdes reais da barragem antes ou durante o evento de ruptura.
Este estudo deve ser entendido exclusivamente como uma investigacdo académica e
educacional, sem qualquer intengdo de emitir declaragdes ou consideragdes sobre a
responsabilidade ou as causas da ruptura da barragem. O trabalho ndo deve ser interpretado
como base para qualquer tipo de investigagdo sobre a responsabilidade pelo ocorrido.

Os modelos numéricos e os resultados apresentados neste estudo sdo de natureza tedrica
e devem ser considerados exclusivamente dentro do contexto académico proposto. Nao devem
ser utilizados por terceiros como fundamento para decisdes praticas, politicas, juridicas ou de
engenharia, sem a devida avaliacdo de especialistas ou sem considerar o contexto real e técnico
completo do evento. Em caso de qualquer uso indevido ou interpretagdo além do escopo
académico, os autores nao se responsabilizam pelas consequéncias praticas ou juridicas que
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DISCLAIMER

It is important to emphasize that this work has the sole purpose of expanding the
understanding of the representativeness of numerical models in simulating the phenomenon of
static liquefaction. The study does not, at any point, aim to determine the cause of the failure of
the case used as the basis, nor to question or review the analyses carried out by expert panels
who evaluated the event, including the publications by Arroyo and Gens (2021) and Robertson
et al. (2019). Furthermore, it does not aim to define whether interventions could have been
made to prevent the failure.

The authors make no judgment regarding the representativeness of the models presented
in relation to the actual conditions of the dam before or during the failure event. This study
should be understood exclusively as an academic and educational investigation, with no
intention of making any statements or considerations about the responsibility or causes of the
dam failure. The work should not be interpreted as the basis for any investigation into the
responsibility for the event.

The numerical models and results presented in this study are theoretical in nature and
should be considered exclusively within the proposed academic context. They should not be
used by third parties as the basis for practical, political, legal, or engineering decisions without
the proper evaluation of experts or without considering the full real and technical context of the
event. In the case of any misuse or interpretation beyond the academic scope, the authors do
not assume responsibility for any practical or legal consequences that may arise from such

interpretation.
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AVALIACAO DA LIQUEFACAO ESTATICA EM BARRAGENS DE
REJEITOS: DA RUPTURA A DESCARACTERIZACAO

RESUMO

A liquefagdo estatica em barragens de rejeitos pode causar danos econdmicos e ambientais
severos. Apos falhas recentes, cresce a necessidade de intervengdes em estruturas existentes
para eliminar suas caracteristicas de alteamento a montante, por meio de um processo conhecido
como descaracterizagdo. No entanto, a auséncia de metodologias bem estabelecidas torna
incerta a eficacia dessas intervengdes. Na pratica, observa-se um uso crescente de modelos
constitutivos capazes de representar esse fendmeno, caracterizado por um amolecimento
brusco, e avaliar estruturas suscetiveis a liquefagdo. Diversos modelos constitutivos vém sendo
aplicados na modelagem da liquefagdo estatica de rejeitos, mas o grau de influéncia da escolha
do modelo nos resultados da analise ainda precisa ser esclarecido. Este estudo investiga essas
incertezas por meio da retroanalise da ruptura de uma barragem de rejeitos, utilizando dois
modelos constitutivos: Clay and Sand Model (CASM) e NorSand. Além de reproduzir a ruptura
observada, simulacdes adicionais foram realizadas com gatilhos hipotéticos, como
carregamento na crista e aumento da gravidade. Os resultados foram comparados quanto aos
mecanismos de ruptura, trajetérias de tensdes e niveis de perturbagcdo necessarios para a
liquefagdo. Ambos os modelos geraram padrdes de ruptura semelhantes, com pequenas
diferencgas na sensibilidade a liquefag@o. Os resultados indicam que o fator mais relevante na
avaliacdo da suscetibilidade a liquefagdo estatica ¢ a capacidade do modelo em representar a
perda subita de resisténcia associada ao aumento da pressdo de poros, sendo a formulagdo
matematica especifica um aspecto secundario. Com o modelo calibrado, foram avaliadas quatro
estratégias de descaracterizagdo: reforco composto por aterro estabilizador e material de
confinamento (simultaneo ou nao), escavacao do reservatorio ¢ uma solugao hibrida de reforgo
com escavacao. As simulagdes foram realizadas em condi¢des ndo drenadas e com acoplamento
hidromecanico para avaliar efeitos do tempo. Os resultados mostram que as solucdes
simultaneas e hibridas foram as mais eficazes, prevenindo a liquefacdo mesmo em cenarios de
carregamento nao drenado. Em contraste, a constru¢do nio simultanea e a escavagdo isolada
resultaram em ruptura. As simulacdes acopladas confirmaram a viabilidade de todas as

estratégias quando considerados os efeitos do tempo. Esses resultados reforcam a importancia
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de analises dependentes do tempo na avaliagdo de estratégias de descaracterizagdo para

barragens em condigdes criticas.
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ASSESSING STATIC LIQUEFACTION IN TAILINGS DAMS: FROM

FAILURES TO DECHARACTERIZATION
ABSTRACT

Static liquefaction in tailings dams can cause severe economic and environmental damage.
Following recent failures, there is an increased need for interventions in existing structures to
eliminate their upstream characteristics through a process known as decharacterization.
However, the absence of well-established methodologies has left the effectiveness of such
interventions unclear. In practice, the use of constitutive models capable of capturing this strain
softening phenomenon and assessing structures susceptible to liquefaction is increasing.
Numerous constitutive models exist and have been applied to model static liquefaction of
tailings materials, but the extent of the influence exerted by the choice of constitutive model on
analysis outcomes remains to be determined. This study investigates these uncertainties through
back-analysis of a tailings dam failure, using two constitutive models: the Clay and Sand Model
(CASM) and NorSand. Besides reproducing the observed failure, additional simulations tested
hypothetical triggers, such as crest loading and increased gravity. Results were compared in
terms of failure mechanisms, stress paths, and disturbance levels needed to trigger liquefaction.
Both models produced similar failure patterns, with minor differences in liquefaction
sensitivity. The findings highlight that the key factor in evaluating liquefaction susceptibility is
the model’s ability to capture sudden strength loss due to pore pressure buildup, while the
specific mathematical formulation plays a secondary role. The calibrated model was then used
to assess four decharacterization strategies: buttressing with stabilizing fill and backfill (built
concurrently or not), reservoir excavation, and a hybrid buttress-excavation solution.
Simulations were performed under both undrained and hydromechanically coupled conditions
to assess time-dependent behavior. Results show that simultaneous buttressing and the hybrid
approach were the most effective, preventing liquefaction even under extreme undrained
conditions. In contrast, non-concurrent fill and backfill construction and isolated excavation
triggered liquefaction. Coupled simulations confirmed the viability of all strategies when
transient effects were considered. These findings underscore the importance of time-dependent

analyses in the assessment of decharacterization strategies for dams in critical conditions.
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1- INTRODUTION

This chapter introduces the context and background of the thesis, presenting the
motivation behind the research, the main problems addressed, and the specific objectives
pursued. It also outlines the overall organization of this thesis to guide the reader through the

following chapters.

1.1- MOTIVATION

Static liquefaction is a phenomenon where soils transition from a solid to a fluid state.
This phenomenon has become a major topic in the geotechnical community, primarily due to
recent failures of tailings dams, which are structures used to contain the byproducts of mining
activities. Notable incidents include Mount Polley in 2014 (Morgenstern et al., 2015), Fundao
in 2015 (Morgenstern et al., 2016), Cadia in 2018 (Jefferies et al., 2019), Dam 1 in 2019
(Robertson et al., 2019; Arroyo and Gens, 2021), and Jagersfontein in 2022 (Marais et al.,
2024).

All the aforementioned failures share a commonality in their use of the upstream
method. In this construction technique, the dam is raised in stages on top of already deposited
tailings, forming a stepped structure. The upstream method is more vulnerable to failure and
highly susceptible to liquefaction (Piciullo et al., 2022). Unlike earth dams, which undergo a
compaction control process, upstream tailings dams construction involves the hydraulic
deposition of materials, which often results in saturated and loose tailings that are susceptible
to static liquefaction (Martin and McRoberts, 1999; Ménica et al., 2021). This is an important
consideration, as the behavior of tailings is important for stability, since these materials are part

of the dam's structural zone (Fourie et al., 2022).

With the expansion of mining activities, the number of ruptures in tailings dams has
increased in recent years (Lyu et al., 2019; Owen et al., 2020). These ruptures cause extensive
economic and environmental damage, as well as loss of lives. To prevent future occurrences,
efforts have been made to better characterize tailings through field and laboratory tests (Viana
da Fonseca et al., 2022; Wagner et al., 2023; Silva et al., 2024; Consoli et al., 2024).
Additionally, advanced numerical simulations, which incorporate numerical techniques and

constitutive models, have been employed to comprehensively understand the behavior of these



structures (Ledesma et al., 2021; Sun et al., 2021; Ng et al., 2022; Shuttle et al., 2022; Costa et
al., 2023; Mofrad et al., 2023; Liu et al., 2024; Rogenes et al. 2024,2025; Gomes et al. 2024;
Nazareth et al. 2025; Favero et al. 2025).

1.2- PROBLEM

Despite experimental and numerical advancements, uncertainties persist when
performing static liquefaction triggering analyses. Reid et al. (2022, 2023) and Reid and Fourie
(2024) discussed some of these uncertainties, including the effect of intermediate stress on the
critical state line (CSL) and, consequently, on undrained strength, as well as the geostatic stress
ratio (Ky), and the in-situ void ratio. These uncertainties are largely due to the lack of relevant
and representative experimental data from field tests (e.g., CPTu and pressuremeter tests) and
laboratory tests (e.g., triaxial, direct simple shear, and oedometer tests), which impacts the
calibration of constitutive models (Jefferies and Been, 2015; Shuttle and Jefferies, 2016;
Manica et al., 2021; Arroyo and Gens, 2021; Gomes et al., 2022, 2024). In addition to
uncertainties related to experimental data and calibrations, several studies also highlight the
importance of selecting an appropriate constitutive model to simulate tailings behavior in
liquefaction analyses (Maénica et al., 2021; Liu et al., 2024; Reid and Fourie, 2024). The

uncertainty regarding the choice of constitutive model is one of the focuses of this work.

Additionally, to the undermentioned problems, given recent failures, it has become
standard to assume that all tailings susceptible to liquefaction will liquefy (Ancold, 2019;
Ledesma et al. 2024). Consequently, there i1s a pressing need to address the safety of existing
upstream-raised tailings dams. In this regard, Brazilian regulations have adopted stricter criteria
for dam safety, mandating the decharacterization of dams built using the upstream method due
to the uncertainties related to characterizing such structures (Schaper et al. 2021; ANM, 2022).
Decharacterization involves interventions in existing structures to eliminate their upstream dam
characteristics, which requires either the removal of upstream raises or the construction of a
new downstream structure. However, the challenge lies in the absence of well-established
methodologies or strategies for dam decharacterization, leaving the true impact of such

interventions largely unexplored.

To assess structures susceptible to static liquefaction, an increasingly common practice

involves employing constitutive models capable of capturing brittle behavior and sudden



strength loss, such as the Clay and Sand Model-CASM (Manica et al., 2021; Arroyo and Gens,
2021; Rogenes et al. 2024,2025; Gomes et al. 2024; Nazareth et al. 2025; Favero et al. 2025),
NorSand (Morgenstern et al., 2016; Jefferies et al., 2019; Robertson et al., 2019), Modified
Pastor-Zienkiewicz (Ledesma et al., 2022), and Sanisand (Liu et al., 2024). These constitutive
models have enabled the back-analysis of failure cases (Manica et al., 2021; Liu et al., 2024;
Rogenes et al. 2024; Favero et al. 2025), assessment of vulnerability to different triggers
(Ledesma et al., 2022; Rogenes et al. 2024), identification of key factors influencing
liquefaction-induced failures (Reid et al., 2022), and modelling the runout of failure (Favero et

al. 2025).

Despite the range of models available, it remains uncertain how much the choice of
constitutive model itself influences the results obtained in the analysis. Therefore, there is a
growing interest in studies that compare constitutive models capable of accurately representing
the liquefaction phenomenon. In this context, Liu et al. (2024) compared the NorSand and
Sanisand models for the Fundao dam rupture case, identifying that both models produced
compatible results. However, this conclusion was reached using similar calibration methods. It
is recognized that the calibration process relies on interpretation and the chosen methodology,
which can vary according to the selected constitutive model. Additionally, results may vary
based on engineering judgment, even when the same database is used, as noted by Reid and
Fourie (2024). Consequently, the question remains whether distinct constitutive models,
calibrated in different ways yet still accurately representing the static liquefaction phenomenon,

could yield the same failure mechanisms.

Furthermore, previous studies are limited to retroanalysis of dam failures, identification
of potential liquefaction triggers, and sensitivity studies. However, there is a lack of advanced
numerical analysis to simulate failure mechanisms during dam decharacterization processes.
Moreover, trigger analyses are commonly conducted under undrained conditions, so the effect

of time on the development of the mechanism is not incorporated into the analyses.
Given the context outlined above, the primary questions this work seeks to address are:

e Question 1: How does the choice of constitutive model influence the analysis?

e Question 2: Would it be possible to implement a decharacterization strategy without
triggering static liquefaction failure?

e Question 3: What impact does time have on the triggering mechanisms during
decharacterization?



1.3- OBJECTIVES

To address the previously mentioned question, this study investigates the influence of
constitutive model choice in static liquefaction analysis. It extends the comparisons made by
Liu et al. (2024) to include CASM and NorSand models applied to the well-documented tailings
dam failure in Brazil. Moreover, it compares static liquefaction analyses using calibrations
developed by different researchers to represent the same material, thereby enhancing the
understanding of how constitutive models affect the results. Furthermore, the comparison
methodology is extended to go beyond the scope of back analysis, incorporating the

vulnerability assessment methodology recently proposed by Ledesma et al. (2022).

This work also aims to provide valuable insights into the failure mechanisms that may
arise from possible dam decharacterization techniques and to assess the most suitable strategy
for intervening in existing upstream-raised dams. Additionally, the influence of time on the
development of the liquefaction mechanism will be evaluated through hydromechanical

coupling analyses.
The specific objectives of this study are summarized as follows:

e To compare the results obtained using the CASM and NorSand models in the back-
analysis of a tailings dam failure;

e To extend the comparison to hypothetical triggering scenarios;

e To understand the mechanisms that may develop from different dam decharacterization
interventions;

e To analyze the effect of time on the development of liquefaction mechanisms during
decharacterization works.

1.4 - THESIS ORGANIZATION

This work is organized into eight chapters. Chapter 1 introduces the study by outlining
the problem under investigation, the motivation for the research, and its general and specific
objectives. In Chapter 2, a comprehensive literature review is provided, covering the process of
tailings generation, methods of disposal in dams, and recent failures attributed to liquefaction.

Additionally, it discusses the theoretical framework essential for conducting numerical analyses



of liquefaction, including the principles of critical state theory, the definition of static

liquefaction, constitutive models, and numerical methods for simulating this phenomenon.

In Chapter 3, the numerical approach adopted throughout the research is presented. A
tailings dam case study was used as a basis for comparing the CASM and NorSand models and
assessing decharacterization strategies. These models were chosen because they were used by
different panels (Robertson et al., 2019; Arroyo and Gens, 2021) to represent the behavior of
the dam tailings. The analyses were conducted using the finite element software Plaxis2D
(Brinkgreve et al., 2020). It is worth noting that while NorSand is available in the Plaxis library,
CASM was implemented as a user-defined soil model (Rogenes et al. 2024a), the details of this

implementation are presented in Chapter 4.

In Chapter 5, the back analyses of a tailings dam failure are presented, which were
conducted using the CASM constitutive model, applying the methodology and parameters
proposed by Arroyo and Gens (2021). For comparison, the back analysis was also performed
using NorSand, employing parameters proposed by Robertson et al. (2019) to represent the

same historical case.

In Chapter 6, two other analyses will be shown. These analyses were conducted through
the simulation of hypothetical triggers: crest loading and gravity increase. The influence of the
adopted constitutive model was analyzed through the mechanisms generated, stress paths, and

levels of disturbances necessary to trigger liquefaction.

The calibrated model for the back analysis of the tailings dam failure was applied in
simulations of different decharacterization strategies, which are presented in Chapter 7. Stress
paths were meticulously analyzed during these simulations, and emerging failure mechanisms
were thoroughly examined. Ultimately, potential failure mechanisms were identified, enabling
the determination of the most effective decharacterization strategy. Furthermore, undrained and
transient hydromechanical coupling analyses were compared to examine the effect of time on
the development of liquefaction triggers. Finally, in Chapter 8, the conclusions and suggestions

for future research are presented.

Finally, it is emphasized that the objective of this study was to compare the application
of different constitutive models in representing the phenomenon of static liquefaction. Thus,
the study does not aim to determine the cause of the rupture in the case study used as a basis,
nor does it question the analyses previously conducted by Arroyo and Gens (2021) and

Robertson et al. (2019). It is also highlighted that the authors do not make any judgment as to



whether the presented models are representative of the actual conditions of the dam before and

during the failure.



2- STATIC LIQUEFACTION SIMULATION

Mining plays a fundamental role in society by providing the essential raw materials for
the production of a wide range of products. From everyday items such as cars and mobile
phones to indispensable healthcare equipment like ultrasound devices and cutting-edge
technologies such as rockets, mining supports various sectors of the economy. Thus, it is
undeniable that this activity constitutes an essential pillar for human and technological

development (Carvalho, 2017; Hodge et al., 2022).

The mining process is outlined in Figure 2.1. It involves the extraction of natural
materials, such as soils and rocks (including ore and natural waste). The ore is subjected to a
beneficiation process to separate the commercially valuable material, known as ore concentrate,
from the economically non-viable material, referred to as tailings. Tailings, the by-products of
mining, are a man-made material and must be managed in a controlled manner to minimize
environmental impacts. The primary methods of tailings disposal are through dams and

stockpiles (Vick, 1990; Piciullo et al., 2022).

Tailings

Extraction of .

unprocessed ore .
P Beneficiated ore

QR ®

Beneficiation

Figure 2.1 - Simplified mineral beneficiation process illustrating tailings generation as a by-product of
ore production.

In the beneficiation process, water is commonly used, resulting in tailings with a high
water content. As a result, disposal in dams becomes the most economical and widely adopted

method. This approach eliminates the need to remove water from the material, thereby avoiding



an increase in operational costs (Vick, 1990; Williams, 2021; Cacciuttolo and Valenzuela,

2022).

The construction of tailings dams begins with the development of a starter dyke. As the
reservoir fills, the structure could be raised to accommodate additional tailings. Based on the
method used for these raises, tailings dams are classified into three types: upstream, centerline,
or downstream, as shown in Figure 2.2 (Vick, 1990; Piciullo et al., 2022). It is also worth noting
that a tailing dam can be constructed in a single phase, following a procedure like that used for

constructing dams for other purposes, such as water reservoirs.

Upstream
Tailings Starter P
Dyke = Raises
N Starter
‘ L \ o Dyke
,_A_.__‘.\iwl —
Center Line Downstream
Raises
Raises .
Starter Starter
Dyke Dyke

Figure 2.2 - Methods for raising tailings dams.

The upstream method is the least costly and, therefore, the most frequently used (Adamo
et al., 2020; Piciullo et al., 2022). However, tailings dams constructed using the upstream
method are found to be more vulnerable to failure (Piciullo et al., 2022). This vulnerability is
evident due to recent failures of upstream-raised dams, such as Mount Polley in 2014
(Morgenstern et al.,2015) Fundao in 2015 (Morgenstern et al., 2016), Cadia in 2018 (Jefferies
etal., 2019), Dam 1 in 2019 (Robertson et al., 2019; Arroyo and Gens, 2021), and Jagersfontein
in 2022 (Marais et al. 2024). These disasters result in the loss of human lives and significant

environmental impacts as shown in Figure 2.3.

All the previously mentioned cases failed due to static liquefaction, a phenomenon in
which the tailings, initially in a solid state, suddenly begin to behave like a fluid. Unlike earth
dams, which undergo a compaction control process, upstream tailings dams construction

involves the hydraulic deposition of non-cohesive materials, which often results in saturated



and loose tailings that are susceptible to static liquefaction (Martin and McRoberts, 1999;
Maénica et al., 2021).

To assess structures susceptible to static liquefaction, an increasingly common practice
is to use numerical simulations, which require constitutive models capable of capturing brittle
behavior and sudden strength loss that occur during static liquefaction. These constitutive
models are typically based on elastoplasticity and critical state theory. The following

subsections will discuss the concepts related to these analyses.

(a) (b)

Figure 2.3 - Impact of Tailings Dam Failures: (a) tailings from the Fund&o disaster reaching the
Atlantic Ocean, and (b) urban areas impacted by the Jagersfontein dam failure.

2.1- CRITICAL STATE THEORY

The behavior of granular materials is strongly influenced by the initial void ratio and
the stress state. Experimental observations have shown that the same material, when tested
under different stress conditions and initial densities, can exhibit markedly different responses.
These observations led to the development of the critical state theory (Casagrande, 1936;

Roscoe et al., 1958; Schofield and Wroth, 1968; Wood, 1990; Jefferies and Been, 2015).

To illustrate this variation, consider two samples of the same material, subjected to the
same stress state but with different void ratios: one in a loose condition and the other in a dense
condition. The typical behavior observed is shown in Figure 2.4, where it can be seen that the
loose sample tends to reduce its initial volume (i.e., contraction) and continuously gains strength

until reaching a residual plateau. In contrast, the dense sample shows a tendency to expand its



initial volume (i.e., dilation), followed by a peak strength that then decreases until reaching a

residual condition.

Loose Sample Dense Sample

Contraction Dilatancy

@ Critical state e= critical void ratio
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Figure 2.4 - Typical behavior observed in dense and loose samples when sheared at the same
confinement level (modify from Wood, 2004, and Laloui and Loria, 2020).

It is also observed that, despite these two samples having different initial states, both
ultimately reach the same condition after shearing, in terms of both stress variation and void

ratio. This final condition is known as the critical state, which can be expressed by:

e, de.  Os =0 Equation 2-1

where p’ is the mean effective stress, ¢ is the deviatoric stress, e is the void ratio, and &g 1s the

shear strain.
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The critical state theory postulates the existence of a region in the stress and void ratio
space where the material reaches the critical state. This region is represented by a curve called
the Critical State Line (CSL), as shown in Figure 2.5a. The projection of the CSL onto the g-p’
and e-In(p’) planes can be approximated by straight lines, as illustrated in Figure 2.5b and

Figure 2.5¢ (Wood, 1990).

-

CSL

Figure 2.5 - Critical state line: (a) representation in the space of stress and void ratio, (b) projection in
the g-p’ plane, and (c¢) projection in the e-/n(p’) plane.

The projection of the CSL onto the e-/n(p’) plane plays an important role in interpreting
the material's behavior, as it can be used to differentiate whether the sample will exhibit a
contractive or dilatant behavior (under drained shearing). Based on this, Been and Jefferies
(1985) developed the concept of the state parameter (i), which is defined as the difference
between the current void ratio (&eurrens) and the void ratio on the CSL (ecsy) for the same stress

state:

Y = ecurrent — €csL Equation 2-2

11



Figure 2.6a illustrates the concept of the state parameter. If the material is above the
CSL in e-In(p’) plane, it has a positive state parameter and is in a loose condition, showing a
tendency to contract when drained sheared. In an undrained case (constant volume), the
tendency for volume reduction results in the generation of positive excess pore pressure, which
causes a decrease in the mean effective stress and, consequently, a reduction in strength, as
represented by the continuous path in Figure 2.6b. On the other hand, if the material is below
the critical state line, it has a negative state parameter and is in a dense condition. In this case,
when drained sheared, the material will tend to expand, or, in an undrained condition, generate
negative excess pore pressure, which increases the mean effective stress and, consequently,

leads to a gain in strength, as illustrated by the dotted path in Figure 2.6b.

Contractive

Dilatant ~ o

Figure 2.6 - (a) State parameter concept, and (b) typical undrained stress path for loose and dense
samples.

2.2- STATIC LIQUEFACTION

Granular soils, such as sand or silty soils, under loose conditions, tend to experience
volume reduction when subjected to drained shearing. When these loose materials are saturated
and subjected to monotonic shear loading, a rupture process can initiate (due to the boundary
condition) and trigger the undrained mechanism known as static liquefaction, where 'static'
refers to the monotonic nature of the trigger (Kramer, 1996; Sadrekarimi, 2014; Jefferies and
Been, 2015). The tendency for volume reduction leads to an increase in pore pressure and,
consequently, a reduction in effective stress. This mechanism results in a loss of particle
contact, decreasing the material's strength and stiffness (Borja, 2006; Bedin et al., 2012;
Jefferies and Been, 2015; Zhu et al., 2021).

12



The undrained behavior mentioned earlier can occur even in typically drained materials,
due to boundary conditions imposed during laboratory testing or field conditions, such as the

material being surrounded by fine layers, among other possible factors.

An important concept related to static liquefaction is the instability line, which
represents the point at which the material exhibits a reduction in strength until it reaches the
critical state condition. In Figure 2.7, the difference between the instability line and CSL is
illustrated. This figure shows the behavior of five isotropically consolidated samples at the same
specific volume but with different confining stresses. Although all samples reach the failure
line, only samples C, D, and E exhibit a contractive behavior, since they have a positive state

parameter.

The presence of loose and saturated granular materials is a common condition found in
tailings dams, resulting from treatment and disposal procedures of mining by-product materials.
Various destabilizing processes can initiate static liquefaction within these dams, collectively
called triggers (Martin and McRoberts, 1999; Olson and Stark, 2003; Sadrekarimi, 2014). Some
examples of triggers are dam raising, foundation displacement, or an increase in the water table
level (Figure 2.8), and a comprehensive overview of triggers can be found in the works of
Martin and McRoberts (1999), Jefteries and Been (2015), Santamarina et al. (2019), and Fourie
et al. (2022). What these triggers have in common is their potential to subject certain zones
within the dam to stress paths that lead to an unstable equilibrium condition delineated by the
instability line, as exemplified in Figure 2.8 (Lade and Pradel, 1990; Chu and Leong, 2002;
Lade and Yamamuro, 2011; Ledesma et al., 2022).

13
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Figure 2.7 - Typical undrained stress path for samples with the same void ratio but different confining

Deviatoric Stress

stresses, illustrating the concept of the instability line (after Andrade, 2009).
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Figure 2.8 - Conceptual stress path to illustrate the transition from a stable to an unstable state,
delineated by the instability line, caused by a liquefaction trigger (after Ledesma et al., 2022).
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2.3- CONSTITUTIVE MODEL

In general, the models of interest for this study are based on elastoplasticity theory. For
standardization purposes, the equations will be written in terms of the Cambridge invariants:
mean effective stress (p’), deviatoric stress (q), and Lode angle (6) (Wood, 2017). The
elastoplasticity theory presented in this chapter is based on the books by Wood (1990, 2017);

for further details, the reader is referred to these references. These invariants are given by:

p' = 3 Equation 2-3
1 [ r N2 ’ Y ! .)?
q=\/_§\/(01—02) + (0’1 — 0'3)*+ (o', — 0'3) Equation 2-4
6 = at 01 =20+ d'5
= atan - - Equation 2-5
V3(o', — d'3) 1

where ¢’;, 0’2, and o3 are the major, intermediate, and minor principal stresses, respectively.

In elastoplastic models, the constitutive matrix ([D]) or its inverse, called the
compressibility matrix ([C]), relates the strain increments ({d¢}) to the stress increments ({dc})

through the following equations:

{da} = [D]{de} Equation 2-6

{de} = [C]{dd} Equation 2-7

The compressibility matrix is subdivided into an elastic component ([ C¢]) and a plastic

component ([C*]):

[C]=1[C°] + [CP] Equation 2-8
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The elastic component of the strain increments can be defined by Hooke's law:

Equation 2-9

g o0 ]{dp'}

dep dp’
= [c® { }:
{dfc?} 1 Naq 0 1/5-]lda

Where K is the bulk modulus, G is the shear modulus, and the subscripts “p” and “q” represent,

respectively, the volumetric and deviatoric components of the strains, and the superscript “e”

represents the elastic portion.

The bulk modulus and shear modulus are related to Young's modulus and Poisson's

ratio, respectively, by:

E
K=sa-m Equation 2-10
_ E
G = 3(1+v) Equation 2-11

In elastoplastic models, elastic behavior occurs within stress states that lie inside a

domain defined by a function known as the yield surface:

f@.q6,5)=0 Equation 2-12

where f'is the yield surface and s is the stress variable that measures the size of the elastic

domain.

When the stress state reaches the yield surface, a combination of elastic and plastic
strains begins to occur, provided that loading is applied. As the material is loaded and plastic
strains occur, changes in the elastic domain may take place to ensure the consistency condition
(f = 0). This change is controlled by the parameter s, which evolves according the hardening

law:

ds = Hp, dh Equation 2-13
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where H, is the plastic modulus and # is the plastic strain component which controls the

hardening law.

Finally, to define the directions and magnitude of the plastic strains, a flow rule is

required, where the direction of the plastic strains is given by the plastic potential function:

g q61)=0 Equation 2-14

where 7, is a parameter that controls the size of the plastic potential. If g = £, the flow rule is

said to be associated; otherwise, it is a non-associated flow rule.

Given the ingredients mentioned earlier (yield surface, hardening law, and plastic

potential), the increments of plastic strains are defined as:

[0]‘ dg of Og]

dsg = [CP] {dpl} _ -1 Iap’ ap’ Eap’l{dp’} .
del dq g(@ 99 . @a_g) [ﬂa_g ia—gJ dq Equation 2-15
3s\orap’ Y 9R39) 5,9 345

669

where the subscripts “p” and “g” represent, respectively, the volumetric and deviatoric

components of the strains, and the superscript “p” represents the plastic portion.

Using the additivity theorem, the increments of total strains can be defined as:

de, def de)
{ } = Ty P Equation 2-16
deg deg del

Substituting Equation 2-9 and Equation 2-15 into Equation 2-16, the final relation is

obtained as:

(11 of 09 9f 997
{dsp}z k 0| 1 dp' dp’  dq dp’ {dp'} ,
de, 0 1/36’ g(@ ag +@a_g> of 0g 9f dg dgq Equation 2-17
ds \0hdp' " 0hdq a_P'% %%
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For an accurate simulation of liquefaction, the constitutive model plays a crucial role.

The constitutive model must represent the concept of the instability line and capture the

tendency of strength and stiffness reduction. Models based on critical state theory, such as the

CASM and NorSand, fulfill these requirements and are commonly used for numerical modeling

and liquefaction analysis (Ménica et al., 2021; Shuttle et al., 2022; Liu et al., 2024). A

description of the formulations of the analyzed models is provided in the following subsections.

2.3.1- CLAY AND SAND MODEL - CASM

The CASM, initially introduced by Yu (1998), is based on the critical state theory, and

adopts an approach similar to the Cam-Clay constitutive model (Wood, 1990). The parameters

and equations of the model are presented in Table 2.1 and Table 2.2, respectively.

Table 2.1 — CASM parameters.

Component Description
r CSL void ratio at p' = 1 kPa, in e-In(p’) plane;
CSL A slope of CSL in e-In(p’) plane;
slope of CSL in g-p’ plane for
M triaxial compression condition;
1% Poisson’s ratio
Elasticity slope of elastic line in
" e-In(p’) plane
Parameter that controls
" the yield function shape;
Plasticity r spacing ratio;
Parameter that controls
" the plastic potential shape;
State OCR  Over-consolidation ratio;
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Table 2.2 — CASM equations.

Component Equations
e=T— Alnp' Equation 2-18
CSL 2 ot Y4 E 1 2-10
Mg =M quation 2-
0 TC{1+ a4+(1—a4)sen39}
Yield function f=¢ 1 )"+ L In (p_') Equation 2-20
Mgp' Inr — p'
ap's, (A+e)p
Hardening rule 65’? =T« ° Equation 2-21
P
m-—1
Plastic Potencial g=( 1 )™ +m-—1-— L,) Equation 2-22
Mgp P
K = % Equation 2-23
Elasticity K (1—2v)
= — Equation 2-24
(1+v)

CASM postulates a linear relationship for the critical state line in the e-/n (p') plane
(Equation 2-18), with consolidation lines assumed to run parallel to the CSL. In contrast to the
Cam-Clay model, CASM replaces the normal consolidation line with the reference compression
line (RCL), representing the loosest state the material might experience (Figure 2.9). According
to Yu (2006), this change was made because the normal compression line of sands, unlike clays,
is only reached under high stresses uncommon in engineering problems. The position of the
reference consolidation line in CASM is determined by the spatial ratio (7, refer to Table 2.1),

a parameter used to measure the distance between the critical state line and the reference line.
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Figure 2.9 — Definition of the Reference Consolidation Line (RCL) in CASM.

A modified version of CASM proposed by Manica et al. (2021) is employed in this
research. Ménica et al. (2021) modified the original version proposed by Yu (1998), integrating
the effect of intermediate principal stress, captured by the change in the Lode angle, on the CSL
in the g-p’ plane (Figure 2.10). They applied the relationship presented in Equation 2-19,
proposed by Sheng et al. (2000), where a is a parameter controlling the difference of My

between triaxial compression and extension and is defined by:

3

=37 Mre Equation 2-25
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Figure 2.10 — Effect of Lode angle variation on the CSL in the ¢-p' plane.

The yield function adopted in the model is presented in Equation 2-20, where the elastic
domain is controlled by the pre-consolidation stress (p ). It is noteworthy that the ratio p o/p’
is referred to as the overconsolidation ratio (OCR). On the other hand, the hardening law

(Equation 2-21) is based on plastic volumetric strain, similar to the Cam-Clay model.

The plastic potential function adopted by Manica et al. (2021) was also modified from
the original formulation by Yu (1998). The plastic potential employed is presented in Equation
2-22, where p. is given by:

p q

Pe=—"7 [(Mp'

)™ —1] Equation 2-26
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The p. must be solved for the current stress state. Notably, the plastic potential function
exhibits a distinct form from the yield surface. Consequently, CASM incorporates a non-
associated flow rule. The parameter m offers flexibility in adjusting the model's response along
oedometric paths, ensuring that the Ky remains constant at a specified value, unaffected by

plastic strains.

Finally, the elastic behavior in CASM is defined by the constant Poisson's ratio and the
bulk modulus (Equation 2-23 and Equation 2-24). The bulk modulus is related to the slope of
the unloading line (k) and also varies with stress level and void ratio, as depicted in Equation

2-23.

2.3.2- NORSAND

The NorSand constitutive model (Jefferies, 1993; Jefferies and Shuttle, 2005) is based
on critical state theory and incorporates the state parameter into its formulation. The parameters

and equations of the model are presented in Table 2.3 and Table 2.4, respectively.

NorSand employs the concept of infinite virgin compression lines, which are linked to
the initial void ratio and may not necessarily align with the CSL (Figure 2.11). Similar to CASM
(Equation 2-28), the CSL is also defined as a straight line in NorSand. It is noteworthy that

NorSand also accommodates the adoption of a curved CSL in the e-In(p’) plane:

pl
pref

e= Co— Cp(=—)% Equation 2-27

where Cq4, Cp and C, are the power-law CSL parameters.

It is worth noting that NorSand also captures changes in the CSL in the g-p’ plane due
to variations in intermediate stress (Equation 2-29). This means it is capable of modeling
tailings behavior in a generalized stress state. This capability is crucial for capturing the effect

of different stress paths on strength along the potential slip surface (Figure 2.10).

22



Table 2.3 — Norsand parameters.

Component Description
r CSL void ratio at p' = 1 kPa, in e-In(p’) plane;
CSL A slope of CSL in e-In(p’) plane;
v slope of CSL in g-p’ plane for
“ triaxial compression condition;
v Poisson’s ratio;
Elasticity Grs  shear modulus at the reference mean effective stress (p e);
e Parameter that controls the relationship between G and p’;
N Volumetric coupling coefficient;
K Dilatancy constant for triaxial compression condition;
Plasticity
Plastic hardening modulus for loading, often a fuction of initial
H
state parameter (wo) H = Ho- H, yo;
OCR Over-consolidation ratio;
State
14 state parameter;
Table 2.4 — NorSand equations.
Component Equations
e=T— Alnp' Equation 2-28
CSL Myc? 30w
TC :
Mo = Mrp — ———— (— + —) Equation 2-29
0= e T3 M, 2 T 1
q P
Yield function f= s+in—-—1 Equation 2-30
M;p pi
Hardening rule dp; M; "\? /p. ; Equation 2-31
P [ <p_> (_p""t“" - &) + ST,
deg M; ¢ \pi p p
Plastic Potencial g=f= L, + lnp—’ -1 Equation 2-32
M;p pi
_ fad+v) Equation 2-33
1= 2v) quation 2-
Elasticity ,
G = Gres ( P ) e Equation 2-34
pref
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o NCL

Figure 2.11 — Definition of the infinite Normal Consolidation Line (NCL) in NorSand.

The yield function adopted in NorSand is presented in Equation 2-30. This equation
shares the same form as the Cam-Clay model, but it incorporates the concept of the image
condition, which is a projection of the critical state. In this sense, the control of the elastic
domain shifts from the pre-consolidation stress to the mean stress in the image condition (p;).
This change also leads to a decoupling of the yield surface from the CSL through the
replacement of My with M;, given by:

N x|l
M;= Mg (11— .
i 6 < Mre Equation 2-35

where y; and y; are, respectively, the state parameter and the dilatancy constant, both in the

image condition:

Mrcxre

= Mype — Axre Equation 2-36
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In NorSand, a hardening law based on plastic shear strains was adopted, as presented in

Equation 2-31. Here, pi max is the variable responsible for controlling the maximum dilatancy:

_ ! _ Xi 1»[)1'
Dimax = D' €xp ( W

) ion 2-
LTC Equation 2-37

while T represents an additional softening term (Equation 2-38):

1 K q
Ty = ) (_) =) Equation 2-38

where 77 is the stress ratio limit defined by pi max.

Notably, 7s is governed by the parameter S (Equation 2-31), which functions as a
Boolean operator, taking either O or 1 values. Additional softening should be deactivated under
drained conditions; however, in undrained conditions, it may or may not be activated (Jefferies
and Been, 2015; Itasca, 2019). The additional softening was activated in all undrained

simulations presented in these studies.

NorSand assumes an associated flow rule. Thus, the plastic potential function has the
same form as the yield surface (Equation 2-32). The specific form of the flow rule utilized in
Norsand limits the model's ability to accurately capture the behavior of materials under
oedometric paths (Castonguay and Konrad, 2016; Gomes, 2022; Reid et al., 2022). Given this
poor control and based on the authors' experience, it is better to generate a reasonably accurate
stress state using a simple model, such as the Mohr-Coulomb model, while maintaining control

over oedometric paths, which will govern the stress state in zones prone to instability.

Lastly, the elastic behavior in NorSand is determined by Poisson's ratio, assumed to be
constant, and the shear modulus, which varies with stress level and the reference shear modulus

(Equation 2-33 and Equation 2-34).

2.4 - FINITE ELEMENT METHOD

The phenomenon of liquefaction has been analyzed using various numerical methods,
including the Discrete Element Method (Zhu et al. 2021), the Finite Volume Method (Robertson
et al. 2019), and the Finite Element Method (Arroyo and Gens, 2021). Among these, the Finite
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Element Method stands out as one of the most renowned approaches within the technical
community, being widely employed in liquefaction analyses. This study used this methodology,

and for this reason, a brief theoretical review on the subject will be presented.

Figure 2.12 succinctly presents the flowchart of the basic steps involved in the
implementation of the Finite Element Method (FEM). It is worth noting that the discussions
presented in this section are based on the work of Beer and Watson (1994). For more details on

the subject, readers are referred to that reference.

- - Define How Develop the
Discretize ) P Assemble the Solve the
the Unknown Stiffness . et
the Problem . . ) Global Stiffness Equilibrium
: Varies Inside Matrix for Each . .
Domain Matrix Equations
Each Element Element

Figure 2.12 - Flowchart of the Finite Element Method.

The formulation of the method involves constructing the stiffness matrix for each finite
element and subsequently assembling the global stiffness matrix, which relates forces and

displacements in the equilibrium equation:

[K]{du} = {dFex:} Equation 2-39

where [K] is the global stiffness matrix, {du} is the vector of nodal displacement increments,

and {dFex} 1s the vector of external nodal force increments.

The global stiffness matrix is assembled by combining the stiffness matrices of each
element in the model. To construct the stiffness matrix, it is first necessary to define the
relationship between the strain increment vector and the displacement increment vector, which

is represented by the matrix [B]:

{de} = [B]{du} Equation 2-40

where {de} is the vector of strain increments.
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Finally, the internal stresses must be converted into internal nodal forces, which is

accomplished using [B]":

f [B]"{da}dV = {dFin.} Equation 2-41
14

The integration in Equation 2-41 is initially performed over the element's volume (V);
however, in a two-dimensional program, the integration is conducted over the element's area

(4). Therefore, Equation 2-41 is modified to:

f [B]"{do}dA = {dFin.} Equation 2-42
A

where {dFiu.} is the vector of internal nodal force increments.

With the previously established relationships, the stiffness matrix is defined by:

jA [BY[DI[BIdA = [K°] Equation 2-43

where [K*] is the stiffness matrix of the finite element.

The matrices [B] and [B]” depend on the type of element used, while the matrix [D]

depends on the constitutive model and the analysis conditions employed.

Once the stiffness matrix of each element in the mesh is defined, the global stiffness
matrix is assembled, and then Equation 2-39 can be solved, which is done using known forces
and displacements (boundary conditions). The system of equations formed is solved using

numerical methods such as Gaussian elimination.

For nonlinear problems, the solution of Equation 2-39 becomes iterative, and external
loads must be applied incrementally over a finite number of steps (). In such situations, the
initial stiffness method can be used to solve the equilibrium equation. The initial stiffness
method is illustrated in Figure 2.13. In this method, an initial global stiffness matrix [Ko] is

assembled, and this matrix is kept constant throughout all iterations. After assembling the
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stiffness matrix, the displacement increments are calculated, and the solution is updated

according to the following equations:

[Kol{Au'} = {Flext — {Fi Yine Equation 2-44
{dui} = [Kol *({Fu}ext — {Fi Yine) Equation 2-45
i
{un} = {up_13 + Z{dui} Equation 2-46
1

where i is the number of iterations.

From the current displacements, the corresponding internal forces for each iteration
({F'}inr) are calculated, as shown in Figure 2.10. These forces are then compared with the

external forces, and the error between them is determined using:

{R,l@} = {Fa}ext — {Fa}ine Equation 2-47
where R, is the error vector between the internal and external forces at each i-th iteration.

The procedure is repeated until the error between internal and external forces reaches a
negligible value, specified by the program operator. It is then considered that equilibrium has

been reached.
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Figure 2.13 - Steps involved in the initial stiffness method for solving nonlinear problems.



3- MODELING APPROACH

A well-documented case of tailings dam failure in Brazil was selected as the test case to
quantify the constitutive models' influence on observed simulation results, as well as to test

different decharacterization strategies.

The CASM and NorSand were selected for comparison because they were used by
different investigation panels (Robertson et al., 2019, Arroyo and Gens, 2021) to represent the
behavior of dam tailings. These studies served as references for model setup and the selection

of materials' parameters.

It is worth mentioning that, although Arroyo and Gens (2021) successfully applied the
CASM for the failure analyses, Robertson et al. (2019) reported that NorSand exhibited
numerical instability and substituted it with a Mohr-Coulomb strain-weakening model for the
failure simulation. Therefore, a direct comparison of the influence of the constitutive models
on the results was not carried out, raising the question of whether the ability to capture different
failure mechanisms was due to the choice of constitutive model. It is argued that a stronger case
for the idea that the choice of constitutive model should not influence the triggering mechanisms
of liquefaction can be made by demonstrating that similar results can be obtained using different
constitutive models, provided that each model is calibrated according to accepted procedures
and practices to represent the material behavior. Additionally, it should be noted that both the
CASM and NorSand models have capabilities in simulating strain-softening responses due to
pore pressure generation, which is a significant advantage compared to commonly used models,

such as Mohr-Coulomb and Drucker-Prager (Yu, 2006; Jefferies and Been, 2015; Wood, 2017).

One should consider that despite the issues reported by Robertson et al. (2019) regarding
the application of NorSand, this model has been widely applied in the geotechnical community
and used in other forensic investigations, such as Fundao (Morgenstern et al., 2015) and Cadia
(Jefferies et al., 2019). To the author’s knowledge, this was the first time that NorSand has been

successfully applied in the trigger failure analysis of this case.

The analyses of this research were conducted using the finite element software Plaxis2D
(Brinkgreve et al., 2020). The stress state was defined for the pre-failure condition through a
simulation of the construction process using CASM, following a consolidation type calculation

and methodology similar to that presented by Arroyo and Gens (2021). It is worth noting that
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while NorSand is available in the Plaxis library, CASM was implemented as a user-defined soil

model (Rogenes et al., 2024a).

Reid et al. (2022, 2023) highlighted that initial stress states can significantly influence
static liquefaction analysis outcomes. To mitigate the impact of the initial state on results,
trigger analyses were conducted using the same initial stress state obtained from the pre-failure
model. This procedure is currently available in Plaxis and requires that the final results of one
analysis (pre-failure condition) be used as the starting point for the new one (trigger analysis),
a similar approach was employed by Reid et al. (2022). It is worth noting that the initial stress
is used to initialize the hardening parameters and, consequently, the yield surface at each Gauss
point, thus ensuring the consistency condition. NorSand was not used to simulate the
construction of the dam because the stress path under oedometric conditions could not be
adequately controlled. This behavior has been reported by other researchers (Castonguay and

Konrad, 2016; Gomes, 2022; Reid et al., 2022) and will also be discussed in Section 5.1.1.

From the pre-failure condition different triggers were applied numerically in
incremental steps, utilizing the arch-length based load control available in Plaxis (Brinkgreve
et al., 2020). This numerical procedure enables the development of the failure mechanism, even
in the presence of softening behavior, as the analysis progresses beyond the onset of loss of

numerical convergence by reducing the active loading in pursuit of numerical convergence.

All analyses were performed using a small-strain approach, as the study focused on
evaluating the level of perturbation necessary to trigger static liquefaction and induce failure in
the structure, which can be simulated without a large-strain approach. It is emphasized that
tracking the run-out of the sliding mass, or the complete post-failure evolution of the flow

liquefaction, was beyond the scope of this analysis.

Finally, it is emphasized that the objective of this study was to compare the application
of different constitutive models in representing the phenomenon of static liquefaction. Thus,
the study does not aim to determine the cause of the rupture in the case study used as a basis,
nor does it question the analyses previously conducted by Arroyo and Gens (2021) and
Robertson et al. (2019). It is also highlighted that the authors do not make any judgment as to
whether the presented models are representative of the actual conditions of the dam before and

during the failure.
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3.1- BACK ANALYSIS AND HYPOTHETICAL TRIGGERS

Initially, a back analysis of the failure was carried out, simulating the static liquefaction
triggered by an investigation borehole, an action identified by Arroyo and Gens (2021) as a
possible triggering mechanism for the failure. This trigger was assessed by applying CASM
with parameters proposed by Arroyo and Gens (2021), which were used in the construction
simulation, and NorSand, applying parameters proposed by Robertson et al. (2019) to represent

the same historical case.

In addition to the back analysis of the failure, two other simulations were conducted
using hypothetical triggers: crest loading and gravity increase. This approach of using
hypothetical triggers, applied by various researchers (Sottile et al., 2021; Ledesma et al., 2022;
Gomes, 2022; Liu et al., 2024), aims to assess the structure's vulnerability before the failure,

considering the challenge of predicting a specific trigger.

Based on these analyses, the influence of the adopted constitutive model is discussed by
comparing the failure mechanisms observed, stress paths, and the levels of perturbation

required to trigger liquefaction.

The trigger analyses were conducted under the assumption of undrained behavior of the
saturated tailings material. This implies no volumetric strains with subsequent generation of

excess pore pressures during shearing and compression.

3.2- DECHARACTERIZATION

In recent years, Brazilian regulations have adopted stricter criteria for dam safety,
mandating the decharacterization of dams built using the upstream method (ANM, 2022;
Schaper et al., 2021). The decharacterization of an upstream-raised tailings dam involves
structural interventions designed to eliminate its upstream-raised characteristics. This
procedure was mandated by Brazilian regulations due to the uncertainties related to
characterizing such structures, resulting in an approach that assumes that if it can liquefy, it will

liquefy.

Conceptually, there are three main decharacterization approaches: reinforcement,

reservoir excavation, or a combined solution. These strategies are schematically illustrated in
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Figure 3.1, and real-world project examples are presented in Figure 3.2. In Figure 3.1
“stabilizing fill” refers to materials with a structural function and constructed with compaction
control, whereas “backfill” refers to materials used for confinement that do not require
compaction control. It is important to note that the alternatives presented do not exhaust the
possible arrangements that can be employed, as the most suitable approach depends on the
specific context of each structure. For real-world examples of decharacterization projects,
readers are referred to the works of Pereira et al. (2024), Neves and Felitti (2024), and Vale
(2024a, 2024b, 2024c, 2025).

To assess the impacts of these different decharacterization strategies, the pre-failure
condition of the dam was used as a starting point, aiming to evaluate whether it would be

possible to intervene in a critical structure without triggering the liquefaction.

The numerical model calibrated for back-analysis of failure will be applied to simulate
the decharacterization strategies presented in Figure 3.1. The impacts and mechanisms
promoted by these interventions will be analyzed, to define the strategy that causes the least

disruption, thereby creating a more favorable condition for the safety of the structure.

The analyses are conducted under the assumption of undrained behavior of the saturated
tailings material. Additionally, models based on the fully coupled flow-deformation approach
(Brinkgreve et al., 2020) were also conducted to evaluate the effect of time on static liquefaction
analyses. The coupled hydromechanical analysis is based on Biot's theory (Biot, 1941), which
allows for the simultaneous consideration of time-dependent changes in stress, strain, and pore

pressure.
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Figure 3.1 - Decharacterization strategies: (a) buttress, (b) excavation, and (¢) hybrid buttress-
excavation solution.
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Figure 3.2 - Real-world examples of decharacterization projects: (a) Cross-section of an upstream-

raised tailings dam; (b) Engineering strategy for stabilization using decharacterization fill and
embankment buttresses; (c) Partial removal of tailings (modified from Neves and Felitti, 2024).
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4 - PLAXIS AND CASM: IMPLEMENTATION, VERIFICATION AND
CALIBRATION

In this chapter it is presented the CASM implementation using an explicit integration
scheme as a user-defined model in Plaxis (Brinkgreve et al. 2020). It includes a procedure to
validate the implementation, along with additional parametric analyses based on a series of
numerical laboratory tests. Validation results demonstrate the consistency and robustness of the
formulation proposed, and the procedure described will serve as a methodology to validate
future implementations. Of note, this chapter is a partial reproduction of the papers published
by Rogenes et al. (2024a), Gomes et al. (2024) and Nazareth et al. (2025), of which the author

of this thesis is the main author or a co-author.

4.1- IMPLEMENTATION

CASM was implemented in the finite element software Plaxis, which allows for the
incorporation of new constitutive models through its User Defined Soil Model (UDSM)
functionality. To integrate a user-defined constitutive model into the software, the code, written
in Fortran, must be compiled into a Dynamic-link library (DLL) file and added to the program's

directories.

The constitutive model will be invoked at each Gauss point, and Plaxis will provide
preliminary information such as stress state, pore pressures, and state variables, along with
strain increments as input data to the user-defined script. The constitutive model will then
compute stress increments according to the defined formulation, and, subsequently, Plaxis will
solve the equilibrium equations using the finite element method and will pass new strains back

to the constitutive model. This cycle repeats until convergence is achieved.

To make the DLL functional within the main Plaxis program, it is necessary to develop
a code that communicates with specific subroutines:
1. Initialization of state variables: At this stage, initial values of user-supplied properties
and state variables are defined;

2. Integration of constitutive relations: During these steps, calculations are performed to
determine new stresses based on strain increments;
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3. Creation of the elastoplastic stiffness matrix: This involves creating the matrix that
describes the relationship between stresses and strains for elastoplastic material
behavior;

4. Creation of the elastic stiffness matrix: Here, the matrix describing the relationship
between stresses and strains for purely elastic material behavior is created.

The main code of the constitutive model implementation involves integrating the
constitutive relations. During the integration process, an elastic prediction is first made. If it is
determined that the new stress state lies outside the yield surface, a plastic correction is
performed, which is necessary to ensure consistency. The generalized elastoplastic constitutive

relation was presented in Equation 2-17.

In the CASM, the hardening parameter controlling the variation of the elastic domain is
the pre-consolidation stress 2, thus s = zn. Since hardening is governed by volumetric plastic
strain, & = gy”. Considering that the yield function and the plastic potential function adopted in
CASM are given by Equation 2-20 and Equation 2-22, respectively, and that the hardening law
is defined by Equation 2-21, the following derivatives can be defined:

af q\* -n 1
0_p' = (M_e) (p'"“) + p'Inr Equation 4-1
af 1 4\" _
% = (W) (ng"™) Equation 4-2
dg _(q\™ —m p'c(m —1) ‘
(')_p' = M_g (p'm“) + p,z Equation 4-3
09 _ (L \"
% = (W) (mq™™") Equation 4-4

of _or -1 1

as _ap', nr W Equation 4-5
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ds dp’, (1+e0)p,

%_635_ A—k

During the plastic correction process, the initial approach is to apply the entire strain
increment to integrate stresses and hardening parameters. To ensure numerical stability, an

by Sloan et al. (2001), has been

explicit automatic sub-incrementation algorithm, proposed

adopted. If the integration fails to meet the specified error tolerance, the strain increment is
reduced. This iterative process continues until all strain is applied while maintaining the

specified error threshold. Flowchart for automatic sub-incrementation integration algorithm is

presented in Figure 4.1.
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Figure 4.1 - Flowchart for automatic substepping integration. (after Cirone, 2020)




4.2 - VERIFICATION

To validate the numerical implementation of CASM, a series of numerical tests were
conducted. The model developed for this stage consists of a sample under axisymmetric
conditions with regular geometry, as shown in Figure 4.2. The parameters used in these

simulations are presented in Table 4.1, which were defined by Arroyo and Gens (2021) to

represent iron ore tailings.

1m

(PR R DR AR R R AT

1m

Figure 4.2 - Boundary condition and problem setup used for CASM implementation validation.

Table 4.1 — CASM parameters applied in the validation simulations.

Component Parameters
r 1.20
A 0.053
M. 1.40
n 5
r 35
m 23
K 0.007
1% 0.3
OCR 1
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For a comprehensive validation, numerical drained and undrained triaxial tests were
simulated under compression and extension conditions. The results are presented in Figure 4.3,
demonstrating the CASM ability to represent varying strength values depending on the
simulated path, the hardening process under drained conditions, and the generation of pore

pressures and brittle behavior under undrained conditions.

Isotropic compression and oedometer tests were also conducted. The results are
presented in Figure 4.4, showing an increase in stiffness with increasing confinement in both
tests. It is noteworthy that in the oedometer test, the sample was initially in an isotropic
condition and as it was compressed, it approached a constant KO value, demonstrating the
model's capability to control the coefficient of lateral earth pressure, which is crucial for

applications involving staged construction simulations.

An unloading followed by an undrained loading test was conducted, and the result is
presented in Figure 4.5 alongside a result of a numerical test on a normally consolidated sample.
It is observed that the model successfully captures the increase in OCR induced by unloading,
leading to elastic behavior at the beginning of reloading. Such scenarios are crucial for dam

decharacterization involving excavation processes and subsequent unloading.
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200 4 200 1 —Compression Drained
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o
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©100 |
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Figure 4.3 - Verification of CASM implementation in conventional triaxial tests.

40



300 200

280 { (@) . 180 { (b o
—Oedometric (b) .’

260 1 . 160 L7

240 | —Isotropic 140 ’

=220 - —~120 A

b ©

=200 - < 100 -

2180 - T 80 - e —Oedometric
160 - 60 - ,,’ ——|sotropic
140 | 40 | e --KO Line
120 204 -7
100 0+

0,0 0,5 1,0 1,5 2,0 0 100 200 300
&ax (%) p' (kPa)

Figure 4.4 - Verification of CASM implementation in isotropic compression and oedometer paths: (a)
mean effective stress — axial strain, and (b) deviatoric stress - mean effective stress.
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Figure 4.5 - Verification of CASM implementation in unloading paths followed by undrained
recompression.

The numerical verification also included partially drained/undrained behavior through
hydro-mechanical coupling approaches, where excess pore pressure generation is a function of
strain rate, soil stiffness, and permeability. In this simulation, horizontal and vertical hydraulic
conductivities of 1.00E-08 m/s and 2.00E-09 m/s, respectively, were applied, as presented by
Arroyo and Gens (2021). The results obtained are shown in Figure 4.6, indicating that CASM
can simulate partially drained behavior in triaxial compression tests by adjusting the strain rate,
ranging from fully drained to undrained conditions. t should be noted that the intermediate case

was simulated by applying a compression rate sufficient to induce a partially drained behavior

for demonstration purposes.
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Figure 4.6 - Verification of hydro-mechanically coupled triaxial tests using CASM: (a) deviatoric
stress — axial strain, and (b) deviatoric stress — mean effective stress.

4.3 -

PARAMETRIC ANALYSIS

The main difference between CASM and Cam-Clay models lies in the addition of

parameters n, r, and m. For instance, if » = 2, n = 2, and m = 2, CASM simulates behavior

similar to that obtained with the Cam-Clay model, as shown in Figure 4.7 (Cam-Clay model

parameters were extracted from Table 4.1). Therefore, sensitivity analyses focused on the

effects of these parameters on the behavior represented in the CASM. These analyses were

conducted starting from the parameters listed in Table 3.

—Undrained - CASM

—Drained - CASM
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300
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—Drained - CASM

- -Undrained - Cam-Clay
- -Drained - Cam-Clay

Figure 4.7 - Comparison of triaxial compression test results using the Cam-Clay and CASM models
withr=2,n=2,and m = 2.
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The parameter n modifies the shape of the yield surface, as shown in Figure 4.8a. It is
evident that a higher n expands the elastic domain, thereby increasing the peak undrained

strength, as demonstrated by parametric analyses depicted in Figure 4.9

The parameter 7 also influences the shape of the yield surface, as shown in Figure 4.8b,
but its primary role is to separate the reference compression line from the critical state line.
Thus, an increase in the parameter » indirectly promotes an increase in the state parameter,

consequently reducing the residual undrained strength, as observed in Figure 4.10.
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Figure 4.8 - Changes in the yield surface shape due to variations of parameters: (a) n, and (b) r.
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Figure 4.9 - Sensitivity of CASM in undrained triaxial compression tests to variations of z: (a)
deviatoric stress — axial strain, and (b) deviatoric stress — mean effective stress..
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Figure 4.10 - Sensitivity of CASM in undrained triaxial compression tests to variations of » : (a)
deviatoric stress — axial strain, and (b) deviatoric stress — mean effective stress..

Given the non-associated flow rule adopted in CASM, the parameter m solely influences
the plastic potential function. Thus, in shear loading conditions, such as in triaxial tests, this
parameter affects only the deformations, while stress paths remain unchanged (Figure 4.11).
On the other hand, in oedometer compression conditions, m directly controls the value of the

coefficient of earth pressure at-rest, i.e., the slope of the K line simulated in the model, as seen

in Figure 4.12.
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Figure 4.11 - Sensitivity of CASM to variations of the parameter m in undrained triaxial compression
tests.
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Figure 4.12 - Sensitivity of CASM to variations of the parameter m in oedometer compression tests.

4.4 - CALIBRATION METHODOLOGY

Given that CASM does not have a well-defined calibration methodology, this work
proposes a calibration methodology for the model parameters, with applications to tailings
materials. The proposed methodology was defined based on the parametric analysis conducted
in Section 4.3 and on the works of Manica et al. (2021), Arroyo and Gens (2021), and Nazareth
et al. (2025), and was presented by Gomes et al. (2024).

For the calibration of CASM, eight input parameters are required, as presented in Table
2.1. The methodology for determining the required input data for the constitutive model will be
divided into 5 steps. It is worth noting that the analytical equations presented were derived

under normal consolidation conditions.

4.4.1- Step 1 - Determination of parameters M, I"and A

To determine parameters M, I, and A, triaxial tests (conducted under drained or
undrained conditions, with the void ratio defined at the end of deviatoric compression) are
conducted to establish the CSL on the p -q plane (Figure 4.13a), and the In(p’)-e plane (Figure
4.13b). In the p’-q plot, parameter M is obtained from the slope of the CSL, while in the In(p’)-
e plot, I corresponds to the CSL void ratio at p” = 1 kPa, and 4 represents the slope of the CSL.
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Figure 4.13 — (a) Plot to obtain parameter M, and (b) plot to obtain parameters /" and A.

4.4.2- Step 2 - Determination of the elastic parameters vand &

The Poisson’s ratio (v) can be obtained through data from drained triaxial tests (with
measurements of volumetric or lateral strain) by plotting the axial strain versus radial strain and
determining v from the slope of the line. Alternatively, this parameter can also be obtained from
literature references, as Arroyo and Gens (2021), as it does not vary significantly.

To obtain x, consolidation oedometer tests are conducted, and the In(p’) - v graph is
plotted (Figure 4.14). The value of « corresponds to the slope of the recompression line, as

illustrated in Figure 3.

A
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+
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k 1
>
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Figure 4.14 — Graph to obtain the parameter x.
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According to Manica et al. (2021), since the parameters v and x do not vary much, they
can be estimated. In the absence of oedometer tests, x can be adjusted for a better fit between
the calibration results and the triaxial laboratory data (drained and undrained) in the g-gax plane.
It is also worth noting that Poisson’s ratio will control the Ky condition under an

overconsolidated state, as will be discussed in step 3.

4.4.3- Step 3 - Determination of the plastic parameter — m

The parameter m controls the shape of the plastic potential and can be used to adjust the
model's response in oedometer tests, ensuring that the coefficient of earth pressure at rest (Ko)
remains at a specified value without changes due to plastic deformations. The relationship

between Ko and m is given by Equation 4-7 (Mdnica et al., 2021).

3(A—K)  [Mpc 1 3(1-Kp)\ (1 30-K)\ ™" |
= [ e MTC] - Equation 4-7

22 Mrc 1+ 2K, Mrc 1+ 2K,

The equation requires data related to the CSL (M and 1), determined in Step 1, the elastic
parameter (x), determined in Step 2, and Ky, which can be obtained through pressuremeter tests,
correlated with available data for similar materials, or estimated using Jaky’s equation for

normally consolidated condition (Equation 4-8).

Ky =1—sen ¢’ Equation 4-8
where ¢’ is the effective friction angle.

For overconsolidated material (OCR > 1), elastic behavior will occur, and in this case,
Ko will be controlled through Poisson’s ratio. It is essential to note that Ko is one of the most
critical parameters in liquefaction simulations, as it significantly influences the field stress, i.e.,
the distance from the current stress state to the instability line. Unfortunately, Ko is one of the
most challenging parameters to determine with precision, so we can consider it as one of the

"black holes" of geotechnical engineering.
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4.4.4- Step 4 - Determination of the spacing ratio - r.

The parameter » allows control of the distance between the CSL and the virgin
compression line on the horizontal axis and is related to residual undrained strength (S..),

determined by Equation 4-9 (Manica et al., 2021).

A

_ Mtc OJvO -k
r—[6 (1+2KO)<SW

where o9 1s the initial vertical effective stress.

Equation 4-9

The equation requires data related to the CSL (M and A) (Step 1), the elastic parameter

() (Step 2), K, (Step 3), and the residual undrained strength of the material (S“T ), which can

[
0 0

S,ur is defined through

0 o

be obtained through triaxial or CPTu tests. It is worth noting that if the

isotropically consolidated triaxial tests, Ky should be taken as 1 in the Equation 4-9.

4.4.5- Step S - Determination of the plastic parameter — n.

The parameter n controls the shape of the yield surface and is related to peak undrained

strength (S,p), determined by Equation 4-10 (Nazareth et al. 2025).

Swp 1+ 2K, Y, -1

T o = 6 My (n 76)7 Equation 4-10

where i is the reference state parameter, given by Equation 4-11.
Yr=@—K)Inr Equation 4-11

To determine parameter n, Equation 4-10 is used. The equation requires data related to

CSL (M and A) (Step 1), the elastic parameter (k) (Step 2), the plastic parameter (r) (Step 3),
and the peak undrained strength of the material (:,ﬂ), which can be obtained through triaxial
vo

: : . s
or CPTu tests. It is worth noting that if the ==

- is defined through isotropic triaxial tests, Ko
v0

should be taken as 1 in the Equation 4-10.
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4.4.6- Calibration for tailing materials

An application of the methodology to calibrate CASM parameters for tailings materials
is presented in this section. After obtaining the input data, p’-g and g-&.x graphs will be
illustrated, comparing the calibration results with tests performed on remolded iron tailings
samples from the Iron Quadrangle in Brazil.

To determine parameters My, I, and A, undrained triaxial tests under isotopically
consolidated conditions were conducted to establish the critical state line on the p’-g plane
(Figure 4.15), and the In(p ")-v plane (Figure 4.16). In the p -g graph, parameter M. = 1.32, from
the slope of the CSL. In the In(p’)-e graph, the values obtained were /"= 1.79 and 4 = 0.035.
The critical state parameters obtained are close to those presented by Ledesma et al. (2021) for
Fundao dam tailings. It should be noted that Figure 4.16 presents the critical state line in the
In(p')-v plane using only the three undrained tests. However, the author acknowledges and
advises that critical state lines are more accurately represented with a minimum of five tests

(Shuttle and Jefferies, 2010), incorporating both drained and undrained loading conditions.
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Figure 4.15 — Critical State Line - p'-q plot.
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Figure 4.16 — Critical State Line - In(p')-v plot.

The parameter v = 0.3 was adopted based on the value reported by Arroyo and Gens
(2021) for iron ore tailings. Due to the lack of oedometer consolidation tests, x = 0.02 was
assumed to improve the fit between the calibration results and the laboratory data in the g-&ux
plane.

A value of Ko = 0.5 was assumed based on Arroyo and Gens (2021), which also aligns
with the value given by Jaky’s equation. Applying this value together with the previously
defined parameters (M. = 1.32, 4 = 0.03, k= 0.02) into Equation 4-7 yielded m = 1.70.

To determine the spacing ratio, the residual undrained strength of the material was

defined based on triaxial test results (Figure 4.17), which yielded Sur — 0.22. Using these

o' vo B
results in Equation 4-9, the spacing ratio r was calculated as 27.

Sup

Finally, the peak undrained strength, = 0.38, derived from the same triaxial tests

!
0 vo

(Figure 4.18), was used in Equation 4-10, resulting in n = 5.0.
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Figure 4.18 — Peak undrained strength

A summary of the CASM parameters obtained from the calibration for the tailing material is
presented in Table 4.2. Once the input data from the calibration were defined, the model

response was compared with the laboratory test results (Figure 4.19 and Figure 4.20).
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Table 4.2 — Calibrated CASM model parameters.

Component Parameters
r 1.77
A 0.03
M. 1.32
n 5
r 27
m 1.7
K 0.02
v 0.3
OCR 1

q (kPa)

1200

1000

800

600

400

200

]=-CsSL
—CASM - p'=200 kPa

1 —CASM - p'=600 kPa

1 —CASM - p'=1200 kPa

e Laboratory - p'=200 kPa
* Laboratory - p'=600 kPa
e Laboratory - p'=1200 kPa

400 600 800 1000
p' (kPa)

Figure 4.19 — Calibrated versus laboratory p'-q curves.
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Figure 4.20 — Calibrated versus laboratory €.c-q curves.

Since the calibration should approximate the behavior of the materials simulated in the
laboratory tests, it is shown that in the present example case, a consistent calibration is observed

when applying the calibration methodology presented in this work.
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5- CASE STUDY: TAILINGS DAM FAILURE

The selected case study to assess the influence of CASM and NorSand on static
liquefaction analyses should be treated as a hypothetical scenario based on a tailings dam failure
that occurred in Brazil. This choice was made due to its extensive data availability in the
literature (Robertson et al., 2019; Arroyo and Gens, 2021; Viana da Fonseca et al., 2022). Of
note, this chapter is a partial reproduction of the paper published by Régenes et al. (2024b).

The dam was an upstream tailings disposal structure. Construction began in 1976 and
extended until 2013 (Robertson et al., 2019). The disposal process continued until July 2016,
when the dam reached a height of approximately 85.0 m (Arroyo and Gens, 2021).

In January 2019, the dam suffered a sudden failure. Figure 5.1a and Figure 5.1b depict
the dam before and after the rupture. Video cameras captured the exact moment of the rupture
(Figure 5.1c¢), revealing that the process occurred within a few seconds, clearly indicating a

liquefaction mechanism.

Time'=35s

Figure 5.1 — Tailings dam failure: (a) before the failure, (b) after the failure (satellite images from
Google Earth), and (¢) frontal video images capturing the dam failure and flow
(https://www.youtube.com/watch?v=sKZUZQytads).
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It is emphasized that the objective of this study was to compare the application of
different constitutive models in representing the phenomenon of static liquefaction. Thus, the
study does not aim to determine the cause of the rupture in the case study used as a basis, nor
does it question the analyses previously conducted by Arroyo and Gens (2021) and Robertson
et al. (2019). It is also highlighted that the authors do not make any judgment as to whether the
presented models are representative of the actual conditions of the dam before and during the

failure.

5.1- MODEL SETUP

A cross-section of the tailings dam was simulated using a two-dimensional plane strain
finite element analysis with Plaxis2D. The geometry and material distribution are well
documented and publicly available (Arroyo and Gens, 2021). Figure 5.2 depicts a cross-section
near the dam's center, where the failure was initiated based on the camera images captured
during the event (Figure 5.1c). This aligns with the critical section used in previous studies on

the same case (Robertson et al., 2019; Arroyo and Gens, 2021).

The dam was formed by compacted tailings, compacted fill, ultra-fine iron ore, and
drainage material, while the foundation was treated as a homogeneous material. It is worth
noting that aforementioned materials did not play a significant role in the dam's failure. Thus,
the primary focus of the analysis lies on the tailings, categorized into fine, mixed, and coarse

tailings (Robertson et al., 2019; Arroyo and Gens, 2021).
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Figure 5.2 - Dam geometry and material distribution of the case study.
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5.1.1- TAILINGS - MECHANICAL BEHAVIOR

Arroyo and Gens (2021) and Robertson et al. (2019) categorized the tailings into three
groups. Although the classification criteria differed slightly between the two studies, their
classifications will be treated as equivalent for numerical analysis comparison. The parameters
used by Arroyo and Gens (2021) and Robertson et al. (2019) for the CASM and NorSand
models are outlined in Table 5.1 and Table 5.2, respectively. The natural and saturated unit
weights considered in the analysis were 22 and 27 kN/m?, respectively, for all tailings. It is
important to note that Robertson et al. (2019) did not explicitly provide the state parameter for

mixed tailings. This study assumed an average value between the parameters assigned to fine

and coarse tailings.

Table 5.1 — CASM model parameters applied to the tailings, taken from Arroyo and Gens (2021).

Symbol Fine tailings Mixed tailings Coarse tailings
r 1.20 1.23 1.27
A 0.053 0.053 0.04
M. 1.4 1.4 1.4
n 5 6.5 7.5
r 35 15 5
m 2.3 2.3 2.3
K 0.007 0.007 0.007
1% 0.3 0.3 0.3
OCR 1 1 1
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Table 5.2 — NorSand model parameters applied to the tailings, taken from Robertson et al. (2019).

Symbol Fine tailings Mixed tailings Coarse tailings
r 1.12 1.04 1.02
A 0.039 0.039 0.039
M 1.38 1.38 1.38
N 0.27 0.27 0.27
Nie 6 6 6
Hy 160 160 160
H, 1037 1037 1037
Gror (MPa) 100 100 100
n 0.5 0.5 0.5
v 0.2 0.2 0.2
OCR 1 1 1
v 0.06 0.02 -0.02

The parameters outlined in Table 5.1 and Table 5.2 were employed in simulations of
undrained triaxial compression tests under initial Kyp-consolidation (Kp= 0.5). Figure 5.3 to
Figure 5.5 depict the simulation outcomes alongside select results from triaxial tests conducted
on remolded samples, as presented by Viana da Fonseca et al. (2022) and Arroyo and Gens
(2021). In these results, 7 denotes the ratio of the deviatoric stress to the mean effective stress,
while 7x0 and 7, represent this ratio at the initial condition and the instability line in triaxial
compression, respectively. It is worth noting that numerical results regarding the fine tailings
could not be compared with laboratory data, as Arroyo and Gens (2021) stated that
representative samples of the fine tailings were not collected. For reference, laboratory results
of the mixed tailings were incorporated into Figure 5.3. Peak and residual strengths for the fine
tailings were determined from CPTu tests conducted prior to failure. Moreover, the 7;/M;.

value of 0.57 falls within the range reported by Vergaray et al. (2023) for mining tailings.
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Figure 5.3 - Numerical results for undrained anisotropic triaxial compression tests on fine tailings.
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Figure 5.4 - Numerical and laboratory results for undrained anisotropic triaxial compression tests on
mixed tailings.
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Figure 5.5 - Numerical and laboratory results for undrained anisotropic triaxial compression tests on
coarse tailings.

The calibrations for CASM and NorSand are partially consistent with laboratory results.
The limited data on material behavior prior to failure and the heterogeneity of the tailings are
key aspects that affect the calibration. This discrepancy arises because the calibrations aim to
capture field conditions before failure, which are subject to interpretations from field tests and
are challenging to replicate in a laboratory test. Furthermore, the calibration also depends on
the methodology applied to the chosen constitutive model (Jefferies and Shuttle, 2005; Manica
etal., 2021) and may vary based on engineering judgment, even when using the same database,

as recently reported by Reid and Fourie (2024).

While Robertson et al. (2019) calibrated NorSand for triaxial tests and determined the
state parameter from CPTu data, Arroyo and Gens (2021) combined field and laboratory tests
to calibrate CASM, using triaxial tests to define the critical state line and peak undrained
strength, oedometer tests to determine stiffness, and CPTu data to assess residual undrained
strength. The calibration procedures are not detailed here for brevity; moreover, cross-checking
the calibration was not part of the analysis objectives. Interested readers are referred to the
works of Arroyo and Gens (2021) and Robertson et al. (2019) for a comprehensive description

of the calibration.

Upon examining the results depicted in Figure 5.3 it is noted that the calibrations for the

fine tailings are similar. Both calibrations exhibited contractive behavior throughout the test
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and an instability line of approximately 0.8. The primary disparity lies in the residual strength,
higher for the NorSand calibration.

Figure 5.4 and Figure 5.5 depict the calibrations for mixed and coarse tailings. Notably,
the CASM calibration displays contractive behavior throughout the test, with an instability line
of around 0.9 for mixed tailings and 1.0 for coarse ones. However, the NorSand calibration
exhibits quasi-steady state behavior (Ishihara, 1993; Yoshimine et al., 1999), transitioning from
initial contraction to dilation at high strains, resulting from a state parameter near zero applied

to both.

Oedometric compression tests were also simulated to verify the model's ability to
control geostatic stress. The stress paths are presented in Figure 5.6, where the initial condition
was set at p'= 100 kPa and Ky = 0.5. These results show the control of Ky path by CASM, while
NorSand tends to increase the Ky value, leading to a stress state farther from the instability line.
This behavior has also been reported by other researchers (Castonguay and Konrad, 2016;
Gomes, 2022; Reid et al., 2022), which justifies avoiding the use of NorSand to generate the
stress state before failure, as controlling geostatic stress is an important feature of static
liquefaction simulations (Reid et al., 2022, 2023). Given this result and based on the authors'
experience, it is better to generate a reasonably accurate stress state using a simple model like
Mohr-Coulomb, while maintaining control of the KO condition, which will govern the stress

state in zones prone to instability.
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Figure 5.6 - Numerical results for oedometric compression tests.
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5.1.2- OTHER MATERIALS - MECHANICAL BEHAVIOR

The compacted tailings, compacted fill, and ultra-fine iron ore were simulated using the
Hardening Soil Model (Schanz et al., 1999). Meanwhile, the drain material was represented by
the elastoplastic Mohr-Coulomb model. Elastic behavior was assumed for the foundation. The
parameters proposed by Arroyo and Gens (2021) were utilized in our analyses and are presented

in Table 5.3

Table 5.3 — Mechanical parameters employed to characterize the materials of the embankment and
foundation, taken from Arroyo and Gens (2021).

o Compacted Compacted Ultra-fine ) .
Symbol Description - _ Drain Foundation
tailings fill iron ore

Reference modulus that

relates plastic straining due
Esorer (MPa) ) o 17.9 13 13.4 - -
to primary deviatoric

loading
Reference modulus that
(];:\j[e;:f) relates.plastic straining due 17.9 13 13.4 - -
to primary compression
¢’ (kPa) Cohesion 0 10 10 10 -
¢ (°) Friction angle 40 35 35 35 -
wail (°) Dilation angle 0 0 0 0 -
Pret (kPa) Reference pressure 100 100 100 - -
Parameter that controls the
ms variation of stiffness with 1 1 1 - -
confining stress
E(MPa) Young modulus 179 130 134 13 470
v Poisson’s ratio 0.3 0.3 0.3 0.3 0.3
v (KN/m?) Unit weight 28 19 19 19 19
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5.1.3- HYDRAULIC BEHAVIOR

The hydraulic behavior of the materials was described by Darcy's law, with a constant
hydraulic conductivity applied. The soil-water characteristic curve and unsaturated hydraulic
conductivity function, following the Van Genuchten model, were also incorporated to capture
unsaturated flow behavior. The values presented by Arroyo and Gens (2021), which were
derived from laboratory tests and correlations with physical characterization, were adopted in

this work. The parameters are summarized in Table 5.4.

Table 5.4 — Hydraulic parameters, taken from Arroyo and Gens (2021).

Symbol Description Fine Mixed Coarse ~ Compacted Compacted Ultra-fine Drain Foundation
tailings tailings tailings tailings fill iron ore
Residual
Stes degree of 0.15 0.30 0.25 0.06 0.06 0.06 0.06
saturation
Van
gn Genuchten 1.5 2.0 4.0 1.38 1.38 1.38 1.38
parameter
Van
ga(m!)  Genuchten 0.18 0.40 0.40 3.83 3.83 3.83 3.83
parameter
Van
gl Genuchten 0.001 0.001 0.001 1.25 1.25 1.25 1.25
parameter
Horizontal
(mk;s) hydraulic ~ 1.00E-07 1.70E-06 5.00E-06  5.00E-07 1.20E-09  1.20E-06 1.00E-04 9.31E-07
conductivity
Vertical
(mkjs) hydraulic ~ 2.00E-08 3.40E-07 1.00E-06  1.00E-07 1.20E-09  1.20E-06 1.00E-04 9.31E-07

conductivity

5.1.4- FINITE ELEMENT MESH AND BOUNDARY CONDITIONS

A mesh comprising approximately 24,000 15-node triangular elements was employed.
The discretization is depicted in Figure 5.7. It is crucial to recognize that both CASM and

NorSand are mesh-sensitive to the formation of shear bands, given the brittle nature of the
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liquefaction, and they are not formulated with regularization techniques (Manica et al., 2018;
Chen et al., 2023). Therefore, the mesh density was defined based on similar analyses of dam

failures due to static liquefaction (Arroyo and Gens, 2021; Ménica et al., 2021; Ledesma et al.,
2022; Liu et al., 2024).

Mechanical boundary conditions included constrained horizontal displacement applied
to the sides of the model, and constrained horizontal and vertical displacements applied to the

bottom boundary as well.

Hydraulic boundary conditions were defined by imposing a constant total head of
848.0 m at the downstream boundary and 941.0 m at the upstream boundary. Additionally, total
water head boundary conditions were applied in the reservoir to replicate a lake along the dam

construction. It should be noted that rainfall boundary conditions were not considered in the

analysis.
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Figure 5.7 - Finite element mesh.

5.1.5- MODELING SEQUENCE

The pre-failure state was achieved through the construction simulation of the dam. The
main objective of this simulation was to assess the stress distribution in the tailings prior to
failure. The construction simulation was subdivided into 32 stages, with the first stage dedicated
to establishing the initial condition of the foundation, intermediate stages representing raises

and reservoir filling, and the final stage representing the period during which the dam was out
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of operation until immediately before the rupture. This construction simulation employed

CASM and the parameters outlined in Table 5.1.

In these simulations, the generation and dissipation of excess pore pressure were
accounted for by a consolidation-type calculation available in Plaxis. This method considers
the development and dissipation of excess pore pressure over time in saturated materials, while
in the unsaturated phase, suction is considered only in the effective stress calculation. For more
detailed information, readers are referred to the Plaxis manual (Brinkgreve et al. 2020). The
time applied in each stage was defined based on the construction history of the dam up to the
moment prior to the rupture, as presented by Arroyo and Gens (2021), which took a total time

of 43 years. Figure 5.8 illustrates some of the simulation stages.

Stage 9 - Time = 10 years

Stage 17 - Time = 19 years

Stage 25 - Time = 28 years

Stage 32 - Time = 43 vyears

= Coarse tailings = Fine tailings mmm Drain material mmm Ultra-fine iron ore
Mixed tailings == Compacted fill —=mm Compacted tailings === Foundation

Figure 5.8 - Model geometry of dam construction simulation in different stages.
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5.2- PRE-FAILURE STATE

In Figure 5.9, the distribution of pore water pressures reached prior to rupture is
depicted. The numerical results are compared with the values observed in the dissipation
conducted during CPTu driving and readings from piezometers installed in the dam, as detailed
by Whittle et al. (2022). A good agreement is observed between the numerical results and the
field data, highlighting the model's capability to capture the non-hydrostatic condition of pore

water pressure.
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Figure 5.9 - Pore pressure in pre-failure stage.

The stress state in the pre-failure condition is presented through the stress ratio and the
mobilized stress ratio in Figure 5.10. The parameters applied to the tailings (Table 5.1) result
in a Ky value of 0.5, leading to a predominant 7 value of 0.75, as observed in Figure 5.10a.
Additionally, there is a zone of lower mobilization (7 <0.65) attributed to the setback of the

embankments, while a zone of higher mobilization (7 >0.75) forms a potential failure surface.
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Figure 5.10 - Stress distribution in the pre-failure stage: (a) stress ratio (77 =¢/p") and (b) mobilized
stress ratio (7/Mo).

5.3- LIQUEFACTION BACK ANALYSIS

At the moment of failure, a drilling operation for an inspection borehole was underway
near the dam's crest. Arroyo and Gens (2021) identified this activity as a possible triggering
mechanism for the static liquefaction-induced failure. Following the same hypothesis, this
section will present a back analysis of the failure, considering a liquefied zone induced by the

drilling as the trigger.

It is estimated that the borehole depth was approximately at the foundation level when
failure initiated. Arroyo and Gens (2021) demonstrated through numerical analyses that the
water column's pressure could induce liquefaction of the material around the borehole.
Following the dimensions proposed by Arroyo and Gens (2021), localized liquefaction was
considered in a region measuring 3 m in height and 1 m in width (Figure 5.11). Arroyo and
Gens (2021) did not provide the procedure for determining these dimensions. This approach
aims to verify if liquefaction in a limited zone could propagate throughout the domain and cause
a complete failure. A similar procedure was adopted by Ledesma et al. (2022) to back-analyze

the failure of the Fundao dam due to the extrusion of fine tailings.
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Arroyo and Gens (2021) prescribed local liquefaction by changing some parameters of
the material in the liquefied zone induced by drilling (Figure 5.11). In this work, the local
disturbance was simulated by prescribing a uniform horizontal contraction (compressive
horizontal strain) across the entire 3m x Im region. Plaxis internally converts the horizontal
contraction strain into nodal displacements for each node within the region. This procedure was
adopted to facilitate a direct comparison between CASM and NorSand results by eliminating
the need to change material parameters. An analogous approach to induce local liquefaction

was used by Ledesma et al. (2022).

Borehole location

Coarse tailings == Fine tailings s Drain material mmm Ultra-fine iron ore
Mixed tailings Compacted fill == Compacted tailings Foundation

Figure 5.11 - Details of the liquefied zone induced by drilling.

It is important to mention that the two-dimensional analyses provide only an
approximation of the impacts induced by drilling, given the three-dimensional nature of the
liquefied zone around the borehole. The analyses presented here primarily aim to compare the
CASM and NorSand models rather than provide an assessment of the causes of failure.
Furthermore, Arroyo and Gens (2021) conducted three-dimensional analyses simulating the
trigger using a zone with similar geometry but only 1 m in width, which resulted in the same
failure mechanism. This emphasizes the capability of the 2D analysis to provide a reliable

approximation.

It is emphasized that the objective of this study was to compare the application of
different constitutive models in representing the phenomenon of static liquefaction. Thus, the

study does not aim to determine the cause of the rupture in the case study used as a basis, nor
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does it question the analyses previously conducted by Arroyo and Gens (2021) and Robertson
et al. (2019). It is also highlighted that the authors do not make any judgment as to whether the
presented models are representative of the actual conditions of the dam before and during the

rupture

5.3.1- CASM SIMULATION

In the CASM simulation, when a horizontal strain of 0.3% is applied to the liquefied
zone induced by drilling, equivalent to a horizontal displacement of 3 mm, the model becomes
unstable, and the dam fails. The simulation results are shown in Figure 5.12 and are presented
in terms of a normalized stress ratio (7/Mpg). It is important to note that the parameter 7/Mo is
analogous to the inverse of a local safety factor (FSrocar) (Equation 5-1). Therefore, the local

failure condition is reached with 7/Mo= 1.

_ Ty optang’  p'My My
FSLocal - - ~ -
Tmob Tmob q n

Equation 5-1

where 7y is the shear strength at failure, z.0» 1s the mobilized shear strength, and o’ is the

normal stress at the failure plane.
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Figure 5.12 - Mobilized stress ratio resulting from liquefaction failure triggered by the borehole using
CASM.

Figure 5.12 shows that the imposed horizontal strain disturbs the stress state in the
vicinity of the borehole. The mechanism initiates from the area surrounding the borehole and
quickly propagates internally through the zone with the highest stress mobilization, ultimately
leading to the structure's liquefaction. The state parameters before and after failure are presented
in Figure 5.13 highlighting the material's tendency to undergo a reduction in state parameter,
reaching the critical state at the slip surface. Of note, the initial state parameter is related to the

spacing ratio used in the calibration (Figure 2.9).

Figure 5.14 presents the results of incremental displacements and the deformed model.
The numerical results show a slope failure within the dam, starting from the crest and extending
to an area just above the starter dam. The dam crest dropped while the area above the toe region
bulged outwards. Additionally, the notable rigid body movement experienced by the
embankments in the dam's center is noteworthy. All these aspects are consistent with the

recorded images of the failure (Figure 5.1c).
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Figure 5.13 - Evolution of state parameter due to liquefaction failure triggered by the borehole using
CASM: (a) initial condition and (b) failure condition.
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Figure 5.14 - Numerical results of liquefaction failure triggered by the borehole using CASM: (a)
incremental displacements and (b) deformed mesh scaled by a factor of 10.

In Figure 5.15 stress paths at control points are depicted, with the locations of these points

shown in Figure 5.14a. All points exhibit a substantial loss of strength, indicating a flow
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liquefaction-type failure. The critical state line and instability lines presented were derived from
anisotropic triaxial compression tests (Section 5.1.1) and should be regarded as reference values
only, as these parameters are subject to variation with the Lode angle (Lu et al., 2017; Reid et

al., 2023).

Points A, C, and D (Figure 5.15a) are located in the fine tailings. It is observed that the
initial stress ratios are slightly different among them. Point A, located below the Ky line (77 <
0.75), shows an increase in strength until reaching the instability line (7 = 0.8), followed by a
decrease in strength. Point C exhibits a similar behavior; however, as it is initially closer to the
instability line, it shows less strength increase compared to Point A. Lastly, Point D is initially
situated on the instability line, so it exhibits a loss of strength from the outset. All these results
indicate that the fine tailings were in a potentially unstable stress state, which significantly

contributed to the mechanism's development in response to minor perturbations.

In Figure 5.15b, point B is within the coarse tailings, whereas points E and F are in the
mixed tailings. Both materials initially demonstrate an increase in strength until reaching the
instability line, followed by a subsequent decrease in strength. These results indicate that,
despite having higher undrained strength than fine tailings, the mixed and coarse tailings also

contribute to the mechanism's development, as they exhibit a pronounced loss of strength.
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Figure 5.15 - Local soil response to liquefaction failure triggered by the borehole using CASM: (a)
fine tailings (points A, C, and D), (b) coarse tailings (point B), and mixed tailings (points E and F).
Representative points are located on the failure surface (see Figure 5.14a). The coordinates of the
points, in meters, are indicated in the plot legends.
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5.3.2- NORSAND SIMULATION

The simulation using NorSand initiates the liquefaction failure mechanism by imposing
a horizontal strain of 3.3% in the vicinity of the borehole. This value is eleven times higher than
the disturbance required to trigger liquefaction with CASM. Nonetheless, it still constitutes a
minor perturbation, equivalent to a horizontal displacement of 33 mm in the borehole's

influence zone.

The failure mechanism is presented in Figure 5.16. It is observed that the mechanism
initiates from the vicinity of the borehole and propagates globally, producing a similar outcome
to that obtained in CASM. The contours of displacement increments are particularly useful for
observing the localization of deformations within the soil during failure. Although the values
obtained using NorSand (Figure 5.16¢) are lower than those from CASM (Figure 5.14a), it
should be noted that these values represent displacements calculated for a single calculation

step, reflecting differences in the numerical procedures.
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Figure 5.16 - Numerical results of liquefaction failure triggered by the borehole using NorSand: (a)
and (b) Mobilized stress ratio, and (c) incremental displacements.
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Figure 5.17 presents the state parameters before and after failure. The state parameter
evolves during the deformation and reaches a value near zero (i.e., on the CSL) at the failure
surface. It should be recognized that the differences in the initial state parameters observed
between Figure 5.14 and Figure 5.17 result from the different calibrations adopted by Arroyo
and Gens (2021) and Robertson et al. (2019). These differences arise from the interpretation of
field tests as well as variations in the constitutive model formulations, such as considerations
regarding whether the virgin compression line is parallel to the critical state line or the existence

of infinite virgin compression lines, as discussed in Sections 2.3.1 and 2.3.2, for example.

(a) State Parameter

- .
0.035  0.015 -0.005 -0.025

0.055

(b)
mm Dam
mem Foundation

Figure 5.17 - Evolution of state parameter due to liquefaction failure triggered by the borehole using
NorSand: (a) initial condition and (b) failure condition.

Stress paths obtained at control points (Figure 5.16¢) with NorSand are presented in
Figure 5.18. The control points shown in Figure 5.14 were retained, enabling a direct

comparison with the results observed in CASM.

73



700 600

N
(a) B (b)
L\
600 1 ¥ 500
’ L4
_ 500 > g -
= S S = 400 A
=} RAr/4e g
400 PP/ =
(=} R -
; s © 300 -
- Ry -
© 300 A o ©
Il
]
= = 200 - .
200 1 —— Point A (396, 925) - CASM /L Point B (386, 912) - CASM
— — Point C (343, 882) - CASM ——Point E (226, 863) - CASM
----- Point D (299, 870) - CASM 100 — —Point F (179, 860) - CASM
100 1 —Point A{396,925)-NorSand | 7 | /7 eeesn Point B (386, 912) - NorSand
— = Point C (343, 882) - NorSand ——Poinl E (226, 863) - NorSand
----- Point D (299, 870) - NorSand = =Point F (179, 860) - NorSand
0 T T T T T T T T O T T T T T T
0 100 200 300 400 500 600 700 ROO 900 0 100 200 300 400 500 600 700
p'=(c', +2 ') /3 (kPa) p'=(c"y+20'y)/3 (kPa)

Figure 5.18 - Local soil response to liquefaction failure triggered by the borehole using NorSand in
comparison with CASM results: (a) fine tailings (points A, C, and D), (b) coarse tailings (point B), and
mixed tailings (points E and F). Representative points are located on the failure surface (see Figure
5.16a and Figure 5.14c). The coordinates of the points, in meters, are indicated in the plot legends.

In Figure 5.18a, it is noticeable that the fine tailings exhibit similar behavior in both
models. Points A, C, and D show a significant loss of strength, indicating that the fine tailings

underwent a complete liquefaction failure.

The mixed and coarse tailings exhibit more divergent behavior, as presented in Figure
5.18b. Results from NorSand initially show a more pronounced loss of strength than CASM.
However, NorSand demonstrates a strength gain in the residual condition, whereas CASM

exhibits only a decrease in strength.

The state parameter derived from the calibrations of Arroyo and Gens (2021) and
Robertson et al. (2019) results in higher values for CASM compared to NorSand (Figure 5.14
and Figure 5.17), which might be primarily responsible for the difference in residual strength
observed in stress paths. Given the adopted set of model parameters, CASM appears more
brittle than NorSand under undrained conditions, requiring a smaller perturbation to initiate

failure.
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Despite the differences in peak and residual strength observed between the two models,
the failure mechanism was captured similarly. This finding suggests that when assessing a
dam's susceptibility to liquefaction, the choice of constitutive model is less important than the
model's ability to represent the brittle behavior and sudden strength loss due to pore pressure
generation after crossing the instability line. These results are in agreement with the findings of

Liu et al. (2024).
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6 - HYPOTHETICAL TRIGGERS

The numerical model under pre-failure conditions, presented in Section 5.2, was
employed to assess two hypothetical actions that could induce liquefaction in the structure: dam
loading and gravity increase. These analyses evaluate the structure's vulnerability before failure,
considering the difficulty in predicting a specific trigger, and have been applied by different
researchers (Sottile et al., 2021; Ledesma et al., 2022; Gomes, 2022; Liu et al., 2024). Of note,
this chapter is a partial reproduction of the paper published by Régenes et al. (2024b).

The trigger simulating a load on the dam involves applying a vertical load on the ground
surface, throughout the tailings reservoir's extent. This simulation aims to represent the effect
of a potential dam raise. On the other hand, the increase in gravity entails a rise in gravity
acceleration. Although not physically possible, the gravity increase amplifies forces across all

model regions, triggering static liquefaction in the most vulnerable areas.

The triggers analyzed are not intended to represent a probable or realistic scenario;
instead, they should be understood as a numerical experiment to assess the structure's
vulnerability. The level of disturbance associated with each trigger can be interpreted as

engineering estimates of the dam's susceptibility to static liquefaction (Ledesma et al., 2022).

A general definition of the safety factor (FS) is given by Baecher (1987) as the ratio of
capacity to demand (Equation 6-1). This can be expressed in many ways, including forces,
moments, stresses, and displacements. In this context, the disturbances that triggered the failure
will be used to estimate safety factors based on load and gravity, given by the ratio between
critical and actual values. These safety factors are intended to facilitate a direct comparison of
results between the two models used. It should be noted that these safety factors should not be
interpreted as equivalent to other traditional methodologies, such as limit equilibrium and

strength reduction factor (SRF).

_ Capacity .
FS = Demand Equation 6-1
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6.1 - DAM LOADING

The results derived from CASM are depicted in Figure 6.1 and Figure 6.2, which shows
the progression of the failure mechanism in different calculation steps. Upon application of the
load, multiple shear bands emerge (Figure 6.1a and Figure 6.2a). Failure is observed upon the
application of a 109 kPa load. This mechanism propagates to the unconfined region downstream
of the dam, culminating in the formation of a deep failure surface that encompasses the entire

structure (Figure 6.2b and Figure 6.2d).

| Load
@ o IRRREERRRE

w== Foundation

Mobilized stress ratio - 1/ Mo

0.95 0.75 0.55 0.35

(b)

Figure 6.1 - Evolution of liquefaction failure triggered by dam loading across different calculation
steps, mobilized stress ratio using CASM: (a) onset of failure, and (b) end of simulation.
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Figure 6.2 - Evolution of liquefaction failure triggered by dam loading across different calculation
steps, incremental displacements using CASM: (a) onset of failure, and (b) end of simulation.

NorSand also exhibits a mechanism similar to that observed in the previous analysis, as
presented in Figure 6.3 and Figure 6.4. In contrast to CASM, even in the initial perturbation, a
shallower failure wedge is observed in the downstream direction of the dam (Figure 6.3a and
Figure 6.4a). This mechanism evolves and begins to encompass a deeper surface (Figure 6.3b
and Figure 6.4b). The critical load reached is 219 kPa, twice the value obtained in CASM.

Notably, both models generated failure mechanisms with a geometry similar to what
was observed in the simulations of a trigger induced by the borehole, thus passing through the
region of highest mobilized stresses during the pre-failure stage (Figure 5.10). This finding
emphasizes the significance of the initial stress state as a reliable indicator of the regions most

prone to liquefaction development.
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Figure 6.3 - Evolution of liquefaction failure triggered by dam loading across different calculation
steps, mobilized stress ratio using NorSand: (a) onset of failure, and (b) end of simulation.
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Figure 6.4 - Evolution of liquefaction failure triggered by dam loading across different calculation
steps, incremental displacements using NorSand: (a) onset of failure, and (b) end of simulation.
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The stress paths obtained at monitoring points (Figure 6.2b and Figure 6.4b) are depicted
in Figure 6.5. Overall, a similar pattern of behavior to that seen in the trigger induced by the
borehole is observed. In CASM, all tailings undergo static liquefaction failure, whereas in
NorSand, while the fine tailings experience total liquefaction, the mixed and coarse tailings
show a transition from initial contraction to dilation. Notably, despite differences in stress paths,

particularly for the mixed and coarse tailings, the mechanisms develop similarly in both models.
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Figure 6.5 - Local soil response to liquefaction failure triggered by dam loading: (a) fine tailings
(points A, C, and D), (b) coarse tailings (point B), and mixed tailings (points E and F). Representative
points are located on the failure surface (see Figure 6.2b and Figure 6.4d). The coordinates of the
points, in meters, are indicated in the plot legends.

The critical loads that trigger the liquefaction mechanism can be converted into an
equivalent height of the tailings layer over the dam. This allows for estimating a safety factor

based on the critical dam height (Itasca, 2019), as outlined in Equation 6-2.

Critical Load
Critical Height _ Unit Weight
Dam Height Dam Height

+ Dam Height

FSioad = Equation 6-2

Applying the dam height of 85 m (Section 5), unit weight of 27 kN/m? (Section 5.1.1),
and critical loads of 109 kPa and 219 kPa to Equation 6-2, safety factors of 1.05 and 1.10 are
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obtained for the CASM and NorSand models, respectively. These results are consistent with
those reported by Whittle et al. (2022), who used limit analysis, and indicate the critical
condition of the dam, as they are below the minimum safety factor of 1.3 required by Brazilian
regulations (ANM, 2022). It should be noted that the current factor of safety criterion was
defined after this failure.

6.2 - GRAVITY INCREASE

The development of the failure mechanism in different calculation steps of the gravity
increase simulation is depicted in Figure 6.6 and Figure 6.7. Upon increasing gravity in CASM,
two mechanisms initially occur in the upper and lower regions of the dam (Figure 6.6a and
Figure 6.7a). As the calculation progresses, a deeper mechanism emerges (Figure 6.6b and
Figure 6.7b). Failure begins in the layers of fine tailings until a global failure surface is triggered

(Figure 6.6¢ and Figure 6.6f).

The maximum additional increase in gravity was 7%. The final failure mechanism is
similar to those observed in previously tested triggers. The initiation of the mechanism by the
fine tailings emphasizes the importance of these layers for the initiation and propagation of
liquefaction, as highlighted by other researchers (Morgenstern et al., 2016; Ledesma et al.,
2022; Liu et al., 2024).
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Figure 6.6 - Evolution of liquefaction failure triggered by gravity increase across different calculation
steps, results using CASM: mobilized stress ratio. (a) onset of failure, (b) intermediate stage, and (c)
end of simulation.
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Figure 6.7 - Evolution of liquefaction failure triggered by gravity increase across different calculation
steps, results using CASM: incremental displacements. (a) onset of failure, (b) intermediate stage, and
(c) end of simulation.
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The results obtained from NorSand (Figure 6.8 and Figure 6.9) resemble those from
CASM. Similarly, two mechanisms initiate, both at the lower and upper regions of the dam
(Figure 6.8a and Figure 6.9a). A complete surface develops at the first dam risings, while the
upper mechanism penetrates more profoundly through the fine tailings (Figure 6.8b and Figure
6.9b). This result underscores the critical role of fine materials in global failure initiation.
Notably, the developed failure surfaces (Figure 6.8c and Figure 6.9¢) align with observations
made by Whittle et al. (2022) through the limit analysis, indicating that increased gravity can
effectively indicate the dam's most critical regions. The additional gravity increase supported
by the model was 10%, 1.4 times higher than that obtained with CASM. Furthermore, the final

mechanism mirrors those observed in previously tested triggers.
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Figure 6.8 - Evolution of liquefaction failure triggered by gravity increase across different calculation
steps, results using NorSand: mobilized stress ratio. (a) onset of failure, (b) intermediate stage, and (c)
end of simulation.

&3



Incremental displacements (mm)

() I [T .
41 32 23

1.4 0.5

4

o

(b) Incremental displacements (mm)

H | | | |
30 24 17 10 03

(c) Incremental displacements (mm)

N | 2 | | .

225 17.5 12.5 7.5

Figure 6.9 - Evolution of liquefaction failure triggered by gravity increase across different calculation
steps, results using NorSand: incremental displacements. (a) onset of failure, (b) intermediate stage,
and (c) end of simulation.

Stress paths at control points (Figure 6.7c and Figure 6.9¢) are depicted in Figure 6.10.
The behavior pattern closely resembles previous simulations. Fine tailings exhibit similar
liquefaction behavior in both models. However, mixed and coarse tailings show only
contraction in CASM and transition from initial contraction to dilation in NorSand. Once again,
despite the differences in stress paths, the mechanisms develop similarly in both the CASM and

NorSand models.

The critical increases in gravity that trigger liquefaction can be utilized to estimate a
safety factor based on gravity, Equation 6-3 (Li et al., 2009; Hu et al., 2019). Gravity increases
of 7% and 10% directly yield safety factors of 1.07 and 1.10, respectively, for the CASM and
NorSand models. These findings are consistent with those obtained from dam loading (Section

6.1) and values obtained through the limit analysis presented by Whittle et al. (2022).
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Figure 6.10 - Local soil response to liquefaction failure triggered by gravity increase: (a) fine tailings
(points A, C, and D), (b) coarse tailings (point B), and mixed tailings (points E and F). Representative

points are located on the failure surface (see Figure 6.7c and Figure 6.9c). The coordinates of the

points, in meters, are indicated in the plot legends.
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7 - DECHARACTERIZATION NUMERICAL SIMULATION

The tailings dam failure outlined in previous sections (Sections 5 and 6) has confirmed
the model's ability to reproduce various aspects consistent with the recorded failure images
accurately. According to Oreskes et al. (1994), once numerical models are verified, they
become powerful tools for parametric analyses. Such analyses help address conditional

scenarios and identify the most critical factors influencing the investigated phenomenon.

In this context, the model was used to explore the following key question: "would it be
possible to implement a decharacterization strategy without triggering the static liquefaction

failure?"

Different decharacterization methods were tested to address this issue, including
buttress, excavation, and a hybrid buttress-excavation solution. To evaluate the influence of the
construction sequence, the buttress strategy was subdivided into two arrangements: one
considering the initial execution of stabilizing fill followed by backfill, and the other

considering the simultaneous construction of both elements.

7.1- MODEL SETUP

The numerical model developed for the back analysis of the failure was used as the
starting point for the decharacterization simulations. The model was extended in the
downstream area to allow for the simulation of buttress solutions. These changes are illustrated

in Figure 7.1.

Coarse tailings == Fine tailings === Drain material mm Ultra-fine iron ore Backfill
Mixed tailings Compacted fill == Compacted tailings Foundation Stabilizing fill

960.0

880.0

Dimension Y (m)

800.0 -400.0 -320.0 -240.0 -160.0 -80.0 0.0 80.0 160.0 240.0 320.0 400.0 480.0 560.0 680.0 720.0 800.0  880.0
1 1 I L 1 I 1 1 1 1 1 1 1 1 1 1 I I 1 1 L I I

L 1
Dimension X (m)

Figure 7.1 - Numerical model applied for decharacterization simulations.

The simulated buttress involves constructing an approximately 88 m high stabilizing
fill, starting downstream of the starter dam, followed by a backfill between the new
embankment and the upstream-raised dam. The simulation was carried out using the

elastoplastic Mohr-Coulomb model, with the mechanical parameters presented in Table 7.1
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defined based on the values indicated in Section 5.1 for the fine tailings and compacted fill. The
hydraulic parameters applied to the stabilizing fill and backfill were the same as those used for
the compacted fill and fine tailings, as outlined in Table 5.4. Slopes with an inclination of 33%
were employed, resulting in a safety factor of approximately 2.15, as estimated by Equation

7-1.

Table 7.1 — Parameters adopted for the buttress.

Parameters Stabilizing fill Backfill
¢’ (kPa) 0.0 0.0
@ (°) 35.0 35.0
E (MPa) 30.0 15
1% 0.33 0.33
Unit weight (kN/m?) 19.0 22.0
FS = tang’ tan35 215 Equation 7-1

tana tan18

where « is the slope angle.

The finite element mesh consists of approximately 29,000 15-node triangular elements
(Figure 7.1). The mechanical and hydraulic boundary conditions were maintained as described
in Section 5.1.4: horizontal displacement constraints on the sides of the model; both horizontal
and vertical displacement constraints on the bottom boundary; a constant total water load at an
elevation of 941.0 m on the right boundary; and a constant total water load at an elevation of
848.0 m on the left boundary. A drainage system at the base of the buttress was assumed to

prevent the groundwater table from rising within the embankment.

Initially, the analyses were conducted considering the undrained condition for the
saturated tailings. In these analyses, volumetric deformation is restricted, and excess pore
pressure dissipation is not considered. This condition represents an immediate intervention,

reflecting an extreme scenario in terms of the development of the static liquefaction mechanism.

Additionally, transient analyses with hydromechanical coupling were also conducted.
These analyses allow for considering time and pore pressure dissipation, making it a more

representative condition.

87



Further details about the geometry and sequencing of the simulations will be presented
individually for each intervention in the following sections. It is important to note that the
modifications to the geometry and mesh used for simulating the decharacterization stages did
not affect the results discussed in Section 5. Thus, it was possible to reproduce the same pre-
failure conditions and the failure caused by the borehole in the model adjusted for the

decharacterization analyses.

For the decharacterization simulation, we did not conduct a vulnerability analysis;
however, this methodology is recommended for design purposes, both for the final
configuration and for the intermediate stages. During the decharacterization works, it is
important to consider the impact of vibrations induced by heavy equipment traffic. However,
this study is limited to the analysis of static liquefaction; thus, dynamic effects are beyond its

scope.

7.1.1- BUTTRESS STRATEGY 1

The scenario referred to as Buttress Strategy 1 represents the condition where the
stabilizing fill and backfill would be executed in separate stages, i.e., a non-simultaneous
condition. The embankments were subdivided into layers with thicknesses corresponding to the
dam raises. In this scenario, the construction of the stabilizing fill was first simulated in 13
stages, followed by the backfill in an additional 11 stages, totaling 24 stages. Figure 7.2 presents

some of the stages of the simulation.

7.1.2- BUTTRESS STRATEGY 2

The scenario involving the simultaneous construction of the stabilizing fill and backfill
is referred to as Buttress Strategy 2. In this scenario, 13 simulation stages were applied, some
of which are shown in Figure 7.3. It is noted that the layer thicknesses and the final condition
are the same as those presented in the previous strategy (Section 7.1.1), with only the

construction sequence being altered.
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Mixed tailings - Compacted fill ==Compacted tailings == Foundation ~ Stabilizing fill

Figure 7.2 - Simulation stages for buttress strategy 1.

7.1.3- EXCAVATION

The excavation of the reservoir and raises were simulated with a downstream-to-
upstream slope of approximately 3.5%, subdivided into steps with slopes ranging from 4 to 6
m in height. The simulation was discretized into 13 stages, each dedicated to excavating at least

one raise. Some of the simulation stages are presented in Figure 7.4.
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Figure 7.3 - Simulation stages for buttress strategy 2.

7.1.4- HYBRID BUTTRESS-EXCAVATION

In the hybrid solution combining buttress construction with the excavation of raises and
the reservoir, the same stage configurations presented in the previous sections (Sections 7.1.2
and 7.1.3) were applied, with only the order of interventions changed. Initially, the construction
of the buttress was simulated following the same stages outlined in Section 7.1.2. Subsequently,
the raises and reservoir excavation proceeded up to the buttress elevation using the same
excavation stages described in Section 7.1.3. These simulations aimed to determine the
minimum height of the buttress required to carry out the excavation process without triggering
static liquefaction, even considering the undrained condition for the saturated tailings. Figure

7.5 presents an example scenario with the buttress up to approximately 910.0 m.
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Figure 7.4 - Simulation stages for excavation of the reservoir and raises.
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Figure 7.5 - Simulation stages for hybrid buttress-excavation strategy.

91



7.2 - RESULTS AND DISCUSSIONS

The following sections provide a detailed presentation and analysis of the simulation
results corresponding to the decharacterization strategies that were previously introduced and

described.

7.2.1- BUTTRESS STRATEGY 1

The simulation results considering an undrained behavior of the saturated tailings are
presented in terms of the mobilized stress ratio in Figure 7.6. As the buttress is constructed, the
tailings near the toe become mobilized due to the earth pressure exerted by the embankment on
the starter dam. The mobilization increases until, at Stage 10, a portion of the tailings reaches
the critical state (/Me= 1). From this point, the mechanism propagates slowly until the final
stage of stabilizing fill construction (stage 13). However, the failure mechanism is fully

triggered upon initiating the first back filling stage (Stage 14), and the model no longer achieves

equilibrium.
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Figure 7.6 - Mobilized stress ratio resulting from buttress strategy 1 under undrained condition.
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The failure occurs in the initial raises to the setback berm at an elevation of 899 m. The
mechanism initiates in the lower part of the wedge, near the starter dam, and propagates toward
the dam setback. Figure 7.7 presents the evolution of shear strain when static liquefaction was
triggered, while Figure 7.8 shows the resulting displacements. It should be noted that the
triggering of static liquefaction due to buttress construction is consistent with the actual failure
of the Cadia dam (Jefferies et al., 2019).

It is important to highlight that the previously presented scenario corresponds to an
undrained condition. This extreme case is likely far from reality, given that constructing the
buttress structures would take considerable time. This underscores the importance of

conducting transient analyses with hydromechanical coupling.

Incremental shear strains (%)

EEN | 2 | | N

4.5 3.5 2.5 1.5 0.5
Figure 7.7 - Incremental shear strains resulting from Buttress strategy 1 under undrained condition at
stage 14.
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Figure 7.8 - Vertical displacement resulting from Buttress strategy 1 under undrained condition at
Stage 14. Of note, negative values mean settlement.

For the transient analyses, one month per stage was considered, corresponding to an
average buttress construction rate of approximately 7 m/month and a total duration of 24
months. It is important to emphasize that assuming a constant time per stage is a simplification
and is not intended to represent a construction schedule accurately. However, it should be noted
that the adopted rate is significantly higher than those observed in buttress-based
decharacterization projects. For structures around 100 m high, recorded rates suggest that these
processes take approximately 10 years, primarily due to the need for remotely operated
equipment, given the risk of failure (Vale, 2025; Vale, 2024a; Vale, 2024c).

The simulation results for the hydromechanical coupled condition, in terms of the
mobilized stress ratio, are presented in Figure 7.9. Unlike the undrained condition, the tailings
near the toe are not significantly mobilized during the stabilizing fill construction stages (stages
1 to 13). Similarly, the static liquefaction mechanism is not triggered during the back filling
stages (stages 14 to 24). As the back filling process is completed, the tailings at the dam toe
become confined, reducing the mobilized stress ratio. No failure mechanism develops, and the
structure remains stable, allowing for the completion of the decharacterization process (Stage
24). These results highlight the importance of accounting for time-dependent effects in

analyzing interventions in critically stressed structures.
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Figure 7.9 - Mobilized stress ratio resulting from Buttress strategy 1 under hydromechanical coupled
condition.

Stress paths were recorded at control points, as shown in Figure 7.6 and Figure 7.9. The
results are presented in Figure 7.10a for the undrained condition and in Figure 7.10b and Figure
7.10c for the hydromechanical coupled condition.

Point A, located near the starter dam, exhibits a higher initial mobilization state (77 =
0.85) than Point B (77 = 0.65), which is positioned within the raised embankments. In the
undrained scenario (Figure 7.10a), both points are influenced by the stabilizing fill construction
due to their proximity to the dam toe. Given its highly mobilized initial stress state, Point A
undergoes softening from the early stages of construction. In contrast, Point B experiences a
gradual increase in shear stress until Stage 14, when failure is triggered, causing the curve to
shift left and reach a maximum, at which point static liquefaction occurs. Notably, even in the
later stages of embankment construction (from Stage 6 onward), both points continue to
experience mobilization. This behavior is linked to the spreading tendency of the stabilizing
fill, which increases the lateral earth pressure on the dam toe. Consequently, the induced

stresses are not limited to the initial construction stages.
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Figure 7.10 - Local soil response for decharacterization by buttress strategy 1: (a) undrained, (b) and
(c) hydromechanical coupled. Representative points are located on the failure surface (see Figure 7.6
and Figure 7.9). The coordinates of the points, in meters, are indicated in the plot legends.

The coupled analysis (Figure 7.10b and c) shows slight variations in the stress state
throughout the buttress construction (from the initial stage to Stage 13). This result indicates
that insufficient pore pressures are generated when time effects are considered to trigger the
static liquefaction process. This highlights that pore pressure generation was the main factor
responsible for the significant mobilization observed in the undrained analysis. As the back
filling process begins (from Stage 13 onward), the stress on the tailings increases. However, the
stress paths approach the oedometric condition (77 = 0.75), and no static liquefaction triggering

is observed.
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Figure 7.11 - Mobilized stress ratio resulting from Buttress strategy 2 under undrained condition.

7.2.2- BUTTRESS STRATEGY 2

The results for the undrained scenario, considering the simultaneous execution of the
stabilizing buttress and back filling, are presented in Figure 7.11. The tailings near the starter
dam continue to experience mobilization, similar to the non-simultaneous condition (Section
7.2.1), but the failure mechanism does not propagate (Stage 3). As the buttress construction
progresses, a generalized failure surface develops; however, the counterbalancing effect of the
back filling is sufficient to maintain equilibrium (stages 5 and 6), preventing the onset of a
failure process (Figure 7.12). Notably, the localized mobilization in the initial embankments

near the dam toe was insufficient to trigger liquefaction in other regions of the reservoir.

Stage 6

Vertical displacement (mm)

116 88 60 32 -4

Figure 7.12 - Vertical displacement resulting from Buttress strategy 2 under undrained condition at
stage 6. Of note, negative values mean settlement.
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Based on these results, the simultaneous execution of the buttress and back filling is a
safer strategy than the non-simultaneous condition. Liquefaction occurs in a localized region
but does not propagate sufficiently to compromise the stability of the structure.

Hydromechanical coupled analyses were also performed, considering one month per
stage. The results are presented in Figure 7.13 and show a similar trend to that reported for the
non-simultaneous strategy (Figure 7.9). The tailings near the dam toe experience minor

disturbances, and the material becomes confined as the buttress construction progresses.
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Figure 7.13 - Mobilized stress ratio resulting from buttress strategy 2 under hydromechanical coupled
condition.

Stress paths were recorded at control points, as illustrated in Figure 7.11 and Figure
7.13, with the results presented in Figure 7.14. The results for buttress strategy 2 are labeled
M2 (model 2), while those for buttress strategy 1 are designated M1 (model 1), allowing for a

direct comparison between the scenarios.
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Figure 7.14 - Local soil response for decharacterization by buttress: (a) and (b) undrained, and (c)
hydromechanical coupled. Of note, M1 refers to the non-simultaneous reinforcement and fill, while
M2 refers to the simultaneous condition. Representative points are located on the failure surface (see
Figure 7.6, Figure 7.9, Figure 7.11 and Figure 7.13). The coordinates of the points, in meters, are
indicated in the plot legends.

For the undrained condition (Figure 7.14a and Figure 7.14b), the stress responses at the
control points are nearly identical for both models. However, as illustrated by the failure
mechanism in Figure Figure 7.11c, the key difference between the scenarios lies in the residual
strength. In the simultaneous construction scenario (M2), the residual strength tends to stabilize,
reaching equilibrium due to the confinement provided by the concurrently executed backfill. In

contrast, in the non-simultaneous scenario (M1), the residual strength is lower, as equilibrium
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is not achieved. For the hydromechanical coupled condition, no significant differences are

observed between the simultaneous and non-simultaneous scenarios, as shown in Figure 7.14c.

7.2.3- EXCAVATION

The simulation results for the undrained scenario are presented in Figure 7.15 and Figure
7.16. In the first excavation stage, the development of a global failure mechanism was observed.
The failure initiates at the reservoir surface and propagates through deeper tailings layers. The
displacements induced by this initial mechanism trigger a second failure surface near the raised
embankments at the dam toe, similar to the behavior observed in the buttress reinforcement
strategy (Section 7.2.1). Ultimately, the global mechanism propagates, forming a third failure
surface extending from the crest to the dam toe. At this point, the model loses convergence and
fails to reach equilibrium.

The complete excavation of the reservoir is only feasible when considering a
hydromechanical coupled analysis. For this analysis, one month per stage was maintained,
corresponding to an excavation rate of approximately 5 m/month, resulting in a total duration
of thirteen months. Once again, it is emphasized that adopting a constant time per stage is a
simplification without the intent to represent an execution schedule precisely. Additionally, the
applied rate is significantly higher than those observed in decharacterization projects, where
recorded rates suggest an expected duration of approximately two years for structures 50 m in
height, mainly due to the predominant need for remotely operated equipment given the risk of
failure (Vale, 2025; Vale, 2024b). The results obtained from the coupled model are presented
in Figure 7.17.
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Figure 7.15 - Numerical results for excavation simulation under undrained condition: incremental
displacements per step.
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Figure 7.16 - Numerical results for excavation simulation under undrained condition: mobilized stress
ratio.
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Figure 7.17 - Mobilized stress ratio resulting from excavation strategy under hydromechanical coupled
condition.

In the first stage, tailings mobilization is observed in the region where failure previously
occurred in undrained simulation. However, in the coupled analysis, this mechanism does not
propagate. From the second stage onward, a reduction in mobilization is noted, resulting from
the unloading induced by material removal. This behavior highlights that the initial excavation
stages represent the most critical phase of the process. In the subsequent stages, mobilization is
limited to surface materials, a phenomenon associated with low confinement. Although this
may pose challenges for equipment movement, it does not develop into a dam instability
mechanism. No failure mechanism was identified, and the observed vertical displacements are

predominantly expansive after the initial stages, as shown in Figure 7.18.

(a) Stagel

T —

(b) Stage 6
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Vertical displacements (mm)
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Figure 7.18 - Vertical displacement per stage induced by excavation under hydromechanical coupled
condition. Of note, negative values mean settlement.
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Stress paths were recorded at control points, as shown in Figure 7.16 and Figure 7.17,

and their results are illustrated in Figure 7.19. The analysis of Point A's behavior (Figure 7.19a

and Figure 7.19b) indicates that during the initial excavation stages, stress mobilization occurs,

triggering failure in the undrained model and propagating to deeper regions (Figure 7.19c). This

behavior highlights the structure's sensitivity to minor disturbances due to its low safety factor

(Rogenes et al., 2024a; Whittle et al., 2022).
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Figure 7.19 - Local soil response for decharacterization by excavation: (a) undrained and coupled at
point A, (c¢) undrained (d) coupled. Representative points are located on the failure surface (see Figure
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Mobilization is most intense during Stage 1, as the coupled model indicates (Figure
7.19). Beyond this stage, a gradual reduction in stress mobilization occurs, leading to a less
critical condition. This finding further reinforces that the initial phases of excavation are the
most vulnerable to liquefaction onset, as previously observed.

Figure 7.19d shows that as the excavation approaches the control point, an extension
demand arises due to the reduction in confinement, as seen at points B and C. In contrast, Point
D does not exhibit this behavior, as it remains confined. Finally, considering the time effect in
the coupled analyses, excess pore pressure generation is insufficient to trigger a static

liquefaction process that could lead to global failure (Figure 7.19a and Figure 7.19d).

7.2.4- HYBRID BUTTRESS-EXCAVATION

Based on the results presented in Sections 7.2.1 to 7.2.3, it is evident that under a hydro-
mechanical coupled scenario, decharacterization can be achieved through either the
reinforcement or excavation strategy. Therefore, only the results under undrained conditions
will be discussed for the hybrid strategy. This assessment aims to determine the minimum
reinforcement height required to safely proceed with excavation while maintaining stability in
an undrained scenario.

The analyses of the hybrid buttress-excavation solution began with the simulation of
buttress strategy 2, as this scenario did not trigger the liquefaction mechanism under undrained
conditions. Consequently, the results obtained during the buttress construction are the same as
those presented in Figure 7.11.

Initially, the excavation was simulated when the buttress reached an elevation of 899.0
m, corresponding to the setback region of the dam raises. The results are presented in Figure
7.20 and Figure 7.21. It is observed that liquefaction is triggered in the first excavation stage.
The failure initiates at the reservoir surface, propagates through the deeper tailings, and emerges
near the setback zone due to the confinement of the buttress at the dam toe. This result highlights

the necessity of constructing the buttress to a height exceeding the setback elevation.
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Figure 7.20 - Numerical results for buttress at elevation 899.0 m follow by excavation: incremental
vertical displacements per step. Of note, negative values mean settlement.
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Figure 7.21 - Numerical results for buttress at elevation 899.0 m follow by excavation: mobilized
stress ratio.
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The minimum buttress height that allowed excavation without triggering failure was
910.0 m. The results are presented in Figure 7.22 and Figure 7.23. It is observed that the tailings
continue to be mobilized in the initial excavation stage (Stage 10); however, the
counterbalancing effect provided by the buttress prevents failure propagation, maintaining
model stability and achieving convergence. In the subsequent stages, the tailings undergo

unloading, with predominantly expansive vertical displacements due to material removal.
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Figure 7.22 - Numerical results for buttress at elevation 910.0 m follow by excavation: mobilized
stress ratio.
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Figure 7.23 - Numerical results for buttress at elevation 910.0 m follow by excavation: vertical
displacements per stage. Of note, negative values mean settlement.

Stress paths were recorded at control points, as shown in Figure 7.21 and Figure 7.22,
and the results are illustrated in Figure 7.24. The results for the buttress up to an elevation of
899.0 m are designated as M2 (Model 2), while those for the buttress at 910.0 m are represented
as M3 (Model 3). For comparison purposes, the results for excavation without a buttress under

undrained conditions (Section 7.2.3) were also included, designated as M1 (Model 1).
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Figure 7.24 - Local soil response for de-characterization by buttress and excavation: (a) buttress
stages; (b) and (c) excavation stages. Notably, M1 refers to excavation without a buttress, M2 to a
buttress at elevation 899 m, and M3 to a buttress at elevation 910 m. Representative points are located
on the failure surface (see Figure 7.21 and Figure 7.22). The coordinates of the points, in meters, are

indicated in the plot legends.
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8- CONCLUSIONS

In this work, the influence of the constitutive model on assessing the liquefaction
susceptibility of upstream-raised tailings dams, as well as the effectiveness of different

decharacterization strategies, was investigated.

For this purpose, the CASM and NorSand models were applied to analyze a tailings dam
failure. Initially, the model was calibrated for pre-failure conditions, and the stress state was
defined through a simulation of the construction process using CASM. Subsequently, a back-
analysis of the failure was carried out, simulating the static liquefaction triggering due to a
borehole. Other analyses were performed by simulating hypothetical triggers: crest loading and
gravity increase. The influence of the adopted constitutive model was analyzed through the
generated failure mechanisms, stress paths, and levels of disturbances necessary to trigger

liquefaction.

The calibrated model was then used to investigate various decharacterization strategies
were simulated to assess their implications for dam stability and identify the most suitable

approach that minimizes structure disturbances.
The primary questions this work seeks to address are:

e Question 1: How does the choice of constitutive model influence the analysis?

e Question 2: Would it be possible to implement a decharacterization strategy without
triggering static liquefaction failure?

¢ Question 3: What impact does time have on the triggering mechanisms during
decharacterization?

From the simulations conducted to answer question 01, it is observed that both analyzed
constitutive models yielded failure mechanisms consistent with field observations in the
scenario where the liquefaction was triggered by borehole investigation. Minor disturbances
proved sufficient to initiate liquefaction-induced failure, underscoring the dam's unstable

condition.

The dam loading simulation represents a potential dam raise. Both models produced a
global failure, with a similar failure surface predominantly passing through the region with
mobilized stresses in the pre-failure stage. This result shows that the initial stress state indicates

the regions prone to liquefaction development.
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The simulations of the increase in gravity allow for a thorough examination of the most
vulnerable liquefaction zones. The initiation of the mechanism primarily occurred within the
fine tailings, underscoring the pivotal role of these layers in the initiation and propagation of

liquefaction.

The hypothetical triggers tested served to estimate safety factors based on the critical
height of the dam and the increase in gravity, which ranged between 1.05 and 1.10. These results
confirm the critical condition of the dam under the hypothesis of a liquefaction trigger
occurrence. These safety factors are intended to assess the vulnerability of the structure; they
should not be interpreted as equivalent to other traditional methodologies to assess safety

factors.

Comparing the results obtained with the CASM and NorSand models, it is possible to
observe that NorSand requires slightly more pronounced disturbances to activate the failure
mechanism. These results could be associated with variations in residual undrained strength,
which are linked to differences in state parameters. However, it should be noted that the
differences in triggering were not significant, possibly because both calibrations captured

similar instability lines.

Despite the different peak and residual strengths observed throughout the monitored
stress paths, which are due to the calibrations used in the analyses, both models produced
compatible failure mechanisms across all scenarios. The results obtained from the tailings dam
failure indicate that the most important constitutive aspect in assessing structures susceptible to
static liquefaction lies in the constitutive model's capacity to represent the sudden strength loss
due to pore pressure generation, while the specific formulations employed tend to affect the
analysis to a lower degree. This conclusion aligns with the findings of Liu et al. (2024) for the

Fundao dam, suggesting potential for a broader generalization.

Given the inherent uncertainties associated with constraining the actual materials
behaviors and parameters in the field, the differences observed in the overall responses of the
models to the different constitutive models are well within an acceptable range. In the authors'
opinion, this showcases for the first time that either constitutive model can be used without
influencing trigger analyses results significantly, as the same triggers were developed using two
different constitutive models, which were calibrated in different ways. This has important
implications to tailings dams safety assessment, freeing the analyst from the burden of

experimenting with multiple models, and allowing them to focus on better site and materials

110



characterization. Despite the similarities observed during trigger simulations, it is important to
recognize that NorSand has limitations when applied to construction simulations due to its
limited control of geostatic stress paths. Nonetheless, NorSand has been validated in various

forensic analyses of dam failures, and, as a result, it is available in most commercial software.

Four main decharacterization strategies were also analyzed to answer question 02:
buttressing with stabilizing fill and backfill (both with and without simultaneity), reservoir
excavation, and a combined buttress-excavation approach. The analyses were conducted under
both undrained and hydromechanical coupling conditions, allowing for the assessment of the

time effect on the decharacterization process and addressing question 03.

Undrained analyses represent extreme and potentially conservative scenarios, especially
considering the scale of the works required for decharacterization. When hydromechanical
coupling analyses were considered, all interventions proved feasible, even when applying

construction rates higher than those achieved in practice.

Although it represents an extreme condition, the undrained analysis is valuable for
identifying the most favorable strategies. The simultaneous execution of stabilizing fill and
backfill, as well as the hybrid buttress-excavation solution, demonstrated superior performance,

as they did not trigger the liquefaction mechanism, even under these extreme conditions.

In contrast, the non-simultaneous buttress and the isolated reservoir excavation strategy
resulted in the development of the static liquefaction mechanism. Static liquefaction induced
by the construction of a buttress is consistent with real failures, such as the Cadia dam failure
Jefferies et al. (2019). However, there are no historical records of failures caused exclusively
by reservoir excavation, highlighting the need for future research using physical models to

investigate this scenario further.

Regarding the buttress, the backfill contributes to the confinement of the tailings,
ensuring stability even in areas where localized liquefaction may occur. Regarding excavation,
the initial stages represented the most critical phase of the process. For the excavation strategy
to be viable under undrained conditions, adequate buttressing is essential, providing significant

confinement at the structure's base.

The results of this study emphasize the importance of considering transient analyses
when evaluating decharacterization strategies for tailings dams. Implementing buttresses and a
detailed assessment of loading conditions can minimize the risk of triggering liquefaction and

ensure structural safety during interventions.
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The authors acknowledge that the conclusions drawn in this study are limited to the case
adopted. To enable broader generalization, further research is needed to better understand the
influence of different decharacterization strategies and the impact of varying execution rates on
liquefaction triggering. Future studies should investigate additional cases with diverse
geometric and geological conditions, and physical modeling should be employed to validate the
mechanisms observed in numerical analyses. As decharacterization projects advance,
monitoring data will support the evaluation of applied strategies. Moreover, we recommend
that future research include statistical comparisons, involve a wider range of constitutive
models, and test them against a broader set of well-documented failure cases. Additionally, the
spatial variability of tailings within the reservoir is recognized as a critical factor influencing
dam behavior, but it was beyond the scope of this study and should be addressed in future work.

These efforts will help extend and solidify the conclusions presented in this work.

Finally, it is emphasized that the objective of this study was to enhance the
understanding of numerical simulations in representing the phenomenon of static liquefaction.
Thus, the research does not aim to determine the cause of the rupture in the case study used as
a basis, nor does it question the analyses previously conducted by Arroyo and Gens (2021) and
Robertson et al. (2019). It is also noted that the authors do not make any judgment regarding
whether the presented models accurately represent the actual conditions of the dam before and

during the rupture.

8.1 - SUGGESTIONS FOR FUTURE RESEARCH

As suggestions for future work, the following are proposed:

e Investigate other cases with different geometric and geological conditions to broaden
generalization;

Investigate the spatial variability of tailings properties within the dam reservoir to better
understand its impact on stability and deformation behavior;

Study the influence of varying execution rates in decharacterization strategies on
liquefaction triggering;

Develop and use physical models to validate the mechanisms observed in numerical
analyses;

Collect and analyze monitoring data from decharacterization projects as they progress
to evaluate the performance of applied strategies;

Test a broader range of constitutive models, beyond CASM and NorSand;
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Compare results against a larger set of well-documented tailings dam failures to
improve generalization;

Investigate the liquefaction potential associated with reservoir excavation alone, using
physical modeling;

Analyzing dynamic triggers caused by equipment operations during the
decharacterization process;

Application of the Discrete Element Method to model liquefaction at field scale;

Modeling the run-out of dam failures using large-strain methods, such as Smoothed
Particle Hydrodynamics (SPH) and the Material Point Method (MPM).
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