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RESUME

Les résidus et les stériles sont les deux principaux déchets miniers résultant des activités minicres.
Une gestion et une valorisation appropriées de ces déchets miniers sont nécessaires pour éviter les
dommages environnementaux et les défaillances géotechniques ayant des conséquences
importantes pour les activités minieres et l'environnement environnant. Les problémes
environnementaux peuvent inclure le drainage minier acide ou le drainage neutre contaminé, tandis
que des défaillances géotechniques peuvent se produire avec une liquéfaction dynamique ou

statique, ce qui peut entrainer des conséquences catastrophiques en aval.

Une technique de gestion des déchets miniers est le stockage en fosse qui présente de nombreux
avantages par rapport aux infrastructures d’entreposage (TSF) en surface. Cette technique permet
d’isoler physiquement les résidus a I’aide du milieu environnant et réduire les cotits de maintenance
a long terme. Une enveloppe perméable, composée de matériaux grossiers ou d'une paroi rocheuse
naturelle poreuse et installée le long du périmetre de la fosse, peut en outre contribuer a controler
les contaminations potentielles par lessivage des résidus. Le principe fondamental de cette
technique est que I'enveloppe perméable est plus perméable que les résidus et que l'eau souterraine
s'écoule donc autour de la masse de résidus au lieu de la traverser. Des inclusions de stériles (WRI)
ont également été proposées pour accélérer la consolidation des résidus et donc améliorer a la fois
la stabilit¢ dynamique des TSF de surface du sol et le taux de consolidation des résidus et ces effets
ont été prouvés numériquement et expérimentalement. Les WRI peuvent également renforcer les
parcs a résidus, empécher le déplacement excessif des parcs a résidus pendant et apres les
événements sismiques. L'enveloppe perméable pourrait également contribuer a améliorer le taux
de consolidation des résidus en fonctionnant de la méme manic¢re que le WRI dans les ISR.
L'application de stériles sous forme d'enveloppe perméable (drain latéral) et d'inclusions (drain
central) pour former de multiples voies de drainage dans la fosse pourrait favoriser davantage les
avantages mentionnés ci-dessus. Les applications de cette nouvelle approche de gestion des déchets
miniers peuvent également rencontrer plusieurs défis et inconnus qui peuvent limiter son
application. Par exemple, les inconnus sur les évolutions non linéaires des propriétés de
consolidation des résidus en pulpe (les travaux antérieurs considérent généralement une
conductivité hydraulique et une rigidité constante des résidus), les gains ou pertes nets de volume

des résidus, et les effets des contraintes pratiques lorsque la méthode de co-disposition est appliqué
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dans la fosse reste difficile. L'objectif principal de cette étude était donc d'étudier numériquement
les comportements de consolidation des résidus co-disposés avec plusieurs voies de drainage
composées de stériles dans une fosse. Plus précisément, une approche visant a modifier les
propriétés des matériaux devait d'abord étre développée et validée. 11 était également trés important
d'étudier les influences du WRI sur les consolidations des résidus et les gains/pertes nets de volume
en utilisant I'approche proposée. Enfin, les effets des contraintes pratiques sur l'application de la

technique de co-disposition en fosse devaient également étre examinés.

Une approche pour modifier les parametres de Mohr Coulomb a d'abord été proposée et intégrée
dans FLAC3D pour simuler explicitement la non-linéarité des propriétés des résidus, des
simulations numériques couplées hydromécaniques ont ensuite été réalisées pour relever ces défis
lorsque la technique de co-disposition a été réalisée dans une ISR simplifiée. Et dans une fosse a
échelle réelle. Les résultats ont montré que l'approche développée pouvait représenter
raisonnablement bien I'évolution non linéaire des propriétés des résidus lors du processus de
remplissage. Les résultats ont également montré que l'estimation utilisant une rigidité et une
conductivit¢ hydraulique constantes pouvait entrainer une consolidation significativement
différente en termes d'ampleur et de vitesse par rapport a celles obtenues a partir de modéles avec
des propriétés mises a jour. Les modéles Kozeny-Carman et Kozeny-Carman Modified ont
¢galement permis une estimation satisfaisante du taux de consolidation des résidus, du moins pour
les études préliminaires. Les modifications simples des codes numériques via FISH en FLAC3D
proposées dans cette thése pourraient donc améliorer significativement la prédiction de la
consolidation des résidus a court terme sur la base d'une approche qui peut modéliser le
comportement représentatif des résidus et contribuer a une meilleure planification des schémas de

déposition a la fois en TSF conventionnels et dans des fosses a ciel ouvert.

Apres une validation réussie, I'effet du WRI sur les comportements de consolidation de divers types
de résidus déversés dans une ISR simplifiée a ét¢ étudié a I'aide de l'approche proposée. Les
différences potentielles entre l'estimation de la consolidation basée sur les propriétés constantes et
mises a jour lors de l'application du WRI ont ensuite été examinées. Les effets du rapport
volumique entre les résidus et le WRI sur les gains ou les pertes de volume des résidus, les
influences du taux de remplissage et du schéma de remplissage ont également été étudiés. Les

résultats ont indiqué que le WRI pourrait augmenter le taux de dissipation des résidus d'environ
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3,3 fois selon la distance au WRI. La zone d'influence du WRI sur le taux de consolidation des
résidus était différente pour chaque type de résidus. Les simulations utilisant des propriétés mises
a jour ont montré des différences significatives par rapport aux modeles avec des valeurs constantes
en termes d'ampleur et de vitesse de tassement. La présence de WRI peut réduire le volume
disponible pour le stockage des résidus dans I'ISR et le changement volumétrique net résultant du
tassement des résidus en cas de WRI avec ou sans pourrait étre calculé explicitement. Des équations
prédisant 1'évolution des gains/pertes de volume en fonction des ratios de volume des résidus et du
WRI ont ainsi été proposées. Les influences du WRI étaient plus importantes avec 1'augmentation
du taux de remplissage et 'hypothése d'un remplissage instantané avait un effet négligeable sur le

taux de consolidation des résidus.

Aprées des résultats encourageants obtenus a partir de simulations des essais de colonne et de co-
disposition dans les ISR conventionnels, I'approche proposée a été¢ extrapolée pour réaliser une
série de modeles numériques 3D ouplés afin d'examiner quantitativement I'évolution de la
consolidation des résidus sous l'influence des stériles co-disposés avec des résidus dans une fosse
a ciel ouvert a I'échelle du terrain. Différents scénarios de déposition ont été étudiés, dont la
présence d'une enveloppe perméable uniquement et l'ajout de WRI comme inclusion centrale.
L'influence des aspects opérationnels et pratiques tels que le taux de remplissage des résidus, les
angles de pente de la fosse, les propriétés hydrogéotechniques des stériles et des résidus et la
morphologie de la fosse ont été étudiées. Les résultats ont indiqué qu'une enveloppe perméable
pourrait favoriser la dissipation de I'excés de pression interstitielle (PWP) et accélérer la
consolidation des résidus. La zone d'influence de I'enveloppe perméable était relativement limitée
et environ 2 fois la hauteur des résidus. L'utilisation d'un WRI combiné a une enveloppe perméable
pourrait donc étre géotechniquement bénéfique pour les fosses larges (c'est-a-dire lorsque le rayon
de la fosse était supérieur a deux fois sa profondeur). Les angles de pente, le taux de remplissage
et la morphologie de la fosse ont quelque peu affecté le taux de consolidation des résidus, mais leur
effet était relativement limité et avait tendance a diminuer avec la distance aux voies de drainage.
Enfin, la co-disposition des résidus et des stériles semble particulierement pertinente pour les

résidus fins a faible conductivité hydraulique.

L'application de plusieurs voies de drainage composées d'une enveloppe perméable lors du

stockage en fosse avec la combinaison de drains WRI et de drainage de fond semble étre bénéfique
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a la fois en termes d'aspects environnementaux et géotechniques. Ces résultats pourraient étre utiles

aux praticiens et contribuer a proposer un co-disposition efficace dans les mines a ciel ouvert.



ABSTRACT

Tailings and waste rocks are the two main mine wastes resulting from mining activities. Proper
management and reclamation of these mine wastes is required to avoid environmental damages
and geotechnical failures with significant consequences for mining activities and surrounding
environment. Environmental issues might include acid mine drainage or contaminated neutral
drainage, while geotechnical failures might occur with either dynamic or static liquefaction, which

may bring about catastrophic downstream consequences

A mine waste management technique is in-pit disposal which has many advantages relative to the
surface TSFs. It can contribute to physically isolate tailings with the surrounding environment and
reduce the long-term maintenance costs. An engineered permeable envelope, which is composed
of coarse materials or porous natural rock wall and installed along the perimeter of the pit, can
further contribute to control potential leaching contaminations from tailings. The fundamental
principle of this technique is that permeable envelope is more permeable than tailings and the
groundwater therefore flows around the tailings mass instead of flowing through it. Waste rocks
inclusions (WRIs) were also proposed to accelerate tailings consolidation and therefore improve
both dynamic stability of the ground surface TSFs and consolidation rate of tailings and these
effects have been proved numerical and experimental. WRIs can also reinforce tailings
impoundment, prevent excessive displacement of tailings impoundments during and after seismic
events. The permeable envelope could also contribute to enhance consolidation rate of tailings by
functioning in a similar way as WRI in the TSFs. The application of waste rocks in the form of
permeable envelope (side drain) and inclusions (central drain) to form multiple drainage paths in
the pit might further promote the above-mentioned benefits. Applications of this novel mine waste
management approach may also encounter several challenges and unknowns that can limit its
application. For instance, unknowns on the non-linear evolutions of consolidation properties of
slurry tailings (previous works usually consider constant hydraulic conductivity and stiffness of
tailings), the net volume gains or losses of tailings, geotechnical benefits of the permeable envelope
on the tailings consolidation, and the effects of practical constraints when co-disposal method is
applied in the pit remains challenging. The main objective of this study was therefore to
numerically investigate the consolidation behaviour of tailings co-disposed with multiple drainage

paths composed of wastes rocks in a pit. Specifically, an approach to modify material properties
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needed to be first developed and validated. It was also very important to investigate the influences
of WRI on the tailings consolidations and the net volume gains/losses using the proposed approach.
Finally, the effects of practical constraints on the application of co-disposal technique in the pit

also needed to be examined.

An approach to modify Mohr Coulomb parameters was first proposed and integrated in FLAC3D
to explicitly simulate the non-linearity of tailings properties, coupled hydro-mechanical numerical
simulations were then carried out to address these challenges when co-disposal technique was
performed in a simplified TSF and in a real scale pit. Results showed that the developed approach
could capture reasonably well the non-linear evolution of tailings properties under filling process.
Results also showed that estimation using constant stiffness and hydraulic conductivity could
results in a consolidation that was significantly different in terms of both magnitude and rate in
comparison with those obtained from models with updated properties. Kozeny-Carman and
Kozeny-Carman Modified models also resulted in a satisfactory estimation of consolidation rate of
tailings, at least, for preliminary studies. The simple modifications to the numerical codes via FISH
in FLAC3D proposed in this thesis could therefore significantly improve the prediction of tailings
consolidation in the short term based on an approach that can model the representative tailings
behaviour and contribute to a better planning of discharging schemes both in conventional TSFs

and in open pits.

After successfully validating, the effect of WRI on consolidation behaviour of various types of
tailings discharged in a simplified TSF was investigated using the proposed approach. Potential
differences between consolidation estimation based on constant and updated properties when
applying WRI were subsequently examined. Effects of volume ratio between tailings and WRI on
the volume gains or losses of tailings, influences of the filling rate and filling scheme were also
investigated. Results indicated that WRI could increase the rate of dissipation of tailings by around
3.3 times depending on the distance to the WRI. The zone of influence of WRI on tailings
consolidation rate was different for each type of tailings. Simulations using updated properties
showed significant differences compared to models with constant values in terms of both the
magnitude and the rate of settlement. The presence of WRI can reduce volume available for the
storage of tailings in TSF and the net volumetric change resulting from tailings settlement in case

of with or without WRI could be calculated explicitly. Equations predicting the evolution of
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volume gains/losses based on the volume ratios of tailings and WRI were accordingly proposed.
The influences of WRI were more significant with the increase in the filling rate and the assumption

of instantaneous filling had a negligible effect on the tailings consolidation rate.

After encouraging results obtained from simulations of the column tests and co-dispose in the
conventional TSFs, the proposed approach was extrapolated to perform a series of 3D coupled
numerical models to quantitatively examine the evolution of tailings consolidation under the
influences of waste rocks co-disposed with tailings in a field-scale open pit. Various disposal
scenarios were investigated, including the presence of a permeable envelop only and the addition
of WRI as a central inclusion. The influence of operational and practical aspects such as the tailings
filling rate, pit slope angles, waste rock and tailings hydro-geotechnical properties, and pit
morphology were investigated. Results indicated that a permeable envelope could promote the
dissipation of excess pore water pressure (PWP) and accelerate tailings consolidation. The
influence zone of the permeable envelope was relatively limited and around 2 times the tailings
height. Using a WRI combined with a permeable envelope could therefore be geotechnically
beneficial for wide pits (i.e., when the radius of the pit was larger than twice its depth). Slope
angles, filling rate and pit morphology somewhat affected tailings consolidation rate, but their
effect was relatively limited and tended to decrease with the distance to the drainage paths. Finally,
co-disposal of tailings and waste rocks seems particularly relevant for fine tailings with low

hydraulic conductivity.

The application of multiple drainage paths composed of permeable envelope during in-pit disposal
with the combination of WRI and bottom drainage drains appears to be beneficial both in terms of
environmental and geotechnical aspects. These results could be useful for practitioners and

contribute to propose efficient co-disposal in surface mines.
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CHAPTER 1 INTRODUCTION

1.1 Statement of problem

Mining operations and related exploitation activities often generate large quantities of solid wastes,
including coarse waste rocks and mine tailings (Vick, 1990; FSCONSOL, 1999; Bussi¢re &
Guittonny, 2020). These mine wastes can be partly returned underground as backfilled materials but
are often disposed of on the surface. Tailings are commonly transported hydraulically to tailings
storage facilities (TSFs) surrounded by retaining structures built with earth materials or mine wastes

(Blight, 2010), while waste rocks are often stored in piles (Aubertin, 2013; MEND, 2015).

Improper management and reclamation of these storage facilities can result in geo-environmental and
geotechnical issues with significant consequences for mining activities as well as the surrounding
environment (Aubertin et al., 2016; Bussiére & Guittonny, 2020; Rana et al., 2021). Environmental
issues often result from mine wastes containing sulfide minerals, which can oxidize and generate acid
mine drainage (AMD) or contaminated neutral drainage (CND) (Nordstrom et al., 2015; Bussiere &
Guittonny, 2020). Tailings are also susceptible to both dynamic and static liquefaction due to their
high-water content, large porosity and low strength characteristics (James & Aubertin, 2009; James
et al., 2013; Morgenstern et al., 2016), causing geotechnical instabilities (Azam & Li, 2010; Rana et
al., 2021). These failures of TSFs may result in catastrophic downstream consequences, including
significant environmental destruction, detrimental infrastructure damages, and sometimes loss of
lives (Azam & Li, 2010; Robertson et al., 2019). Waste rocks inclusions (WRIs) were proposed by
Aubertin et al. (2002) to enhance tailings consolidation rate and therefore improve both dynamic
stability of TSFs and consolidation rate of tailings (Aubertin et al., 2016). Numerical and
experimental studies have shown that WRIs can create preferential drainage paths for water
movement since the hydraulic conductivity of waste rock is significantly greater than that of tailings
(James, 2009; Bolduc & Aubertin, 2014). WRIs can also contribute to mechanically reinforce tailings
impoundment, prevent excess deformation of tailings impoundments during and after seismic
solicitations and thus improve the overall static and dynamic stability of retaining structures (James

et al., 2013; Ferdosi et al., 2015b; Zafarani et al., 2020).



Another promising mine waste management technique that has received more interest in recent years
is in-pit disposal (MEND, 2015). In-pit disposal has indeed many advantages compared to surface
TSFs. It can, for example, reduce metal leaching (MEND, 2015), contribute to physically isolating
tailings and stabilizing pit walls and reducing the long-term maintenance and management costs
(Cameron & Dave, 2015). An engineered permeable envelope, installed along the walls of the pit,
can further contribute to controlling potential leaching contamination and preventing interaction
between groundwater and mobile contaminants from tailings (MEND, 2015; Rousseau & Pabst,
2022). The concept of such a pervious surround relies on the principle that it is more permeable than
tailings and therefore contributes to direct the groundwater flow around the tailings instead of flowing
through it. Permeable envelope could be either an engineered porous or porous natural rock wall
surrounding the pit (Rousseau & Pabst, 2022). The technique is usually combined with engineered
tailings and bottom drainage to enhance the efficiency of the technique (Cameron & Dave, 2015).
Rousseau and Pabst (2022) showed that internal inclusions and drainage paths can also help control
contamination. The permeable envelope could also contribute to accelerate consolidation of tailings
by functioning in a similar way as WRI because of its higher hydraulic conductivity compared to that
of tailings, yet these effects have not been adequately addressed in literature. Tailings and waste rock
co-disposal (in the form of multiple drainage paths with permeable envelope combined with WRI) in

a pit could therefore contribute to improve the overall geotechnical and geochemical instabilities.

Applications of this novel mine waste management approach also faces several challenges and
unknowns that has somewhat limited its application so far. Previous works usually consider constant
values of hydraulic conductivity and stiffness of tailings (Bolduc & Aubertin, 2014; Boudrias, 2018).
However, the consolidation properties of slurry tailings were proven to be non-linear during the
filling process (i.e., hydraulic conductivity would decrease, and the stiffness would increase as void
ratio decreases) (Gibson et al., 1967; Carrier et al., 1983; Townsend & McVay, 1990). The
conventional consolidation theory with the assumption of constant consolidation properties might
thus not be applicable to the estimation of tailings consolidation behaviour. Numerical models, thus,
should integrate non-linear changes of stiffness and hydraulic conductivity resulting from changes in
the void ratio of tailings. These parameters could be either measured in the laboratory or estimated
using predictive models. Secondly, the storage capacity of pits is also limited, and the volume ratio

of tailings and waste rocks needs to be carefully considered when both tailings and waste rocks (used



for inclusions and/or permeable envelope) are co-disposed (Jahanbakhshzadeh et al., 2019) as the
objective of this technique could be to reduce the size of TSFs or to remove any needs of waste rock
piles on the surface. There could also be a volume gain because of faster consolidation of tailings
(i.e., application of WRI can help to increase volume of tailings that could be stored because of a
faster consolidation rate of tailings in the presence of WRI). Filling rate, tailings and waste rocks
hydro-mechanical properties could significantly influence the performance of the permeable
envelope, yet the effects of these factors were not clearly indicated in the literatures. Permeable
envelope, WRIs and complex geometry of pits might result in 3-D effects. Finally, the effects of the
depth of the pit, the slope angles of rock walls on the performance of the permeable envelope concept

should be carefully studied before the technique is applied to real pits.

1.2 Objectives

The principal objective of this research was therefore to numerically evaluate the geotechnical benefit
on the acceleration of the consolidation rate of tailings co-disposed with multiple drainage paths

composed of wastes rocks (i.e., either in the form of permeable envelope or/and WRIs) in a pit.
Several sub-objectives were completed to reach the main objective:

e To develop and validate a numerical approach that can consider the variation with time and
at various position of the stiffness and hydraulic conductivity of tailings under sequential

filling to better represent the real behaviour of tailings,

e To determine the volume gains or losses of tailings because of the presence of WRI and the
effect of the ratio of volume between tailings and WRI on the volume gains or losses of

tailings based on practical operation aspects, and

e To determine potential effects of various practical constraints on the evolution of dissipation
of PWP with the use of drainage paths composed of waste rocks materials co-disposed with
tailings in pits (i.e., depth of the pit, overall pit wall slope angles, filling rate, mine waste

hydraulic properties and pit morphology).



1.3 Research hypothesis

The study was performed with the hypothesis that in-pit co-disposal of waste rocks and tailings can
contribute to accelerating the consolidation of tailings, and thus enhancing the storage capacity in

open pits and reducing the long-term deformation of tailings.

1.4 Originality and contributions

In this research, a numerical procedure along with a numerical code using the FISH language of
FLAC3D has been proposed to take into account the non-linear evolutions of properties of hard rock
mine tailings with the presence of drainage paths (in the form of permeable envelope and WRI) in
open pits. The numerical results demonstrate, for the first time, the geotechnical benefits of a
permeable envelope and WRI co-disposed with tailings in open pits. The numerical approach in this
study can also cover the 3-D effects resulting from the complex geometry of the drainage paths and
the open pit to investigate the consolidation behaviour of tailings with the application of the co-
disposal technique. It also shed more light on the effects of various predictive functions on the
prediction of tailings hydraulic conductivity under sequential loading. Quantitative estimation on the
discrepancies between models using constant and updated tailings properties was also derived for the
cases where co-disposal technique was applied. This study also examined the consolidation behaviour
of various types of tailings when co-disposal technique was applied. Finally, the study quantitatively
evaluated the evolution of tailings consolidation (mostly on the evolution of excess PWP) in a field-
scale open pit with the application of permeable envelope under various permeable conditions (i.e.,
central drainage with the combination with WRI and bottom drainage with the installation of a bottom

drain layer).

The procedure of numerical simulation along with the FISH code presented in this research can
therefore be applied by researchers and practitioners to alternate tailings properties and investigate
the non-linear behaviour of tailings consolidation. Estimation of the volume gains or losses of tailings
can help practitioners to prepare a better disposal plan regarding the volume of WRI and tailings that
can be placed in a pit (i.e., the reduction of volume available for the storage of tailings because of the
presence of WRI, and the additional height of the TSFs that the mine needs to build to compensate

for the presence of WRI). Reclamation activities can also be better planned based on the evolution of



excess PWP of tailings with the application of the co-disposal technique. For instance, the numerical
approach can help to estimate the starting time for the reclamation activities and/or estimate the post-
settlement of tailings (if any) that might have influence on the performance of the covering system.
Finally, results in this research can also be used for the validation purpose of other research (if any)

working on the same topic of co-disposal of tailings and drainage paths in the pit.

1.5 Content of the thesis

Chapter 1 presents a brief introduction and problematic statement of the thesis, the objectives, and

the organization of the thesis.

Chapter 2 presents the state of the art and practice of literature related to the investigated topic, which
include conventional mine waste management techniques, integrated mine waste management,
geotechnical properties of mine tailings and waste rocks, consolidation theory applied for slurry
tailings, acceleration of consolidation of tailings using drainage pathways, and numerical tools

available for the simulation of tailings consolidation.
Chapter 3 presents the methodology used to reach the research objectives of this thesis.

Chapter 4 (Article 1) presents an approach to update Mohr Coulomb parameters to integrate the
evolution of hydraulic conductivity and stiffness of tailings materials with the reduction of the void
ratio. The model was validated by comparing simulation results with measurements from laboratory
column tests. A parametric study was also performed to assess the performance of various predictive
functions to estimate hydraulic conductivity for field applications. Finally, the developed approach

was applied to a simplified model of tailings impoundment filled sequentially.

Chapter 5 (Article 2) presents a fully coupled fluid-mechanical analysis to assess the evolution of
consolidation of four types of tailings in the presence of WRI for a simplified impoundment. The
effects of WRI and volume ratio of tailings over WRI on the net volume gains or losses was

investigated.

Chapter 6 (Article 3) presents a series of 3D coupled models conducted to examine the behaviour of
tailings co-disposed with waste rocks in a pit. Various disposal scenarios were also investigated,
including the presence of a permeable envelope and the addition of WRI through the pit in the form

of a central inclusion. An extensive parametric analysis on the influence of operational and practical



constraints such as the depth of the pit, pit wall slope angles, filling rate, mine waste hydraulic

properties and pit morphology were also investigated.
A general discussion and summary of this research are presented in Chapter 7.

Conclusions and recommendations are finally presented in Chapter 8.



CHAPTER 2 LITERATURE REVIEW

2.1 Conventional mine waste management

Valuable ores and minerals are extracted from underground or open pit mines and concentrated
gravimetrically or chemically at the concentrator (Vick, 1990). Mining operations and related
activities generate large quantities of solid wastes, including coarse waste rocks and fine-grained
tailings (Vick, 1990; Aubertin, 2018; Bussiére & Guittonny, 2020), which are usually disposed of in

surface storage facilities (i.e., impoundments for tailings and piles for waste rocks).
2.1.1 Tailings management

2.1.1.1 Geotechnical properties of tailings

The range and values of these properties that are commonly encountered are presented in table 2.1.
The coefficient of uniformity of tailings Cv (= Dso/ D) typically varies between 2 and 30 (Bussicre,
2007). Specific gravity, Gs, of mine tailings is usually significantly higher compared to those for
naturally occurring soils, ranging from 2.6 to 3.3 (and more) depending on metal and sulfide contents
(Wijewickreme et al., 2005). Hard rock mine tailings are typically non-plastic or of very low plasticity
with a typical plastic limit smaller than 15% and a liquid limit below 40% (Wijewickreme et al.,
2005; Bussiere, 2007). Void ratio of hard rock tailings ranges from 0.5 to 1.7 in TSF, while their dry
unit weight is generally comprised between 14 and 18 kN/m? (Qiu & Sego, 2001).

The coefficient of consolidation, C,, is usually comprised between 107! and 10 cm?/s (Qiu & Sego,
2001). Compression index, C., and recompression index, C,, of hard rock tailings are typically
between 0.05 and 0.54 and between 0.03 and 0.01, respectively (Hu et al., 2017). These values are
relatively similar to those obtained from natural silts (Holtz & Kovacs, 1981). Tailings are generally

non-cohesive material with a drained friction angle ¢ around 35° (Bussiére, 2007).

Saturated hydraulic conductivity of both remoulded and undisturbed tailings is typically between 10
m/s and 10* m/s (Bussiére, 2007). The ratio of horizontal and vertical saturated hydraulic
conductivity, ku/k,, varies from 2 to 10 (Chapuis, 2012), and can exceed 100 in some cases when the

extensive inter-layering of finer and coarser materials occurs during deposition (Vick, 1990).



Mechanical properties of tailings can vary widely depending on the properties of the parent rocks,
the physical and chemical processing of mineral extraction and the deposition method (Blight, 2010).
Tailings deposited hydraulically from pipes are also subjected to segregation as coarser particles
typically settle closer to the outlets of the slurry pipes forming beaches, while finer material can travel
further (Vick, 1990; Bussiere, 2007). Mine tailings have low relative densities after deposition but
tend to consolidate under the effect of self-weight and the pressure from subsequently adding layers.
This leads to the evolution of tailings properties and in particular the void ratio, hydraulic
conductivity and stiffness of tailings (Bussiere, 2007). However, most of the conventional estimation
of tailings consolidation only consider constant properties of tailings. As a result, these can lead to,
for example, overestimation or underestimation of the evolution of excess PWP, which is very
important for the management of the discharge plan for the tailings. Properties of tailings in TSF can
therefore be heterogeneous depending of the deposition method, age, distance to the dams and deposit

height (James, 2009).

Table 2-1: Typical geotechnical properties of hard rock mine tailings.

Parameter Symbol Value(s)/range(s) References

Diameter corresponding to .
. D10 (mm) 0.001 -0.016 (Bussiere, 2007)
10% passing

Diameter corresponding to .
. Dso (mm) 0.01 -0.15 (Bussiere, 2007)
60% passing

(Bussiere, 2007)
(Qiu & Sego, 2001)

Coefficient of uniformity | Cy (Deo/ D1o) 2.15-30

(Bussiere, 2007)

Specific gravity Gs 2.6-3.123 (Wickland & Wilson,
2005)

(Bussiere, 2007)
(Vick, 1990)

Solid content P (%) 30-85

Plasticity PL <15% (Bussiere, 2007)




(Wickland & Wilson,
2005)

(Bussiere, 2007)

Lo <40% (Wickland & Wilson,
2005)
Void ratio e 0.5-1.7 (Qiu & Sego, 2001)
Dry unit weight ¥s (KN/m®) 1418 (Qiu & Sego, 2001)
(Bussiere, 2007)
C, (cm?/s) 104 -10"
(Qiu & Sego, 2001)
(Bussiere, 2007)
Consolidation Ce 0.05-0.54
(Qiu & Sego, 2001)
o 0.03 — 0.01 (0.05C. to | (Bussiere, 2007)
r 0.2C.) (Qiu & Sego, 2001)
(Bussiere, 2007)
Saturated hydraulic 0 4
. ksar (/) 1.0x107 - 1.0x10" (Aubertin et al.
conductivity ’
1996)
Anisotropy of hydraulic )
O 1. = ky/ky, 2-10 (Chapuis, 2012)
conductivity
¢ (drained) (kPa)
_ 0 (Hu et al., 2017)
Cohesion c (undrained) .
0—-100 (Lietal., 2018)
(kPa)
¢ (drained) (°) | 30-—42 (Bussiére, 2007)
Friction angle
¢ (undrained) (°) | 14 - 25 (Hu et al., 2017)
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2.1.1.2 Ground surface tailings managements

Tailings are typically hydraulically transported and disposed of as a slurry in TSFs surrounded by
impoundments. Slurry tailings usually have a solid content between 25% and 45% and are
characterized by a low shear strength and are prone to both dynamic and static liquefaction (James

& Aubertin, 2009; James et al., 2013; Morgenstern et al., 2016).

Tailings impoundments are typically built with earth materials or mine wastes (Blight, 2010) and
raised along with the filling of tailings in the TSF. Dykes are usually designed and constructed
according to either upstream, downstream or centreline configuration (Blight, 2010). Upstream
method is the most economical method, where each new embankment is raised toward the impounded
tailings and where part of the new dyke rests on the tailings materials. With the downstream method,
tailings are deposited behind the dykes which are constructed and supported on top of the downstream
slope of the previous stage. Centreline method represents a compromise between upstream and
downstream designs where tailings are discharged behind the dykes and the embankment crest is

raised vertically and resting on both tailings and existing embankment (Vick, 1990).

In practice, particle segregation often occurs during tailings discharge and fine tailings tend to settle
further from the discharge points while coarser materials tend to settle closer to the discharge points
thus forming beaches (Vick, 1990). Such segregation can contribute to the development of
interbedded layers of tailings of various grain sizes also contribute to drain the water table close to
the dam, which is rather positive (James, 2009). The use of conventional ground surface TSFs might
be associated with the risk of failures because the high excess PWP might be encountered during the
discharge process of slurry tailings (Rana et al., 2021). Also, there might be a risk of acid mine

drainage released from these tailings materials (Aubertin et al., 2016).
2.1.2 Waste rock management

2.1.2.1 Geotechnical properties of waste rocks

Waste rocks properties depend on the characteristic of parent rocks, including its hardness,
brittleness, distribution and frequencies of discontinuity systems and the excavation methods (James,

2009; Aubertin, 2013). In situ hydro-geotechnical properties of waste rock (i.e., porosity, volumetric
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water content, hydraulic conductivity) usually present significant spatial variability in piles,

depending on the degrees of compaction and segregation (Molson et al., 2005; Lahmira et al., 2017).

Coefficient of uniformity, Cu, of waste rock is typically greater than 20 because of the presence of
both large blocks (which diameter can exceed a meter) and fine particles (Lahmira et al., 2017).
Porosity is usually between 0.3 and 0.5, and can vary with time because of the settlement, crushing
following haul-truck traffic and fine particle migration (McLemore et al., 2009; Peregoedova, 2012).
Variation of porosity can, in turn, influence waste rocks hydraulic conductivity and shear strength
(Aubertin, 2013). Dry density measured in piles usually ranges from 1500 to 2500 kN/m* (McLemore
et al., 2009).

Saturated hydraulic conductivity of waste rock depends on the grain size distribution, especially the
finer fraction, and the porosity, and is usually comprised between 107 and 10 m/s (Molson et al.,
2005). In situ hydraulic conductivity of waste rocks can vary significantly throughout piles because
of the layered structure caused by waste rock segregation during dumping (Molson et al., 2005;

Aubertin, 2013; Maknoon, 2016).

The stiffness modulus, G, of waste rocks can reach 50 MPa and their Young’s modulus is often
greater than 100 MPa (Maknoon, 2016). Internal friction angle ¢’ can be between 21° and 62°, with
most common values comprised between 34° and 45° (McLemore et al., 2009; Aubertin, 2013).
Internal friction angle can be influenced by the mineralogy, grain size distribution, shape and
roughness of particles, and stress levels (McLemore et al., 2009). The effective cohesion, ¢, of dry

or saturated waste rock is usually zero (Fala et al., 2005).



Table 2-2. Typical geotechnical properties of hard rock mines waste rocks.

12

Parameter Symbol Value(s)/range(s) References
D; g (Lahmira et al., 2017)
lameter corresponding to
. . P 8% Dy (mm) 0.008 -6 (McLemore et al.,
10% passing
2009)
D; g (Lahmira et al., 2017)
lameter corresponding to
. , P £ Dy (mm) 0.3-60 (McLemore et al.,
50% passing
2009)
D; g (Lahmira et al., 2017)
lameter corresponding to
- P =% Dy (mm) 1-80 (McLemore et al.,
60% passing
2009)
(Lahmira et al., 2017)
Coefficient of uniformity | Cy (Deo/ D1o) 20100 (McLemore et al.,
2009)
p " 03— 0.5 (McLemore et al.,
orosity n 3-0. 2009)
i (McLemore et al.,
D t kN/m’ 1 -2
ry density pa (KN/m’) 500 - 2500 2009)
Specific gravity Gs 21-3.7 (James, 2009)
G (MPa) <50 (Maknoon, 2016)
Stiffness
E (MPa) <100 (Maknoon, 2016)
Saturated hydrauli (Maknoon, 2016)
N YOS Joar () 1.0x10° - 1.0x10° ,
conductivity (Aubertin, 2013)
Cohesion ¢ (drained) (kPa) | 0 (Fala et al., 2005)
(McLemore et al.,
Friction angle ¢ (drained) (°) | 21-62 2009)

(Aubertin, 2013)
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2.1.2.2 Constructions of waste rock piles

Waste rocks are often disposed of in piles (Aubertin, 2013; MEND, 2015) which can sometimes
exceed 300 m in height and occupy up to 500 million m>. Construction methods of waste rock piles
are based on practical and economic considerations (Aubertin, 2013) and three main techniques are

typically used (Fala et al., 2005; Aubertin, 2013; Maknoon, 2016):

¢ End dumping involves dumping waste rocks on the side slope from the crest of the pile. This
method generates significant segregation with finer particles remaining close to the deposition

point while coarser particles tend to move towards the toe (Aubertin, 2013).

¢ In the push dumping method, the truck loads are dumped on the surface of the pile and pushed
along the slope by dozers. Particle segregation is somewhat lower compared to the end

dumping approach.

e The third construction method is free-dumping. Waste rocks are deposited in small heaps on
the pile surface and spread by dozers and graders. The degree of segregation is the lowest
among other techniques (Hawley & Cunning, 2017). The method is usually applied at the

early stages of the construction and then replaced by the end- or push dumping methods.

Each construction method brings various levels of compaction and segregation that, in turn, influence
the movement of water and air within the waste rock piles (Fala et al., 2005; Molson et al., 2005;
Aubertin, 2013; Maknoon, 2016). Sub-horizontal layers are often observed during the construction
of waste rock piles because of a wide range of particle size of the waste rock materials (Aubertin,
2013; Lahmira et al., 2017). Cobbles and coarse particles particularly tend to accumulate at the toe
of the piles, which can locally increase water and air flow. Surface and slopes of the waste rock pile
can be inclined to favour surface runoff, lateral diversion, and reduce infiltration to the centre of the
pile (Aubertin, 2013; Dubuc et al., 2017; Martin, 2017). The construction of waste rock piles usually
requires a large ground surface area. The failure of those waste rock piles and AMD released from
those structures might occur in some areas where improper management of these mine waste might

be encountered (Aubertin, 2013).
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2.1.3 Challenges in mine waste management

The management and reclamation of mine waste storage facilities raise geo-environmental and
geotechnical challenges for the mining industry (Aubertin et al., 2016; Bussi¢re & Guittonny, 2020;
Rana et al., 2021). Environmental issues usually originate from mine wastes containing sulfide
minerals that can oxidize and generate acid mine drainage (AMD) or contaminated neutral drainage
(CND) (Nordstrom et al., 2015; Wilson et al., 2018). Contaminated mine drainage remains one of the
most critical environmental challenges for the mining industry (Bussi¢re & Guittonny, 2020). AMD
is typically characterized by low pHs and high concentrations of metals and sulfates generated when
these metals are exposed to the atmospheric conditions (Amos et al., 2015; Nordstrom et al., 2015).
CND is characterized by metal contamination at near neutral pHs (Lindsay et al., 2015) and is often
generated by sulfide minerals which oxidize without producing acid or in presence of buffering

minerals (Bussiére & Guittonny, 2020).

The main objective of reclamation is to limit the availability of either oxygen or water to prevent
oxidation reactions and contaminated drainage generation at the source (Bussiére, 2007; Aubertin et
al., 2016). For example, cover systems constructed using materials with low saturated hydraulic
conductivity can contribute to limit the infiltration of water (Aubertin, 2018). Water covers can act
as oxygen barrier and limit oxygen diffusion to the reactive mine wastes (Awoh et al., 2014). A mono
layer cover coupled with an elevated water table can contribute to control water balance on site and
maintain mine wastes saturated, thus limiting their oxidation (Dobchuk et al., 2013; Pabst et al.,
2017). Reclamation design must be adapted to site conditions and carefully planned before the

beginning of the production (Bussiére & Guittonny, 2020)

Geotechnical stability of tailings storage facilities (TSFs) is another major challenge for the industry
and the society (Rana et al., 2021). Over 18,400 tailings dams are reported worldwide, and their
height and storage capacity tend to increase over the years (Azam & Li, 2010). Caren tailings dams
in central Chile, for instance, was designed with a maximum height of 108 m, and Bahuerachi tailings
dam in Mexico has a designed maximum height of 100 m with a capacity of 200 million m*> (Azam
& Li, 2010; Hu et al., 2017). However, fine-grained tailings from hard rock mines are typically
characterized by high water contents, large porosity and low strength, and are therefore highly

susceptible to instabilities (Vick, 1990; Blight, 2010). Nearly eighty major failure events were
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recorded over the past three decades and failure rate of tailings dams is around 1.2% which is more
than two orders of magnitude higher than for conventional water retention dams (Azam & Li, 2010).
Among these events, approximately 90% of failures occurred in active mines (Azam & Li, 2010).
Failures of TSFs is usually followed by fast-moving flow of tailings that can result in catastrophic
downstream consequences, including significant environmental damages, severe infrastructure
damages, and sometimes casualties (Santamarina et al., 2019). The cumulative outflow volume
released from tailings dam failures tend to increase with the multiplication of large operations, and
the number of casualties also steadily increases (e. g., 1985 Stava in Italy with 268 deaths and 2019
Brumadinho failures in Brazil with 272 deaths) (Santamarina et al., 2019; Rana et al., 2021).

Main causes to tailings dams failure include slope and foundation instability, surface erosion, internal
erosion, overtopping, seismic/static tailings liquefaction, and decantation damage (Azam & Li,
2010). Inadequate drainage systems have been among the most frequent triggers for tailings dams
failures since 1996 (Rana et al., 2021). Indeed, tailings consolidation is a time-dependent process and
until excess pore water pressures (PWP) are completely drained, tailings remain susceptible to strain-
softening and liquefaction (Rana et al., 2021). For example, drainage issues were identified as a major
cause to liquefaction (and ultimately failure) in the two recent major tailings dam failures, i.e.,
Samarco (2015) and Brumadinho (2019) in Brazil (Morgenstern et al., 2016; Robertson et al., 2019).
More specifically, insufficient internal drainage system in Brumadinho dam led to an increase of the
water level downstream of the dyke slopes, thus generating a portion of loose and weak tailings close
to the dam crest which may have contributed to trigger undrained flow liquefaction in the tailings
impoundment (Robertson et al., 2019). New management approaches are therefore required to

address the increase of tailings production and reduce risks of catastrophic instabilities failures.

2.2 Integrated mine waste management

Innovative integrated mine waste managements techniques include dewatering (Bolduc & Aubertin,
2014; Bhuiyan et al., 2015; Mbemba & Aubertin, 2021a), valorization and reuse of mine wastes in
cover systems (Pabst et al., 2018; Larochelle et al., 2019) or in road construction (Hao & Pabst, 2022),
or waste mixing (Wickland et al., 2006; Aubertin, 2013; Ferdosi et al., 2015b). Other integrated mine
waste management approaches (such as waste rock inclusions and in-pit disposal) aim to improve the

stability of TSFs or open pit and will be discussed in more details in the following.
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2.2.1 Co-disposal of tailing and waste rocks in tailings impoundments

Progressive deposition of slurry tailings in TSFs can lead to the build-up of excess pore water pressure
(PWP) that has been linked to various geotechnical instabilities issues, including failure of tailings
impoundments and static/dynamic liquefaction of tailings (Aubertin et al., 2002; Morgenstern et al.,
2016; Aubertin, 2018; Mbemba & Aubertin, 2021b; Rana et al., 2021). The use of waste rocks
inclusions (WRIs) in TSFs was therefore proposed by Aubertin et al. (2002) to accelerate tailings
consolidation by creating preferential drainage paths for water (James, 2009; Bolduc & Aubertin,
2014). WRIs can also reinforce mechanically tailings impoundment thus enhancing both static and
dynamic stability of the retaining structures (James, 2009). The technique consists in placing a layer
of coarse waste rock at the bottom and on the sides of a tailings impoundment, together with a series
of vertical inclusions within the tailings (figure 2-1). These waste rock structures separate the tailings
impoundments into compartments and act as vertical drain columns (Aubertin et al., 2002). In

practice, WRI are being used at the Canadian Malartic mine site located in Quebec (figure 2-2).
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Figure 2-1: Waste rock inclusion within tailings storage facilities (modified after Bussiere
(2007)). Coarse waste rocks are placed at the bottom and the side of the TSFs and vertical
inclusions are constructed within the TSFs to divide TSFs into compartments and create

vertical drainage pathways, thus enhancing both dynamic stability and tailings consolidation

rate.

Figure 2-2: Malartic mine tailings impoundment with WRIs (Quebec, Canada). WRIs (shown with
red dashed lines) are around 12 m wide and divide the impoundment into several compartments

(IRME, 2019).
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2.2.1.1 The use of WRIs to improve dynamic stability of the TSFs

WRIs are able to reduce the deformation because of the provided reinforcement and could thus
improve the overall strength and stability of TSF (James et al., 2013; Ferdosi et al., 2015b;
Jahanbakhshzadeh et al., 2019; Zafarani et al., 2020). For example, the effect of WRI in mitigating
liquefaction of mine tailings was numerically evaluated using FLAC code (Itasca Int., 2021) and
UBC Sand constitutive model by James (2009). Numerical results have shown that WRIs can
efficiently decrease displacements in impoundments by increasing the stiffness of the tailings mass.
Similarly, results obtained from Ferdosi et al. (2015b) revealed that displacement of reinforced
impoundment decreased by around 10 times compared to those for conventional impoundment
(figure 2-3). WRIs can also contribute to prevent excess deformation of tailings under post-seismic
influences (Contreras et al., 2020). In general, downstream slope deformation tends to decrease with

the increase of inclusion width and with the increase in inclusion spacing (Ferdosi et al., 2015b).

25 50 15 10.0
Horizoial displacement (m) IS == Seale () e 20
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Figure 2-3: Simulated horizontal displacement of a tailings impoundment with and without WRIs
from E3-sag earthquake record (M = 7.0 and d = 30 km). WRIs can significantly reduce
displacement of tailings under cyclic loading generated by an earthquake by about 10 times

(modified after (Ferdosi et al., 2015b)).
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2.2.1.2 The use of WRISs to accelerate tailings consolidation rate

In addition to their global reinforcing effect, WRIs also divide the tailing impoundment into several
compartments, and can therefore act as drainage channels to enhance excess PWP dissipation rate.
Various studies have been carried out both numerically and experimentally to evaluate the
consolidation and pore-water pressure dissipation of tailings under the impact of WRIs (Bolduc,
2012; Bolduc & Aubertin, 2014; Boudrias, 2018; Essayad et al., 2018; Mbemba & Aubertin, 2021b,
2021a).

Tailings closer to the WRI drain faster and WRI’s radius of influence is usually around twice the
thickness of the tailings deposited. The higher the hydraulic conductivity of the tailings, the quicker
the dissipation of excess PWP (Bolduc & Aubertin, 2014). However, tailings hydraulic conductivity
did not significantly influence the magnitude of the initial excess PWP nor the final settlement of
tailings (Bolduc & Aubertin, 2014). Similarly, a greater compression index (C.) would result in a
larger settlement and a longer period to fully dissipate excess PWP. Filling rate, waste rock Young’s
modulus and the shape or geometry of inclusions did not have a significant effect on the consolidation

rate (Bolduc & Aubertin, 2014).

Consolidation evolution of saturated and unsaturated tailings in instrumented columns subjected to
progressive loading was simulated (i.e., hydraulic conductivity in Modified Cam clay and elastic
perfectly plastic models and stiffness modulus in elastic perfectly plastic models were updated at
each loading step). Results from models with unsaturated tailings were in good agreement with
measured settlements, yet the rate of dissipation of excess PWP was overestimated compared to
experiments (Boudrias, 2018). Full-scale model of a tailings impoundment with and without WRI
were then simulated and compared (Boudrias, 2018). Simulated vertical displacement was smaller
close to the WRI which was attributed to the significantly higher rigidity of the WRI compared to
that of the tailings.

Experimental study on the effect of WRI

The consolidation rate and magnitude of tailings in the presence of WRI also were experimentally
evaluated using physical laboratory tests (Mbemba & Aubertin, 2021a, 2021b). Experimental tests
were composed of tailings placed in large columns (one layer or multilayer deposition of slurry

tailings), with a vertical drainage path installed in the centre of the column and made of waste rocks
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(figure 2-4). Results revealed that the presence of a central drainage pathway favoured the horizontal
movement of water within the tailings, and thus enhanced their consolidation. The dissipation rate of
excess PWP also increased with the increase of the WRI diameter (Mbemba & Aubertin, 2021a).

Another physical test conducted in the laboratory consisted of a rigid box which was divided into two
compartments and filled with waste rocks and tailings respectively using a metal mesh to evaluate
the consolidation behaviour of tailings under the impact of WRI (Mbemba & Aubertin, 2021a).
Results indicated that WRI can promote horizontal water movement, and thus, accelerate
consolidation of tailings, which is identical to those obtained in Mbemba and Aubertin (2021b). The
consolidation test without geotextile at the tailings-waste rocks interface experienced a bit higher
settlement compared to that for the test with geotextile used. This was attributed to the possible
migration of fine tailings and these displaced tailings seemed not to affect the time to finish
consolidation of tailings (Mbemba & Aubertin, 2021a). Another physical experiment was also
conducted by Essayad et al. (2018) to investigate possible movement of tailings towards WRI and

results also indicated that clogging at the interface between tailings and WRI was negligible.

Side view Tailings
—— Waste rock ” |
inclusion : -
- Furrounded b
a geotextile
fabric
.l

g15em
0
|
|

H
n

 Pressure
| sensor
T.. connected to
D=55ecm . the quick ]
“ connect fitting

Top view

‘MicroDiver sensor
‘destined for the
‘bottom of the
| waste rock

Thin tube with |

a ceramic at -
the extremity -
(the tubes have different lengths)

(€)

Figure 2-4: Configuration of column tests with centred WRI column (modified after Mbemba and

Aubertin (2021b)).
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2.2.2 In-pit disposal of mine wastes

2.2.2.1 Advantages and limitations of in-pit disposal

The increase of mineral demand and production and the degree in the average ore grade during the
last decades has led to an increase of the volume of tailings produced, and therefore of the risks of
major failures events in surface TSFs. Practitioners were therefore encouraged to find alternative
approaches for tailings disposal. Tailings can for example be backfilled in underground spaces or in
mined-out pits. Underground mine backfill, either in the form of hydraulic fill or paste backfill, can
contribute to reduce stope instability and the area required for surface disposal (Aubertin et al., 2003;
Fahey et al., 2010; Jahanbakhshzadeh et al., 2017). In-pit disposal is another alternative for surface
mines which can contribute to reduce metal leaching and to physically isolate contaminants (MEND,
2015). Backfilling can also stabilize pit walls, eliminate potential solids release, and reduce the long-
term management and maintenance of retaining structures compared to conventional surface disposal
(Cameron & Dave, 2015; MEND, 2015). The costs for pit backfilling is potentially lower compared
to the construction and management of surface TSF (Cameron & Dave, 2015). In-pit disposal could
also improve the site aesthetics after closure (Guerin et al., 2006). Once backfilled, the pit can be
reclaimed using engineered cover systems to prevent further contaminated mine drainage generation
and integrated into the surrounding landscape, thus reducing the footprint of mining activities (Mudd
et al., 2011). In practice, all types of mine wastes can be suitable for disposal in open pits, including
waste rock, tailings, treatment sludge and contaminated soils and materials. Four main concepts are
generally considered for the disposal of mine waste in open pits: dry disposal, wet disposal,
chemically and physically stabilization, and engineered pit containment among which wet disposal

is preferred because of its simplicity to perform (MEND, 2015).

In-pit tailings disposal is widely used in Australia, mostly for gold and uranium mines (Mudd et al.,
2011). The first major project where mined-out pit was used for slurry tailings storage was the Ranger
uranium project which started operations in 1996. Tailings were initially planned to be disposed of
in a surface TSF, but major public concern was raised regarding potential contamination of the
surrounding environment. In-pit tailings deposition was therefore proposed as an alternative to
conventional TSF to improve tailings long-term management (Mudd et al., 2011). In-pit disposal of

tailings approach was also applied for K1SE pit in Marymia gold mine and Criterion pit in Bulong
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Nickel mine (McDonald & Lane, 2010). Tailings from Marymia mine were considered hazardous
and were thus disposed sub-aerially in K1SE pit. Reclamation was conducted after tailings fully
consolidated and the pit was successfully integrated to become part of the local natural landscape
(McDonald & Lane, 2010). A total of 14.5 m of slurry tailings were also deposited in Nickel mine
pit in 2002 (McDonald & Lane, 2010). Solid content of the tailings was around 20%, which caused
large deformations during consolidation. Closure and reclamation were conducted after consolidation
was almost finished (McDonald & Lane, 2010). In-pit tailings management in these two mine sites
was reported to have been rather cost-effective compared to conventional surface TSFs, and provided
various environmental benefits, including an increase of tailings physical stability and a reduction of

the raw-water requirements (MEND, 2015).

However, in-pit disposal also presents some constraints which can limit its application, including
safety and hydrological aspects together with site-specific conditions (MEND, 2015; Rousseau &
Pabst, 2022). For example, potential migration of contaminants to the surrounding fractured rock
mass and groundwater must be evaluated and controlled (Davies, 2002; Moise & Thomas, 2018).
Other constraints include resource sterilization, operational complexities especially regarding mine
waste transport and deposition in the pit. Pit disposal can only start after all of the activities in the pit
are completed, and thus additional temporary surface disposal areas are required (Bhuiyan et al.,
2015). Also, surface pillar stability and infiltration can be problematic if production continues

underground during deposition (MEND, 2015).

2.2.2.2 Principles and implementation of the permeable envelope concept

The idea of an engineered pervious envelope surrounding the tailings mass was first proposed in 1984
by Cameco Corporation, Saskatchewan (MEND, 2015). The objective of the permeable envelope is
to control potential environmental contamination by directing the groundwater around the tailings
mass instead of flowing through it thus limiting the interactions between local groundwater and
potential contaminants (process pore water or reactive minerals) (Cameron & Dave, 2015). This can
be done by installing a highly permeable envelope compared to tailings around the pit and local
groundwater would, therefore, flow around the tailings mass instead of flowing through them (figure

2-5).
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The pervious surround was constructed with a gradational increase in grain size as in the Rabbit Lake
in-pit tailings management (RLITMF) (i.e., a fine sand filter at the tailings surfaces, and a crushed
rock layer at the outermost zone of the envelope which might be constructed by waste rocks from the
adjacent mining activities). The pervious envelope was continuously constructed as tailings was filled
in the pit (MEND, 2015). The permeable envelope could also be porous natural rock surround as in
the case of JEB pit in the McClean Lake uranium mine facilities (i.e., JEB tailing pit required the
tailings placed in a pit need to have hydraulic conductivity at least ten times lower than the
surrounding host rocks) (MEND, 2015). A partial engineered pervious surround was also applied at
the Deilmann tailings management facility (DTMF) (Khaled, 2012). Bottom drain system was
constructed at the lower portions of the pit to enhance consolidation of the tailings and increase the
density of the tailings (Cameron & Dave, 2015). The same concept with the implementation of
bottom drainage and partial pervious surround was also applied for the uranium Langer Heinrich
mine in the Republic of Namibia (Cameron & Dave, 2015). The drainage materials were made from
coarse-grained waste rocks resulting from mining activities on sites which were highly permeable
compared to the placed tailings mass (i.e., the hydraulic conductivity contrast of the under-drainage
system, pervious and tailings materials was around 6 orders of magnitude) to prevent water from
flowing through the tailings body (Cameron & Dave, 2015). Apart from environmental benefits,
pervious envelope can also contribute to accelerate consolidation of tailings in the pit which is similar
to the effect of WRI in the tailings impoundment, yet these effects have not been mentioned nor

quantitatively evaluate in literatures.

The combination of permeable envelope and WRI in the pit would be used for the first time as
multiple drainage paths in the pit. The combination would possibly further promote the benefits of
those two techniques. Unknowns related to the performances of both permeable envelope and WRI,

and their influences on the consolidations behaviour of tailings, however, remains challenging.
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Figure 2-5: Conceptualized structure of water movement in and around the pit (a) without the
installation of the pervious surround and (b) with the presence of the pervious surround. Regional
groundwater flows around the tailings following the more permeable envelope rather than through

the contaminated tailings.

2.2.2.3 Ciritical concerns in integrated mine waste management in-pit

In-pit tailings disposal, despite numerous advantages compared to surface TSF, is also facing several
challenges and unknowns that could somewhat limit its application. Preventing environmental
contamination is particularly critical, and tailings hydraulic conductivity therefore needs to be
decreased to isolate them and enhance the performance of the permeable envelope. Reclamation
construction also requires that tailings settlement is completed to avoid long-term deformation of
cover systems (and thus deterioration or even performance loss). Finally, pit storage capacity also

needs to be explicitly estimated when both tailings and waste rocks are co-disposed.

A successful in-pit disposal implementation thus requires to properly capture the evolution of tailings
consolidation and excess PWP dissipation. Such evaluation requires to combine experimental
characterization of waste materials and numerical simulations of consolidation behaviour. Numerical
models must also integrate non-linear changes of stiffness and hydraulic conductivity resulting from
changes in the void ratio of tailings to precisely estimate volume changes with time. Several factors
can influence the effectiveness of the technique such as tailings filling rate, tailings and waste rocks

hydro-mechanical properties, layer thicknesses, overall pit wall angles, and WRIs design should be
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considered. The applicability and advantages of tailings and waste rock co-disposal also needs to be
thoroughly proven and optimized before it can be implemented in the field. A solid understanding of
tailings consolidation characteristic is therefore required to predict the rate and magnitude of short-
and long-term settlement of tailings disposed of in the pit. The objective of the following sections is
thus to review geotechnical properties of mine tailings and waste rocks, consolidation theories applied
to slurry tailings, application of vertical drainage path to accelerate tailings consolidation and
numerical tools available to simulate non-linear tailings consolidation. Understanding of water
movement and predictive functions to estimate hydraulic conductivity of tailings was critical to have

a proper prediction of consolidation process of tailings.

2.3 Movement of water in mine wastes

2.3.1 Water flow in saturated zone

The hydraulic head is defined as the amount of energy stored per unit mass of fluid. The Bernoulli’s
equation describes the components of the hydraulic head of fluid under simplified conditions (i.e.,

for an incompressible non-viscous fluid and a laminar, non-turbulent flow) (Holtz & Kovacs, 1981):

172

u
h(x,y,2) =z + ——+ — (2.1)
pwd 29
Where u,,: water pressure (kPa); p,,: water density (kg/m?); g: gravitational acceleration (m/s?) and

v: fluid velocity (m/s).
The movement of water in saturated medium can be described by Darcy’s law with the assumption
of saturated medium, incompressible fluid and laminar flow (Holtz & Kovacs, 1981):

q = —ksqrl (2.2)

Where g: specific flow, frequently called Darcy’s velocity (m/s); ksa:: saturated hydraulic conductivity
(m/s); i: hydraulic gradient, i.e., the variation of hydraulic head, %, over a certain distance, dz, which

1s derived in one-dimension as:
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L= & (23)

2.3.2 Predictive models of saturated hydraulic conductivity

The saturated hydraulic conductivity, ks, of a soil could be measured in the laboratory by either
hydraulic conductivity test in a rigid wall (ASTM D2434), or from flexible wall (ASTM D5084).
Measuring hydraulic conductivity of soils can, however, be time-consuming especially when it has
to be performed for various void ratios, various predictive models have been therefore proposed to
estimate the saturated hydraulic conductivity of porous materials based on their geotechnical

properties (Mbonimpa et al., 2002; Chapuis & Aubertin, 2003; Chapuis, 2004).

One of the most commonly used predictive functions is Hazen (Mbonimpa et al., 2002):
k = Cy(D10)*(cm/s) (2.4)

Where Cp: a material coefficient; and D;y: the diameter corresponding to 10% passing on the

cumulative particle-size distribution curve.

The model was developed for loose sands and gravels with C, <5 and 0.1 mm < D9 <3 mm (Chapuis,
2004). When Dp1s smaller than 0.1 mm (i.e., silty materials), Hazen coefficient can vary significantly
(Mbonimpa et al., 2002). The model proposed by Hazen is therefore not always precise to determine

tailings hydraulic conductivity (Mbonimpa et al., 2002).

Kozeny-Carman model determines the hydraulic conductivity as a function of the void ratio, e, the
specific surface S (m?/kg of solids), and a factor C which represents the shape and tortuosity of flow

channels (Chapuis & Aubertin, 2003):

k=c-Y e (2.5)
~ Hwpw S2DE(1 +e) '

Where S: specific surface of material (m*/kg); g: gravitational constant (m~kg's?); e: void ratio; u,,:
the dynamic viscosity of water (u,, = 10 Pa.s at 20 °C); p,,: density of water (p,, = 998 kg/m? at 20
C); Dg: relative density of solids (or specific gravity Gy).
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KC model was also presented in another form by Chapuis and Aubertin (2003) based on the concept
of the equivalent diameter derived from the specific surface area of the solid grains, Sy:

log(k) = A+ log[ (2.6)

3
SZDE(1+e)
Where k& unit is in m/s; 4 range from 0.29 to 0.51 for a C value between 0.2 and 0.5 as indicated by
Carman (1939).

Hydraulic conductivity of tailings predicted by KC model are usually slightly overestimated because
of the particles angularity, the creation of new fines during compaction and possible chemical
reactions occurring during hydraulic conductivity tests (Chapuis & Aubertin, 2003). Chapuis and
Aubertin (2003), therefore, proposed a modified and more precise equation for the prediction of

tailings hydraulic conductivity:

I k1 1slosa e 2 2.7
ool = tslos o sgmgrral) -7

Kozeny-Carman Modified (KCM) model (Mbonimpa et al., 2002)

Mbonimpa et al. (2002) proposed some modifications to the Kozeny-Carman function to include the

properties of porous space, void ratio and the grain surface characteristics:

k = frfofs (2.8)
With:
Yw
ff = E
e(3+x)
=79

1/3
fs = CU/ D120

Hence:
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(3+x)
Yw €
ke = Cg M—Wmcg/ 3p2, (2.9)
w

Where f;: function of the fluid properties in the general hydraulic conductivity model (m'shy; £,
function of the void space in the general hydraulic conductivity model [-]; fs: function of the solid
grain surface in the general hydraulic conductivity model (m?); C;: a constant (C; = 0.1); y,,: unit
weight of water (¥, = 9.81 kN/m?); x: tortuosity factor (x =2); Cy: the uniformity coefficient (Cy =
Deso/ D).

Hydraulic conductivity estimated using Kozeny-Carman Modified (KCM) model usually differs by
up to one or two orders of magnitude from Kozeny-Carman (KC) because of the difference in the
determination of the specific surface of particles, especially when the proportion of fine particles is

significant (Peregoedova et al., 2013).

Predictive equations presented above were proposed based on the effective diameter D;9. However,
when the materials contain large-size blocks, such as waste rocks, predictive equations can lead to
some uncertainties in the estimation of the hydraulic conductivity (Peregoedova et al., 2013).
Consequently, other predictive models have been developed based on Dsy to consider the effect of

coarse particles more precisely on the hydraulic conductivity.

Taylor (1948)

3

Yw €
k..=C, — DLS 2.10
sat 1ﬂw (1 + e) 50 ( )

Where Dso: diameter of grains corresponding to 50% passing on the grain size curve (cm); C;: a

constant identified from experimental results.

Shepherd (1989)

cm
Keut (T) =3.53 x 10~* x [100D&5] @2.11)

Model of Taylor predictive equations usually provides fairly accurate estimation (within a factor of

3) of waste rocks hydraulic conductivity (Peregoedova, 2012).
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Hydraulic conductivity of materials would play a key role on the rate of dissipation of PWP, and

hence on the rate of consolidation of materials.
2.4 Consolidation of tailings

2.4.1 Consolidation phases

Consolidation of soft fine-grained materials in general, and of mine tailings in particular, and which
have a high initial water content and void ratio, is driven by gravitational body forces (i.e., buoyant
weight of solids) with or without external load (Carrier et al., 1983; Ito & Azam, 2013; Ahmed &
Siddiqua, 2014; Qi et al., 2017). An overlaying water layer is typically formed during the
consolidation process as excess pore water drains upwards, leading to an increase of the effective

stress (Lee & Sills, 1981; Bartholomeeusen et al., 2002; Ito & Azam, 2013).

Sedimentation of tailings soft deposits can be divided into three successive (and partially
overlapping) stages: flocculation, settling/sedimentation, and consolidation (Imai, 1981; Bonin et al.,
2014; Agapito & Bareither, 2018; Pu et al., 2018). During flocculation, the solid content of the
mixture is very low, and solid particles are still far away from each other. Particle segregation is
expected to occur during this phase (Jeeravipoolvarn, 2010). Then, sedimentation of particles takes
places, accompanied with the reduction of porosity and the progressive increase of solid contents.
Soil particles, nevertheless, are still in an effective-stress-free state. In the last stage, tailings undergo
consolidation which could be induced by either or a combination of gravitational force (i.e., self-
weight consolidation) or external surcharge loading (e.g., loads due to the sequential filling of
tailings). During consolidation, effective stress will build up with the dissipation of pore water
pressure, and there is a clear interface between the settling solids and the supernatant water, and this
boundary tends to move downwards while consolidation occurs. Settling and consolidation
phenomenon usually take place simultaneously and it can be difficult to differentiate them (Imai,
1981). There is a transition zone between settling and consolidation behaviour when effective stress
is partially developed (Somogyi, 1980; Imai, 1981; Schiffman et al., 1988; Tan et al., 1990). Primary
and secondary consolidation are usually observed from typical deformation curves. Primary
consolidation relates to the settlement of tailings layer because of the dissipation of excess pore water

pressure. Primary consolidation ceases when the hydrostatic pressure reaches an equilibrium (i.e.,
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when the excess pore-water pressure has entirely dissipated) (Imai, 1981; Schiffman et al., 1988;
Bonin et al., 2014). Secondary consolidation refers to the consolidation that follows primary
consolidation when excess pore water pressure has reached zero and is typically related to a
reorganization of tailings particles. The secondary consolidation rate depends on the viscous
resistance of the soil structure, while primary consolidation is controlled by Darcy’s law. Secondary
consolidation can be significant for soft clay and organic soils (Mittchell & Soga, 2005), but more

rarely for hard rock mine tailings.

2.4.2 Consolidation of tailings under applied loading

When tailings are subjected to external loads, pore water in the voids is squeezed out, leading to the
volumetric strain of the solid medium. During this process, the loading is transferred from pore water
to tailings particles, and the process terminates once excess pore water pressure totally dissipates.

Degree of consolidation U at a given time can be expressed as (Taylor, 1948):

U (%) = (1 - A—”) x 100% (2.12)

Ug
Where Au: excess pore water pressure (kPa), and u,: initial excess pore water pressure (kPa).

As Au decreases, the degree of consolidation U increases. When excess pore pressure becomes zero,
the pore pressure equals hydrostatic pressure. The dissipation of water in the voids is accompanied
by the settlement of the tailings and the reduction of voids (assuming that the fluid is incompressible
(Holtz & Kovacs, 1981):

Ae

= H 2.13
S 1+e 0 ( )

Where s: settlement (m), e, initial void ratio (-), and Hy: initial thickness of soil layer (m).

Consolidation of tailings might be studied in the laboratory using conventional odometer tests
(ASTM D2435/D2435M — 11) which give the relationship between void ratio and the effective stress
o, (kPa).
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The coefficient of compressibility a,, is calculated from oedometer test results as (Holtz & Kovacs,

1981):

_ —Ae
Ao}

a, (2.14)

When the results are expressed as a function of the volumetric strain, the slope of the compression

curve is called the coefficient of volume change, m,,, and:

—Ae,  ay
Ao,  1+e

m, = (2.15)

Where ¢,,: vertical compression of tailings.

Results can also be presented in terms of void ratio versus the logarithm of effective stress, in which
case the slope of the virgin compression curve is defined as the compression index, Ce, (Holtz &

Kovacs, 1981):

_—de e
¢ P ) 2.1
dloga), log % (2.16)

1

Terzaghi’s 1D consolidation theory

Terzaghi’s theory describes 1D soil consolidation with the assumption of a linear relationship
between stress and strain. The basic governing equation of Terzaghi’s theory represents equilibrium
condition, stress-strain relationship and continuity equation, and can be expressed in the following
form (Holtz & Kovacs, 1981):

0%u do,

voz =~ (2.17)

Where C,: vertical coefficient of consolidation (m?/s); u: excess pore pressure (kPa); # is time (s).

C, is assumed to be constant in this theory and represents the material properties that govern the

consolidation process as expressed in the following equation (Holtz & Kovacs, 1981):
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o _Otedk, _ K

v =
YwQy Ywmy

(2.18)

C, can be obtained experimentally using odometer test with step loading. The methods of Casagrande
(1938) and Taylor (1948) are commonly used to determine graphically the relationships between
displacement and time (Holtz & Kovacs, 1981):

e Method of Casagrande (1938)

0.197H?
S (2.19)
tso
e Method of Taylor (1948)
0.848H?
S (2.20)
(20

In equations 2.19 and 2.20, H is the maximum drainage distance (m); and ts, and tq, are the times
corresponding to a vertical degree of consolidation of 50% and 90% respectively. For radial

consolidation with horizontal flow, equation 2.18 becomes (Holtz & Kovacs, 1981):

kn

C. =
" e,

2.21)

Where Cj,: horizontal coefficient of consolidation (m?/s); kj: horizontal hydraulic conductivity of
soil (m/s). The horizontal coefficient of consolidation is usually 2 to 5 times greater than the vertical
coefficient of consolidation (Atkinson & Eldred, 1981; Bergado et al., 1993). Equation 2.17 can be

modified by expressing the vertical effective stress by total stress and pore water pressure as:

0*u  ou Odo,

- - _"_ 2.22
Cy dz2 ot ot 222)

The solution of Terzaghi’s equation for different boundary conditions allows to express excess pore
water pressure u as a function of time factor 7, and position factor Z (= z/H) (Mittchell & Soga, 2005;
Das, 2010):
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o 2uy [ MZ
u, = Z 0 <sin—) e M*Ty (2.23)

This value equals the thickness of the compressible layer in case of one single drainage and is half of

the layer thickness in case of double drainage system. In equation 2.23:
s
M = 0 (Z2m+1) (2.24)

Where m: an integer.

Time factor 7, relates to the coefficient of consolidation C, by equation:

cpt

Tv—m

(2.25)
Where ¢ is the time necessary to obtain the degree of consolidation corresponding to the time factor

at the interested point.

Terzaghi’s theory has been successfully applied in many geotechnical problems in practice (Holtz &
Kovacs, 1981). The principal assumptions of Terzaghi’s theory include: the soil is fully saturated,
soil particles and water are incompressible, Darcy’s law is valid, and finally consolidation properties
of the materials are constant. However, some differences can be observed between measured and
calculated settlement of slurry materials (such as tailings or dredged soils), which can be attributed
to Terzaghi’s theory physical assumptions (Gibson et al., 1981; Schiffman, 1982; Fox, 1999; Mortris,
2002; Bolduc & Aubertin, 2014). For example, equation 2-18 considers that hydraulic conductivity
and coefficient of compressibility are constant, while in practice they vary with the void ratio
(Schiffman, 1982; Cargill, 1984; Morris, 2002). Also, equation 2.17 neglects self-weight
consolidation behaviour which can be significant for tailings. For all these reasons, the large strain
theory was proposed (Somogyi, 1980; Lee & Sills, 1981; Schiffman, 1982; Morris, 2002). Finally,
the Terzaghi’s theory is valid only for vertical consolidation, and horizontal water movement and
settlement of materials are thus neglected. This might cause some uncertainties in the estimation of
tailings settlement where 3D effect of tailings consolidations is significant (i.e., tailings disposed in

an open pit).
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2.4.3 Large strain consolidation theory for mine tailings

A general form of one-dimensional non-linear finite strain consolidation for saturated soil (including
tailings) layers was proposed by Gibson et al. (1967) to overcome the limitations of Terzaghi’s small
strain theory. Gibson’s equation can accommodate large strain evolution and variations in hydraulic
conductivity and soil stiffness during the consolidation process. Finite strain consolidation theory is,
therefore, more representative of tailings behaviour in field conditions (Schiffman, 1982;

Bartholomeeusen et al., 2002; Fahey et al., 2010).

The first general form of one-dimensional non-linear finite strain consolidation for saturated thick

soil layers was proposed by Gibson, et al. (1967):

2 drk(e)19e 9] k d[o’ ()] @ )
(o)L &) _e+$l (@ dlo'(@]de]  de 0.26)

Yw dell+elodz Yw(l+e) de 0z T ot

Where e: void ratio; ys; and ¥,: solid and water unit weights respectively; k(e): the hydraulic

(Townsend & McVay, 1990)conductivity expressed as a function of the void ratio (m/s); ¢': effective

stress (kPa).

Gibson et al. (1981) also derived finite-strain coefficient of consolidation g(e) as follows:

k(e) da’

A+ e 9 (2.27)

g(e) =—

The finite-strain coefficient of consolidation g(e) can also be related to the conventional coefficient

of consolidation C,, as follows (Gibson et al., 1981):

4

gle) = ator? (2.28)
A linearization constant A(e) was also proposed by Gibson, 1981:
d (de
= ([ 2.29
Ace) de (da’) (229

Equation 2.26 can then be analytically solved with the assumption of constant g(e) and A(e) :
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d%e de 10e

— Y )— = —— 2.30
+ A(¥s Vw)az PED (2.30)

072
In practice, neither void ratio — effective stress nor hydraulic conductivity — effective stress
relationships are linear, and only coefficient of consolidation g(e) can be assumed constant only for
a limited range of ¢’ and e. Several attempts to use the average and constant values of A(e) and g(e)

usually resulted in poor estimations (Lee & Sills, 1981; Morris, 2002).

Koppula (1970) adjusted the original equation of Gibson et al. (1967) by considering the excess pore-

water pressure u as dependent variable:

6[ k 6u+deaa’_0 5 31
0zl y,(1+e)dzl do' ot @31)
Somogyi (1980) then proposed to define the time variation of effective stress as:

do’ d(AZ)] Ou

= — B 2.32

at [(GS D =g ] at (232)

Where AZ represents an additional volume of solid particles in a continuous accretion (e.g., during
tailings deposition). Equation 2.26 can therefore be rewritten in terms of excess pore water pressure

u (Somogyi (1980):

a[ k(e) ]au k(e) 9°u  dedu de a1 _, (2.33)

itz area? Tdear o |G T g

Equation 2.26 and 2.33 where the dependent variables are either the void ratio or the excess PWP are

usually the ones used to describe slurry tailings consolidation (Jeeravipoolvarn et al., 2008).

2.4.4 Constitutive relationships for the estimation of slurry tailings consolidation

Appropriate constitutive relations are necessary to precisely estimate the evolution of compressibility
and hydraulic conductivity of tailings as void ratio changes during consolidation. These relations are
typically highly non-linear for slurry tailings and can significantly change over low values of

pressured applied (Somogyi, 1980; Schiffman, 1982).
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Various mathematical functions representing the relationship between effective stress and void ratio
have been proposed (table 2.3), including power function (Somogyi, 1980), extended power function
(Liu & Znidarci¢, 1991), logarithmic function (Bartholomeeusen et al., 2002), and Weibull function
(Jeeravipoolvarn et al., 2008). Each function has its own advantages and limitations. For example,
the extended power function proposed by Liu and Znidarci¢ (1991) can define the void ratio at zero
effective stress, while power function cannot. Also, Weibull function is particularly practical to
capture the pre-consolidation behaviour of oil sand tailings under loadings (Jeeravipoolvarn et al.,
2008). Best practice usually consists in determining these functions (and in particular parameters A4,

B, C, D, E and F in table 2-3) using experimental tests (Jeeravipoolvarn, 2010).

Table 2-3: Void ratio and effective stress relationship

Equations Functions Authors
e =Ac'B Power function Somogyi (1980)
e =A(c' + B)¢ Extended power function Liu and Znidar¢ié¢ (1991)
e=Ac®+M Agapito (2015)
e=Alnc' +B Logarithmic function (Bartholomeeusen et al.,
e=Cln(k)+D 2002)
e = A — Bexp[—E.o'F] Weibull function Jeeravipoolvarn et al. (2008)

Laboratory experiments include various types of consolidation test (sometimes coupled with
hydraulic conductivity measurements) including step loading test, constant rate loading, constant rate
deformation, continuous loading test, seepage induced test and centrifuge test (Ahmed & Siddiqua,
2014). These tests should preferably cover the range of void ratio, hydraulic conductivity and

effective stress that tailings are expected to experience in practice (Jeeravipoolvarn et al., 2008)

Hydraulic conductivity can be expressed as a power function of void ratio as proposed by Somogyi

(1980):
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k = CeP (2.34)

For mine tailings, the following empirical equation was suggested by Carrier et al. (1983):

F

k=E (2.35)

1+e

Where k = hydraulic conductivity of materials (m/s); and C, E, F = fitting parameters.

It is noted that KC and KCM models can also be used to relate void ratio with hydraulic conductivity

and predict values of hydraulic conductivity for mine tailings as described in section 2.4.4.

2.5 Mohr Coulomb model

Mohr-Coulomb model has been widely applied to solve various geotechnical problems because of its
simple input parameters required. The relationship between stress and strain in the Mohr-Coulomb
model was linear up to the yielding point. Once material reaches the yielding state, the relation
between the stress and the strain is perfectly plastic (i.e., the strain continues to increase without any
change in the stress applied) (figure 2-6). The ratio between stress and strain within the elastic

deformation regime was called elastic Young’s modulus (figure 2-6) (Holtz & Kovacs, 1981).

= Elastic Plastic
A, | e >
)
)
E
1
Strain (%)

Figure 2-6: Stress-strain relation in Mohr-Coulomb model.

The general incremental elastic law in terms of the generalized stress and strain increments can be

expressed as follows (Itasca, 2021):

AO’1 = a1A€1 + az(Aez + A63) (236)
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AO-Z ES alAEZ + az(Ael + Aeg) (2.37)
AO-3 ES a1A63 + az(Ael + Aez) (2.38)

Where a; and a,: material constant defined as the shear modulus, G, and bulk modulus, K,

as:
4
@ =K+ 56 (2.39)
2
w=k-2 (2.40)

Mohr-Coulomb model requires following properties that need to be assigned in the numerical model:
elastic bulk modulus, cohesion, dilation angle, internal friction angle, Poisson’s ratio, elastic shear
modulus or Young’s modulus (Only either bulk modulus and shear modulus or Young’s modulus is
required to define the elasticity. When the latter was chosen, Young’s modulus needs to be input in

advance of the Poisson’s ratio) (Itasca, 2021).

The elastic-perfectly plastic Mohr-Coulomb model was used in literature to simulate tailings
consolidation behaviour with the presence of WRI (Jaouhar et al., 2013; Boudrias, 2018) and it was
also commonly used for the estimation of compressibility behaviour of mining backfill (Wang et al.,
2021a). This model was utilized by Boudrias (2018) without updating properties of tailings (or they
were updated at the beginning of each loading steps) and Zhou et al. (2019) (with continuous update
of tailings properties) to investigate the consolidation of tailings, and results obtained shown a
reasonable agreement with literature and laboratory experiment results. It is, however, noticed that
the Mohr-Coulomb model cannot capture the plastic volumetric strain developed under isotropic

compression (Wang et al., 2021a).

2.6 Acceleration of consolidation using drainage paths

Primary consolidation of tailings (and soft fine-grained materials in general) can take a very long
time because of their low hydraulic conductivity and their large initial water content. This delay

before reaching equilibrium significantly affect the construction and maintenance of tailings
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impoundments. Drainage systems have therefore been proposed and successfully applied to
accelerate consolidation (Casagrande & Poulos, 1969; Fredlund & Hasan, 1979; Qin et al., 2010;
Shan et al., 2014). Their objective is to shorten the length of the drainage path (i.e., promoting the
horizontal movement of water toward the drain materials - radial consolidation, instead of vertical
movement only in case where no drain materials were presented) (Bergado et al., 2002; Indraratna et
al., 2012; Liu & Rowe, 2015). Vertical drains pathways are often used, for example, in clay where
horizontal hydraulic conductivity is usually significantly greater than the vertical hydraulic
conductivity (Atkinson & Eldred, 1981). A direct advantage of the vertical drains is that shear
strength builds up faster as consolidation progresses (Bergado et al., 1993; Indraratna et al., 2005),
therefore increasing the overall stability of the material. The use of WRI as drainage pathways in

tailings impoundments is a direct application of the technique to TSF (section 2.2.1).

2.6.1 Various techniques on consolidation acceleration of soft materials

Preloading/surcharge is among the most popular techniques used to improve soft ground condition
and consists in applying a temporary loading (usually compacted earth materials) upon compressible
subsoil (often before permanent construction load is applied). Stresses applied by preloading must
exceed pre-consolidation pressure to be efficient. The technique can be applied alone or in
combination with vertical drains (Bergado et al., 1993; Indraratna, 2015; Liu & Rowe, 2015; Lu et
al., 2015).

Stone or gravel columns can also promote consolidation of soft soils and reduce total and differential
settlements. Stone columns can provide a drainage path and dissipate excess pore-water pressure. A
transfer of stress from soft materials to the stone column is also usually observed because of their
higher stiffness (Barksdale, 1987; Guetif et al., 2007; Basack et al., 2018), which can in turn
contribute to reduce the vertical stress applied on the subsoil and diminish the excess pore water
pressure (Han & Ye, 2002). Hydraulic conductivity of stone columns can sometimes decrease
because of clogging by fine particles (Han & Ye, 2002; Basack et al., 2015; Basack et al., 2018).
WRI has been implemented in TSFs applying a similar principle as stone columns to enhance tailings
consolidation (also see section 2.2.1). The arching effect occurring during the application of stone
column was also observed with WRI in tailings settlement (James & Aubertin, 2009; Li & Aubertin,
2009b; Boudrias, 2018; Lévesque, 2019). The distribution of decrease of settlement of tailings
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because of the arching effect was not quantitatively indicated in the literature as this can somewhat
influence the estimation of tailings volume that can be stored in the TSFs. Tailings particle migration
has no significant effect on WRI hydraulic conductivity in TSFs (Essayad et al., 2018; Mbemba &
Aubertin, 2021Db).

Prefabricated vertical drains (PVDs) are widely used to improve soft cohesive soils (Holtz, 1987).
PVDs consist of a porous synthetic material surrounding a plastic core which objective is to favour
water movement, while preventing the migration of soil particles and limiting the clogging of the

core drain.

2.6.2 Consolidation theory with combination of vertical and radial drainage

Consolidation equation with vertical and radial drainage effects was proposed as a combination of
the separate solutions for vertical drainage and radial drainage (Carrillo, 1942; Barron, 1948). The

degree of consolidation Uy at any time can be expressed as (Carrillo, 1942):

Ur=Up+U,—U,U,=1-(1-U,)(1—Up) (2.41)
Where U: average degree of consolidation under combination of vertical and horizontal drainage,
U, and U,,: average degree of consolidation due to radial and vertical drainage respectively.

e Radial consolidation theory: Barron’s model (1948)

Barron (1948) theory extended one-dimensional vertical flow theory of Terzaghi to a radial flow
problem. This solution is based on two types of soil consolidations that are free strain consolidation
and equal strain consolidation (Barron, 1948). Various assumptions were made in the Barron’s

theory:

- All the additional loads applied are initially carried by excess pore pressure. In other words,

the considered materials are saturated.
- Darcy’s law is valid.
- All compressive strains within the soil mass are vertical, and no shear stress exists.

- The horizontal sections remain horizontal during consolidation.
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- The influence zone of each well is cylinder.
- The top of the layer is freely draining, but the bottom is impervious.

- The hydraulic conductivity of the vertical drains is considered infinite compared to that of the

surrounding materials.

A governing partial differential equation for the one-dimensional compression with vertical and

radical flow is given by Barron (1948) as follows:

0%u, N 0%u, N 10u,\ Ou, 5o
“ozz T\ oz T or ) T (2.42)

ot

With c,: radial coefficient of consolidation (¢, = kp/y,,m,) (m?/s), t: time elapsed after the
application of loading (s), u,: pore-water pressure depending on time ¢ (kPa), the depth z and the
radial distance 7 of the considered point from the centre of the drained material cylinder. For the

single radial drain, equation 2.42 becomes:

azur+1aur _ oy, 513
“n or2 rar ) ot (2:43)

Pore-water pressure at the radial distance 7:

4u r r? —r2
et fon() -5 o

Average degree of consolidation Uy, because of radial drainage:

U, =1 [_STh 2.45
h — exp F(ne) ( . )
With drain spacing factor F(n,) and the spacing ratio n,:
2 2
n; 3n; —1
F(n,) = - In(n,) — Tanz (2.46)

With: n, =Dc/ Dy =r1¢/ 1w
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The conventional radial consolidation proposed by Barron (1948) considers m, and k; as constant
values for prefabricated vertical drains, and therefore they do not change with the change of void
ratio e. This might not be representative for mine tailings under loadings as hydraulic conductivity
and stiffness of tailings usually change with the settlement of tailings (Somogyi, 1980; Townsend &
McVay, 1990; Fourie et al., 2022).

Radial and vertical drainage was decoupled in the approach of Barron (1948), and a closed-form
solution for the degree of consolidation was not derived from this study. Hansbo et al. (1981)
proposed a simple closed-form solution of the degree of consolidation for the case of equal strain.
The overall solution was calculated as the product of vertical and radial drainage solutions (Leo,
2004). Solutions of Barron (1948) and Hansbo et al. (1981), however, only dealt with instantaneous
loads which is usually not the case in practice. The effect of both vertical and radial drainage in a
coupled fashion under a progressive loading condition with the effect of well resistance and smeared
zone was considered by Leo (2004). Results indicated that incremental loading could lead to a slower
degree of consolidation of soils compared to that of progressive filling. Tailings was usually
considered to be instantaneously placed in TSFs, while it was usually filled in TSFs progressively
with the presence of WRI (Bolduc & Aubertin, 2014). The effect of the assumption of instantaneous

filling on the consolidation of tailings thus needs to be further investigated.
2.6.3 Spatial distribution of effected zones around vertical drains

2.6.3.1 Smear zone of a representative unit cells

The consolidation behaviour of compressible soil layer around a vertical drain is usually represented
by an axisymmetric unit cell (Barron, 1948; Yoshikuni & Nakanodo, 1974; Hansbo, 1981). A single
vertical drain is assumed to be surrounded by a ring of soft material, itself composed of two zones:
the smear zone of disturbed tailings created during the installation of the vertical drain and the
undisturbed tailings. The equivalent radius », [L] in case band-shaped drain with width a and

thickness b was used can be calculated as follows (Hansbo et al., 1981):

nw=(a+b)/r (2.47)
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Installation of vertical drains can cause disturbance in the vicinity of the drains (Hansbo, 1981;
Walker & Indraratna, 2007; Lu et al., 2015). Smeared zone can induce diminution of the horizontal
hydraulic conductivity of soils within the disturbed zone and a linear decrease of the radial hydraulic
conductivity is generally representative of the smear effect caused by the installation of drains (figure
2-7) (Hansbo et al., 1981; Leo, 2004; Lu et al., 2015). Regarding the application of WRI, this effect
might be negligible as tailings and WRI are usually raised at the same time in practice (section 2.2.1).
Vertical drain hydraulic conductivity can decrease with time because of the movement of fine soil
particles towards the drainage wells (Casagrande & Poulos, 1969; Hansbo et al., 1981; Barksdale,
1987; Han & Ye, 2002). The discharge/drainage capacity can then become limited, and the
consolidation rate could be reduced. This phenomenon is commonly called “well resistance”. Well
resistance was, however, experimentally demonstrated to be insignificant for WRI (Essayad et al.,

2018; Mbemba & Aubertin, 2021b).

Figure 2-7: Patterns of various zones of radial hydraulic conductivity changes around vertical

drains (modified after Indraratna et al. (2012)).
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2.6.3.2 Radius of influence of stone columns and WRI

Granular columns are typically installed in square or triangular patterns in practice. The influence
zone around the drains can be represented by a cylindrical zone. The time required to reach a certain
degree of consolidation depends on the equivalent diameter of the soil cylinder, D. (Rixner et al.,
1986). The value of influencing zone De will depend upon the distance between drain well, S, and

the configuration of the well distribution:

For a square pattern:

D, =1.13S5 (r, = 0.565Y5) (2.48)
For a triangular pattern:

D, =1.05S (r, = 0.5255) (2.49)

The triangular configuration is usually more efficient in practice since the drains are closer, although
installation of vertical drains following a square configuration can be more practical (Han, 2015).
Also, the diameter ratios of gravel columns, which is the ratio between the diameter of the influencing
area and the diameter of the gravel columns, is usually smaller than that of sand drains or

prefabricated vertical drains (Han & Ye, 2002).

The stiffness of the column material is much higher than the surrounding soils in practice usually
from 10 to 20 or sometimes higher), which can lead to the stress concentration at the interface
between rigid columns and soils, reducing the vertical stress in the soil adjust to the columns (Han &
Ye, 2002; Han, 2015). The stress concentration phenomenon could also be encountered in co-disposal
of tailings and WRI under external loading, reducing the vertical stress applied on tailings and
consequently their settlement (figure 2-8). Stone columns are usually constructed in a group, while
the WRIs are considered as single granular columns. The effect of WRI on the settlement of tailings
might, thus, be different compared to the group of columns during the filling process, yet quantitative

studies on this effect are still limited.

Numerical study on the effect of WRI on the tailing consolidation rate to quantify the extent of the

influence zone of inclusions using SIGMA/W was also conducted by Bolduc and Aubertin (2014);
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Boudrias (2018). The dissipation of excess PWP was much faster near the WRIs compared to the
further distance, and the zone of influence of WRIs on the dissipation of the excess PWP could extend
to a distance of around 2 times the thickness of the tailings (Bolduc & Aubertin, 2014; Boudrias,
2018) (figure 2-9). More details on the influences of WRIs on the consolidation behaviour of tailings
disposed in TSFs and effects of some influencing factors (i.e., tailings properties, filling rate) can be
seen in 2.2.1. Tailings consolidation can be either estimated by closed-form solutions or serval

numerical tools can be used to predict these behaviours in practice.
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Figure 2-8: Distribution of settlement of tailings under the presence of a single WRI. Settlement
was smaller at the location of WRI due to the stress concentration at the interface of the two
materials (modified after Boudrias (2018)). Settlements of tailings were smaller for distance to the

WRI smaller than 5 m and almost zero at the boundary of tailings and WRI.
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Figure 2-9: Influence zone of WRI on the rate of consolidation of tailings (modified after Boudrias
(2018)). The zone increased as the thickness of tailings increased and can be estimated as around 2

times the thickness of tailings, reaching around 60 m after the thickness of tailings was 30 m.

2.7 Numerical tools available for the simulation of tailings consolidation

Various numerical tools have been developed to describe and predict consolidation of tailings (Yao
& Znidarcic, 1997; Fredlund et al., 2009; McDonald & Lane, 2010; Bolduc & Aubertin, 2014;
Agapito, 2015; Zhou et al., 2019). These computer programs are often used in mining practice for
the analysis of 1D-, 2D- and 3D analysis of TSF. However, these programs use different spatial
coordinate systems, dependent variables (void ratio versus pore water pressure), solving techniques
(e.g., implicit or explicit, finite difference or finite element) which can lead to different results
(Jeeravipoolvarn, 2010). The advantages and limitations of each of the computational programs must

therefore be carefully considered before choosing to proceed with one or the other codes.

A summary of software available described in the aforementioned section with the constitutive
relations that can be simulated, and the multi-dimensionality of each software is presented (table 2-
4). From the table, it can be seen that FLAC/FLAC3D can simulate any type of constitutive relations
in either 2D or 3D analysis, which offer various benefits when it comes to model the real
consolidation behaviour of tailings and when complex boundary conditions might be encountered in

practice. Brief description on the advantages and limitations of each software was presented. It is
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noted that apart from these above-mentioned software, there are also a few more software that can be
used to estimate consolidation of materials, such as Plaxis 3D, Settle3, and Abaqus. User-defined
models are also available in these software, which can also enhance the flexibility of the tools to solve
the complex issues. However, only software that is commonly used to estimate the tailings

consolidation was mentioned in this reviewing section.

Table 2-4: Summary of software that has been used for the simulation of tailings consolidation

Software Constitutive relations Dimensionality | References
CONDES Extended power function 1D, pseudo-3D | (Yao & Znidarcic, 1997)
FSConsol Extended power function 1D, pseudo-3D | (FSCONSOL, 1999)
SVOffice Power/extended power function | 2D, 3D (Bentley, 2021)

Weibull function
Plaxis Constant values 2D (Bentley, 2021)
SIGMA/W Constant values 2D (Bentley, 2021)
FLAC/FLAC3D | Power/extended power function | 2D, 3D (Itasca, 2021)

Weibull function

2.7.1 CONDES

CONDES is a 1-D large strain consolidation program that was first developed at the university of
Colorado by Yao and Znidarcic (1997). The program employed the one-dimension consolidation
equation proposed by Gibson et al. (1967) as the governing equation for the model. Regarding the
e — ¢’ relationship, CONDES applies the extended power function, while it utilizes the power

function for the k-e relationship (Liu & Znidarci¢, 1991).

CONDES was later updated by Coffin (2010) to develop a three-dimensional consolidation model.

Updated program simulates a three-dimensional consolidation in a storage facility by repeatedly
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using the one-dimensional consolidation analysis (Priestley, 2011; Robert, 2012). The models used a
geometrical discretization scheme with volume of the storage facility is replaced by several
concentric cylinders. However, the discretization scheme of the facility volume still results in a two-
dimensional consolidation problem and these two-dimensional columns will then need to be
transformed into one-dimensional columns (Robert, 2012). This quasi-multidimensional analysis,
thus, does not cover the lateral deformation and horizontal fluxes in the model (Priestley, 2011). The

code was also not capable of simulating lateral drainage such as a permeable envelope (Bhuiyan et

al., 2015).

2.7.2 FSConsol

FSConsol (GWP Geo Software, Edmonton, Alberta, Canada) was also based on the finite strain
consolidation theory of Gibson et al. (1967). The program used the extended power for the
compressibility relationship, while a power law function was used to correlate hydraulic conductivity

with void ratio.
e=Ac'®"+M (2.50)

Full-scale models of a copper mine TSF were simulated with FSConsol and compared with
measurements (Agapito, 2015). Results suggested that 1-D consolidation analysis performed by
FSConsol could provide a reliable prediction of tailings heights and the storage capacity of the TSF
(Agapito, 2015). FSConsol provides two different filling schemes where either instantaneous filling
of tailings (i.e., consolidation only occurred after the complement of filling) or gradual filling of
tailings (i.e., consolidation can occur during the placement of tailings) ¢ be simulated. FSConsol also
allowed to perform analysis with various types of tailings in multiple layers, while CONDES only
allow analysis of a certain type of tailings. This program could also be used to solve 3D problems in
a pseudo-3D analysis manner via a geometrical discretization procedure somewhat similar to that of

CONDES (Agapito, 2015).

2.7.3 Plaxis

The finite element modelling program Plaxis was used by McDonald and Lane (2010) to model two-

dimensional in-pit deposition of Gold and Nickel tailings. The Modified Cam-clay formulation for
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the modelling was used by McDonald and Lane (2010). Such model can only solve the problem with
the assumption of constant values of hydraulic conductivity and linearization of compressibility
relationship (Jeeravipoolvarn, 2010). In this case, numerical simulations predicted post-filling
settlement of tailings lasting approximately one year, while in practice, measurements in the field
showed that consolidation lasted around 3 years. The faster prediction of the rate of consolidation
could be attributed to the use of a fixed value of hydraulic conductivity, while this value actually
decreases as consolidation of tailings progresses. The magnitude of post-settlement predicted for the
gold tailings was around 7.1 m which was twice the measured value, while the difference between

predicted and measured values for Nickel tailings was around 10% (McDonald & Lane, 2010).

2.7.4 SVOffice

SVOffice was developed by SoilVision in 2009 (now Bentley, 2021), and is a finite element package
that can model the large consolidation of tailings in a multiple-dimensional system when tailings
were stored in minded out pit (Fredlund et al., 2009). The governing equations used by the software
is different from the large strain formulation proposed by Gibson et al. (1967) and based upon a
rigorous general continuum solid mechanics formulation rather than a void ratio-based formulation
(Priestley, 2011; Fredlund et al., 2015). In this software, 3D seepage, stresses and deformations
analysis are all coupled and included in the computation process. SVOffice can estimate the
horizontal deformation and flow of the material during the analysis, which is not feasible in the
previous software. SVOffice can implement power and extended power functions, logarithmic and
Weibull functions. Limitations on the simulation of interaction between tailings and the pit wall were
also noticed (Priestley, 2011) implying that models do not necessarily reflect the real interaction

between tailings and pit wall in practice (Priestley, 2011).

2.7.5 SIGMA/W

The finite element code SIGMA/W (Bentley Inc., 2021) was used to evaluate the influence of WRI
on tailings consolidation. Hydraulic conductivity and stiffness of tailings were either constant
(Bolduc & Aubertin, 2014; Lévesque, 2019) or updated discretely at each filling stage (Boudrias,
2018). Numerical study using SIGMA/W on the effect of WRI on the tailing consolidation rate as

well as influence factors on the performance of WRI at the field-scale was conducted by Bolduc and
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Aubertin (2014) and Boudrias (2018), and simulated results were discussed in section 2.2.1. Lévesque
(2019) studied consolidation behaviour of tailings in a pit co-disposed with WRI, permeable envelope
and bottom drainage. Tailings was assigned modified Cam-Clay model in these simulations. The
properties of tailings in these models were, however, constant due to the limitation of the software in

modelling continuous update of tailings properties.

2.7.6 FLAC/FLAC3D

2.7.6.1 The use of FLAC/FLAC3D for tailings consolidation estimation

FLAC and FLAC 3D (Fast Lagrangian Analysis of Continua) use the explicit finite difference method
to perform coupled analyses of solid/fluid interactions in both two and three dimensions (Itasca,
2021). FLAC traditionally used to evaluate dynamic behaviour of tailings stored in TSFs (James &
Aubertin, 2009; Contreras et al., 2020; Zafarani et al., 2020) or the interaction between cemented
tailings backfilled with the underground mining structure (Shahsavari & Grabinsky, 2014; Yang et
al., 2017; Wang et al., 2021b). FLAC/FLAC3D can also be used to model continuous change of
hydraulic conductivity and compressibility of tailings materials throughout the filling process by
utilizing the built-in FISH code functions (Zhou et al., 2019; Itasca, 2021). Description on how to
perform coupled model and simulate continuous evolution of tailings properties in FLAC3D will be

discussed in chapter 4 later.

A fully coupled FLAC3D code was implemented by Shahsavari and Grabinsky (2014) to validate the
numerical and analytical solutions by modelling the same problem studied by Gibson (1958). The
effect of non-zero PWP condition due to the presence of a water layer on top of the cemented paste
backfilled in underground mine was then studied. The consolidation properties of tailings were,
however, set fixed in this study. Zhou et al. (2019) first validated the capability of FLAC to consider
non-linear evolution of tailings stiffness and hydraulic conductivity by modelling consolidation of
waste clay tailings under several disposal scenarios summarized in Townsend and McVay (1990).
Results on the model of consolidation of copper tailings disposed in a tailings impoundment with the
presence of wick drain systems, in which updated values of hydraulic conductivity and stiffness of
tailings were considered, was able to correctly simulate the horizontal movement of waters in tailings

towards the wick drain system, side wall and bottom (which were assigned as permeable boundary
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conditions). The configurations of these WRIs, however, lead to the necessity of considering 3D
effect. Thus, a similar approach implemented in 3D models considering updated values of tailings
properties with the presence of permeable envelope and/or WRIs in an open pit (or TSFs) will be

presented in chapter 3.

Consolidation analysis was performed in FLAC3D in a similar manner to that of solving dynamic
problem using explicit scheme, in which the equation of motion was solved (Itasca, 2021). This
scheme might be computationally expensive for the consolidation problem, as it would make the time
step of the analysis become quite small (Itasca, 2021). Also, the presence of 2 materials with
contrastive hydraulic conductivity (i.e., WRI and tailings) would even make the analysis more
computational expensive (Itasca, 2021). Finally, skilled modellers are usually required to perform
complex analysis in FLAC3D. It was also noted that Biot’s consolidation theory was utilized in

FLAC3D to estimate the consolidation of the material.

2.7.6.2 Biot’s consolidation theory

The one-dimensional Terzaghi’s consolidation theory was generalized to the three-dimensional and
for more general materials, such as porous rock, by Biot (1941). The following assumptions were

made in the Biot’s theory:

The material is isotropic.

The reversibility of stress-strain relations is encountered in the final equilibrium conditions.
- Stress-strain relations are linear.

- Strains are small.

- The water is incompressible and might contain air bubbles.

- Movement of water flow follows Darcy’s law.

Basic stress-strain relations in the Biot’s theory are presented as follows:

szu + a— =10 (251)
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Where G: shear modulus; v: Poisson’s ratio; u, v, w: displacement in x, y and z directions

respectively; €: volumetric strain; a: Biot coefficient.

Biot coefficient, a, used to relate the change in pore pressure and total applied pressure for various

porous medium (i.e., soil, rock and concrete) as follows:

o' =0—au (2.55)

Biot (1941) firstly proposed the equation to calculate the value of a:

2(1+v)G

Where H: a physical constant depending on the considered materials. It is noted that « is equal

to 1 for the conventional Terzaghi’s theory.

2.7.6.3 Coupled hydro-mechanical analysis in FLAC/FLAC3D

FLAC3D is capable of performing coupled analysis to simulate solid/fluid interaction of the medium
in three dimensions. The analysis of flow modelling could be done in a coupled or parallel manner
with the mechanical modelling (Itasca, 2021). Coupled analysis can be performed in an incremental
format in FLAC3D, which follows the quasi-static Biot’s theory. During the coupled analysis, the
changes in the PWP due to fluid flow together with volumetric strain increments from mechanical
loops are evaluated in the hydraulic loops. These changes in PWP are then passed to the mechanical
loops to update effective stresses in mechanical loops. These changes in effective stress are then used

to calculate the failure (if any) and the change in volumetric strain increments. The coupled process
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is implemented alternately in FLAC3D to update change in PWP and volumetric strain. The
constitutive law that represents the relation between stress, strain and fluid pressure used in FLAC3D

is as follows (Itasca, 2021):

1dp nds 10¢ de

10p_ nds _ i 2.57
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Where M: Biot modulus (N/m?); p: fluid pressure; n: porosity; s: degree of saturation; a: Biot

coefficient; {: variation of fluid content; £: mechanical volumetric strain.

2.7.7 Critical challenges on simulation approaches for the co-disposal of tailings

and WRI in a pit

Some studies might use SIGMA/W to estimate consolidation of tailings with the presence of WRI
using only constant properties (Jaouhar et al., 2013; Bolduc & Aubertin, 2014) or they can be updated
at each loading steps (Boudrias, 2018). However, the continuous update of tailings properties was
recommended in these studies. Various software programs have also been developed to simulate non-
linear consolidation behaviour of slurry tailings with continuous updated properties, in either 1-D, 2-
D or 3-D as mentioned previously. Common practice for TSF design is usually to perform 1-D
simulations using Gibson consolidation theory (Priestley, 2011; Agapito & Bareither, 2018) which
can produce good results when impoundments have small depths relative to their width and length,
and when the fluid flow direction is essentially vertical (Fredlund et al., 2015). In these cases, one-
dimensional assumption is deemed suitable and lateral stress and deformation might be ignored in
analysis. For multidimensional problems such as tailings filled in minded out pit, pseudo-3D models
may be suitable (e.g., CONDES and FSConsol), yet these models often require site-specific
calibration (Zhou et al., 2019). Zhou et al. (2019) utilized FLAC to evaluate consolidation behaviour
of tailings with the presence of wick drain systems that can also continuously update tailings

properties. However, this was also only 2D analysis.

Conditions may be different for in-pit disposal, which usually exhibits complex site geometry and
drainage conditions, including the presence of permeable regions around the pits (fractured rock,
permeable envelope). In these cases, a more complex multi-dimensional flow should be considered,

or 1-D or pseudo-3D analysis could miss the principal effect of lateral flow and strains on the solution
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(Coffin, 2010; Fredlund et al., 2015). Thus, an advanced 3D model that is capable of considering
complex geometry, multiple flow directions and continuous update of tailings properties at the same
time is required. FLAC3D with its flexibility and capability was thus chosen to investigate how

tailings interact with multiple drainage paths co-disposed in an open pit.

2.8 Final remarks on the integrated mine waste management using co-disposal
in pit technique

Tailings storage in a pit with the installation of permeable envelope made of coarse waste rocks and/or
combined with WRI inclusions as central drainage paths can offer not only environmental benefits
but also geotechnical advancement (i.e., no failure of TSFs and enhancement of consolidation of
tailings). The acceleration effect of consolidation rate of permeable envelope can be beneficial to the
reclamation activities as well. This technique, however, also faces several unknowns that could
somewhat limit its application. Non-linear evolutions of tailings need to be properly captured to better
reflect the real behaviour of tailings. Volume gains or losses (change in the volume that is available
for the storage of tailings because of the presence of WRI) of tailings also need to be explicitly
estimated based on practical operation aspects for a better management of the filling plan. Finally,
potential influencing factors that include depth of the pit, overall pit slope angles, filling rate, mine
waste hydraulic properties and the morphology of the pit need also to be thoroughly investigated. All
of these factors require a comprehensive numerical tool to adequately solve and take them into the

consideration for the analysis.
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CHAPTER 3 METHODOLOGY

The project consisted of two main parts: laboratory tests to characterize hydro-geotechnical properties
of tailings and numerical simulations to simulate tailings consolidation behaviour under various
conditions (from column tests at the laboratory scale to the full-scale open pit). Laboratory testing
included characterization of tailings samples and consolidation tests in columns. The results of the
characterization tests were used as input data to validate (and calibrate if necessary) advanced 3D
numerical models and analyze the geotechnical behaviour of tailings and waste rock in the pit. The
operational constraints, such as volumes of wastes produced or various disposal scenarios, were
integrated in the analyses to assess realistic disposal solutions and their effects on the consolidation
behaviour of tailings. WRI was also proposed to be used in pit to optimize the consolidation of

tailings. The numerical simulations were carried out with FLAC3D (version 7.0; Itasca).

3.1 Characterization of mine tailings in the laboratory

3.1.1 Investigated mine sites, tailings sampling, transport and preparation

Tailings were sampled at Canadian Malartic (CM). This gold mine is in Abitibi, Quebec province,
around 20 km west of Val d’Or. Canadian Malartic is one of the largest gold mines in operation in
Canada (James et al., 2013). The mine started production in 2011, and the mineral plant processes an
average of 55,000 tons of ore per day. Mining activities produce around 125,000 tons of waste rock
and 55,000 dry tons of tailings per day. 3 barrels of tailings at an initial water content of around 64%
were sampled at the concentrators by the mining partner during summer 2019 and transported to the

RIME laboratory at Polytechnique Montreal.

The project started with the characterization of the grain size distribution, compressibility, specific
gravity, and hydraulic conductivity of the tailings. Tailings were first homogenized. To do so, they
were mixed with water in buckets using a mixer until a homogenous slurry was obtained, and then

filled back in a large barrel, where they were homogenized again using a mixer.
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3.1.2 Basic geotechnical properties of tailings

The grain size curves of tailings are determined according to ASTM Standard No. D422-63 (2016)
“Standard Test Method for Particle Size Analysis of Soils ”. The test included sieving for the particles
remaining on the sieve 200, and hydrometer analysis for the particles passing through the sieve 200.
After being homogenized, three samples (one sample per one bucket) were tested. From the grain
size curves, values of D9, Dso, and the coefficient of uniformity — Cv(Dso/ D1g) could be determined.

The results were then used to classify tailings materials based on The Unified Soil Classification

System (USCS, ASTM D2478-17, 2017).

The average value of D¢ (the diameter corresponding to 10% passing in the particle-size distribution
curve) was 0.0041 mm, the average Dgo (the diameter corresponding to 60% passing in the particle-
size distribution curve) was 0.04 mm, leading to the average coefficient of uniformity C, (C, = Deo /
Djo) being around 9.8, the average percentage of particles smaller than 75 um and 2 um in diameter
are 77% and 7% respectively (figure 3-1 and table 3-1). These materials were thus slightly coarser
than the same tailings obtained by Bolduc (2012) and Essayad (2015), yet these values in the typical
range for hard rock mine tailings (Bussiere, 2007). These mine tailings were classified as low

plasticity silts (ML) according to the Unified Soil Classification System (ASTM D2487-17, 2017).
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Figure 3-1: Particle size distribution of Malartic tailings used in this project.



Table 3-1: Particle size characteristic of tailings samples.

D10 (mm) De6o (mm) Cu d <75 pm d<2pm
Sample 1 0.004 0.04 10 77% 6.5%
Sample 2 0.0044 0.041 9.3 75% 6%
Sample 3 0.004 0.04 10 78% 7%
Average 0.0041 0.04 9.8 76.7% 6.5%
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The specific gravity of tailings was measured using a pycnometer conforming to ASTM Standard
No. D854-14 (2016). 3 tests were performed, and the average value of the specific gravity was
estimated. The average specific gravity G; was around 2.61 in the range for Quebec gold tailings
(Bussiere, 2007) (table 3-2). However, this value was lower than that of similar tailings materials
which was around 2.75 (Bolduc, 2012), 2.76 (Essayad, 2015) and 2.71 (Boudrias, 2018). Thus, the

value of specific gravity was assigned 2.75 in this study.

Table 3-2: Specific gravity G; of tailings samples.

Min Max Average
Sample 1 2.61 2.59 2.60
Sample 2 2.61 2.63 2.62
Sample 3 2.61 2.62 2.62
Average 2.61

Compaction test was also conducted with tailings samples based on the Modified Proctor Test
Standard (ASTM D1557-12) to evaluate the relationship between the water content, w, and the dry
density, pg, of the tailings. The optimum water content, w,,s, the maximum dry density, pgmqx, Were

determined from these tests. 2 samples of tailings were tested.
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The optimum moisture content W, obtained from the modified proctor test was around 13% and
maximum dry density, ¥ gmax, Was around 1820 kg/m? (figure 3-2). These were quite similar to those
obtained by Boudrias (2018). W,,; was lower than those measured by Bolduc (2012) (15.6%), and
the material in this study was somewhat denser at the optimum water content compared to those
obtained by Bolduc (2012) (1720 kg/m?). The measured properties were similar to previous studies
on hard rock mines tailings (Qiu & Sego, 2001; Bussicre, 2007)
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Figure 3-2: Modified proctor test on the studied tailings materials.

3.1.3 Column test

Two consolidation tests (S1 and S2) were carried out in rigid columns following the protocol
proposed by Essayad and Aubertin (2021). Columns were 50 cm high with 10 cm internal diameter
(figure 3-1). Around 30 cm of tailings were placed in the columns as slurry and subjected to
incremental loadings. Samples were prepared with a solid content of around 74%, which is typical of
slurry tailings in hard rock mines (Blight, 2010), but slightly greater than that at CM mine (Essayad,
2015). This solid content aimed to prevent segregation of slurry tailings materials (Essayad, 2015;
Boudrias, 2018). The tailings column was left for 24 hours after being poured into the column to

eliminate the influences of sedimentation. Loadings were applied at the surface of the specimen to
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simulate accretion of tailings layers. Excess PWP were monitored continuously using three pore
water pressure sensors in each column (Trustability, accuracy: £0.20%) and installed 3.5 cm, 15 cm
and 23.5 cm from the base of the column. A T50 LVDT (Novotechnic) was placed on top of each
column to measure the displacement at the surface of the tailings. Maximum excess PWP measured
during the tests was up to 40% smaller than the loading applied at each step which was explained by
the influence of side friction between tailings and instrumented columns wall. The effect of friction
between column wall and tailings was therefore corrected for both column tests using the procedure
proposed by Essayad and Aubertin (2021). Particularly, analytical solutions proposed by Aubertin et
al. (2003) and Li and Aubertin (2009¢c) were used here to assess the influence of the wall friction on
the measured consolidation properties. These equations were first proposed to evaluate the effect of
stress state in backfilled openings, taking into consideration rock wall friction. In general, the shear
stress, T [kPa], of the interface between the 2 materials can be calculated based on the Mohr-Coulomb

criteria as (Holtz & Kovacs, 1981):
T=o0y U (3.1)

Where oy,: horizontal stress [kPa]; and u (= tand) is called the coefficient of friction; &:

friction angle [°]. Equation (3.1) can be further expressed as:

AP
= K07 7} (32)

Where A (= nr?): the area of the sample (with radius » and height /#) [m?]; AP: applied force

[kN], K,: coefficient of earth pressure at rest.

The shearing force S [kN], which is generated by the wall friction, is calculated as:
S =t (2mrh) (3.3)
From equations 3.2 and 3.3, we have:
2h
S = Ko—APu (3.4)

Equation (3.4) can be re-written as:
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S=u"x AP (3.5)
Where u’ is called correction coefficient, expressed as follows:

, 2h 3.6
U =K07u (3.6)

It can be calculated as (Essayad & Aubertin, 2021):

Au
P 3.7
w=1 o (3.7)

The corrected axial compression stress at the top of the sample can then be calculated as:

_@pr-9) (3.8)

Ocor A
Equation 3.7 was used in this study to consider the effect of friction between column wall and tailings.
Detailed values of loads at each step, coefficient of friction and corrected values for column S1 and
S2 are presented in the Tables 3-3 and 3-4 respectively. Next loading step was applied once PWP had
reached hydrostatic equilibrium (i.e., after around 3 to 4 hours). The maximum loading applied to the
tailings in this study was around 200 kPa (corresponding to an overburden of 20 m of tailings). The
maximum load was chosen following the loading capacity limitation of the loading system of the

column test.



61

(a)

Mariotte cell

Arm lift

T

i, YOS
Load cell ——

Plastic cylinder

Overflow water - Geotextile and
porous stone

50 cm

Pressure sensor =
Tailings

Geotextile and
porous stone

@ =10cm

Figure 3-3: Instrumented column test setup used to measure saturated tailings compressibility. A
lever arm was used to apply increasing loading and a PVC cylinder transmitted the vertical
compression loading to the tailings surface. LVDT and PWP sensors (placed at different elevations)

(modified after Lévesque (2019)).

Saturated hydraulic conductivity was measured at the end of each loading stage for column S1 using
constant head test inspired by ASTM D5856 (2015). A constant hydraulic head was applied at the
base of the column using a Mariotte cell (figure 3-3). The outflow was measured at the upper drainage
valve in the column to estimate the saturated hydraulic conductivity (Lévesque, 2019). For practical
reasons, the hydraulic conductivity was measured by imposing an upward flow, contrary to what is
recommended by standards ASTM D5856 (2015), and results could, therefore, have been slightly
underestimated (i.e., this can contribute to increase the degree of saturation of tailings, yet
gravitational force can affect the movement of the water flow). The difference was, however, deemed
negligible (Lévesque, 2019). Detailed results in terms of evolution of excess PWP and displacement

of these column tests are presented and discussed in chapter 4.
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Table 3-3: Loads applied at each step for column S1 and corrected values because of the effects of

frictions
Loading | Stress Change in u Shearing Stresscorr | Duration
steps (kPa) Vertical stress stress S/A (kPa) (hours)
AP/A (kPa) (kPa)
1 3.2 3.2 0 0 3.2 9
2 26.4 23.2 0.1 0.2 26.3 5
3 64.0 37.6 0.22 8.4 55.5 5
4 101.4 37.4 0.33 12.5 80.4 8
5 138.6 37.2 0.58 21.7 95.9 5
6 174.6 36.0 0.44 15.7 116.2 5
7 248.5 73.9 0.69 51 139.1 13
8 322.5 74.0 0.74 55 158.1 5
9 397.2 74.4 0.72 54 178.8 5
10 472.4 75.1 0.74 55.4 198.5 5
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Table 3-4: Loads applied at each step for column S2 and corrected values because of the effects of

frictions
Loading | Stress Change in u Shearing Stresscorr | Duration
steps (kPa) Vertical stress stress S/A (kPa) (hours)
AP/A (kPa) (kPa)

1 3.2 3.2 0 0 3.2 7

2 26.5 233 0.18 4.1 22.6 5

3 63.6 37.1 0.23 8.5 51.2 5

4 100.6 36.9 0.46 16.9 71.2 5

5 139.2 38.6 0.58 22.4 87.4 15

6 174.2 35.0 0.57 20.1 102.3 5

7 248.8 74.6 0.68 50.7 126.1 5

8 321.9 73.2 0.71 51.9 147.4 5

9 397.2 75.3 0.78 58.8 163.9 5

10 471.7 74.4 0.77 57.6 180.7 6

3.2 Numerical study

3.2.1 General description of numerical purposes and the numbers of simulations

Numerical studies were carried out using FLAC3D (Itasca., Inc, 2021). FLAC3D can simulate
tailings’ consolidation behaviour by coupled analysis (Shahsavari & Grabinsky, 2015), and it is
suitable to represent the 3D geometry of open pit mines. FLAC3D can also model the continuous
change of hydraulic conductivity and compressibility of tailings throughout the filling process.

General descriptions of numerical approaches in this project corresponding are presented hereafter.

Coupled fluid-mechanical simulations using FLAC3D (Itasca Int., 2021) were performed in chapter
4 to develop and validate an approach to modify Mohr Coulomb parameters using laboratory column
test results. A parametric analysis to investigate the effect of various estimation methods of the

hydraulic conductivity was also performed. Models were run to investigate the potential effects of
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the assumption of constant properties (stiffness and hydraulic conductivity) of tailings. Values of
Young’s modulus and hydraulic conductivity in models P1-5, P1-6, P1-8 and P1-9 were chosen based
on the maximum and intermediate values for tailings obtained from column test (see section 4.3.1,
4.3.3 and figure 4-5) for more details. It is noted that the value of hydraulic conductivity, &

[m?/(Pa/sec)] used in FLAC3D are not the same as typical value, ks [m/s], used in geotechnical

engineering (i.e., k = pk—hg, with g being the gravitational acceleration). The value of bulk modulus of

water was reduced to 5x10* kPa in this study. The potential effect of this reduced bulk modulus of
water can be seen in Appendix D. Finally, models simulating a simplified tailings impoundment
inspired by a real case study to scale up the developed approach were carried out. There was a total
of 15 models that were simulated. Brief description on the type of models, properties and specific

features for simulations are presented in table 3-5.

Table 3-5: List of models simulating column test and general descriptions of models in chapter 4.

Model Properties Specific features

Stiffness Hydraulic

conductivity
P1-1 Updated Updated Simulation of column S1
P1-2 Updated Updated Simulation of column S2
P1-3 Updated Updated Simulation column S2
Hydraulic conductivity was updated based on KC
model
P1-4 Updated Updated Simulation column S2
Hydraulic conductivity was updated based on KCM
model
P1-5 Fixed Fixed Simulation column S1

k=2x 107 m/s and E = 2500 kPa

P1-6 Fixed Fixed Simulation column S2

k=2x 107 m/s and E = 2500 kPa




P1-7 Updated Updated Upscaling model
P1-8 Updated Fixed Upscaling model
E =1800 kPa
P1-9 Updated Fixed Upscaling model
E =4500 kPa
P1-10 | Updated Updated Upscaling model
Young modulus was only updated at the beginning
of each loading step
P1-11 Fixed Updated Upscaling model
Kr=3 .5X10_7 m/s
P1-12 | Fixed Updated Upscaling model
Ksa[ = 1 7X10_7 m/S
P1-13 Fixed Updated Upscaling model
Ksar=1.2x10"m/s
P1-14 | Updated Updated Upscaling model
Models were run Hydraulic conductivity was
updated based on KCM model
P1-15 | Updated Updated Upscaling model
Hydraulic conductivity was updated based on KC
model
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The objective of the chapter 5 was to investigate numerically the influences of WRI on various types

of tailings progressively filled in a simplified TSF considering the continuous changes of

consolidation properties. 4 types of tailings were used in this study (A, B, C and D), in which A and

B were gold mine tailings from mine sites in Quebec, C was the uranium tailings from Saskatchewan

and D was the bauxite tailing from a mine site in the US. Models were then carried out to investigate

potential differences on the settlement evolutions of models using fixed and updated properties when

WRI was applied. Effects of volume ratio between tailings and WRI on the volume gains or losses
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of tailings in the impoundment were examined. Parametric analysis on the effects of the filling rate
of the tailings, the assumption of instantaneous filling in simulations compared to the progressive
filling scheme in practice was also investigated. A total of 67 models were run in this paper and their

general descriptions are presented in table 3-6.

Table 3-6: List of models simulating tailings co-disposed with WRI in a simplified TSF and their

general descriptions in chapter 5.

Model Properties Specific features
Stiffness Hydraulic WRI
conductivity

P2-1 to | Updated Updated Yes Simulation of tailings co-disposed with WRI

P2-4 for tailings A, B, C and D

P2-5 to | Updated Updated No Simulation of tailings only for tailings A, B,

P8 C and D for comparison purposes

P2-9 to | Fixed Fixed Yes Running 8 models with the presence of WRI

P2-16 with constant hydraulic conductivity to find
an equivalent value of hydraulic conductivity
that resulted in a similar result with a model
using updated properties for tailings A.
Young’s modulus was the same in this model
and equal to 5000 kPa

P2-17 to | Fixed Fixed No Running 8 models with tailings only using

P2-24 the same values of constant hydraulic
conductivity and stiffness for tailings A in the
models P2-9 to P2-16
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P2-25 to | Fixed Fixed Yes Running 5 models with the presence of WRI

P2-29 with constant hydraulic conductivity to find
an equivalent value of hydraulic conductivity
that resulted in a similar result with a model
using updated properties for tailings B.
Young’s modulus was the same in these
models and equal to 4000 kPa

P2-30 to | Fixed Fixed No Running 5 models with tailings only using

P2-34 the same values of constant hydraulic
conductivity and stiffness for tailings B in the
models P2-25 to P2-29

P2-35 to | Fixed Fixed Yes Running 6 models with the presence of WRI

P2-40 with constant hydraulic conductivity to find
an equivalent value of hydraulic conductivity
that resulted in a similar result with a model
using updated properties for tailings C.
Young’s modulus was the same in these
models and equal to 2500 kPa

P2-41 to | Fixed Fixed No Running 6 models with tailings only using

P2-45 the same values of constant hydraulic
conductivity and stiffness for tailings C in the
models P2-35 to P2-40

P2-46 to | Updated Updated Yes 2 models with filling rate increased to 6 and

P2-47 9 m/year respectively for tailings A

P2-48 to | Updated Updated No 2 models with filling rate increased to 6 and

P2-49 9 m/year respectively for tailings A
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P2-50 to | Updated Updated Yes 4 models with thickness of WRI increased to

P2-53 10, 12, 18 and 24 m respectively for tailings
A to evaluate effect of volume ratio of
tailings and WRI

P2-54 to | Updated Updated Yes 4 models with thickness of WRI increased to

P2-57 10, 12, 18 and 24 m respectively for tailings
B to evaluate effect of volume ratio of tailings
and WRI

P2-58 to | Updated Updated Yes 4 models with thickness of WRI increased to

P2-61 10, 12, 18 and 24 m respectively for tailings
C to evaluate effect of volume ratio of tailings
and WRI

P2-62 to | Updated Updated Yes 2 models with 2 different filling schemes for

P2-63 tailings A (2 x 1.5 m per year and 3 x 1 m per

year instead of an instantaneously adding
(i.e., layer of 1.5 m per 6 months and layer of

1 m per 4 months, respectively)

P2-64 to | Fixed Fixed Yes 4 models with several values of Young’s
P2-67 modulus for tailings A to study the effect of
WRI on the settlement of tailings

Models in chapter 6 were performed to quantitatively examine the influences of a permeable envelope
on the tailings consolidation in an open pit. Models with various co-disposal scenarios were
subsequently performed. The slope angle was 51° which corresponded to the optimum slope angle of
the pit whose height was smaller than 100 m (Utili et al., 2022). The depth of the pit was 60 m, which
was smaller than the common depth of the pit (Blight, 2010), yet this depth was chosen to reduce the

computation time. An extensive parametric analysis was conducted to examine various operational
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constraints that can affect the performance of co-disposal technique on the tailings consolidation and
the application of this concept for other types of tailings. A total of 19 models were run in this paper

and their general descriptions are presented in table 3-7.

Table 3-7: List of models simulating tailings co-disposed with WRI in a simplified TSF and their

general descriptions in chapter 6.

Model | Permeable | WRI | Bottom | Heights Slope Specific description
Envelope drainage (m) angles
)

P3-1 No No No 60 51

P3-2 Yes No No 60 51

P3-3 Yes No Yes 60 51

P3-4 No Yes No 60 51

P3-5 Yes Yes Yes 60 51

P3-6 Yes Yes Yes 80 51 To test the depth of
the pit

P3-7 Yes No No 60 60 To test the influences
of slopes angles

P3-8 Yes No No 60 70 To test the influences
of slopes angles

P3-7 No No No 60 60 Model with tailings
only

P3-8 No No No 60 70 Model with tailings
only

P3-9 to | Yes No No 60 51 Filling rate was

P3-10 changed to 7.5 and
10m/year respectively

P3-11 No No No 60 51 Filling rate was

to P3- changed to 7.5 and

12 10m/year respectively
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(model with tailings

only)
P3-13 | Yes No No 60 51 Hydraulic
to P3- conductivity of
15 permeable evelope

was changed

P3-16 | No No No 30 56 Models with sharped
to P3- and curvy corner to
17 evaluate morphology
effect of the pit
P3-18 | Yes No No 30 56 Models with sharped
to P3- and curvy corner to
19 evaluate morphology
effect of the pit

Description on the choice of mesh size, boundary condition and convergence criteria are presented

in the following sections.

3.2.2 Conceptualized models

Models were run to simulate column tests under sequential loadings (chapter 4), tailings progressively
filled in a simplified TSF (chapter 5), and tailings disposed in a mine-scale open pit with the presence
of permeable envelope under various disposal scenarios (chapter 6). The time step in a hydro-
mechanical coupled simulation was usually very small that can make the simulation become
computationally expensive (Itasca, 2021). The mesh size of each model was, thus, chosen to achieve
the compromise between the level of precision and a reasonable computational time derived from a
mesh sensitivity analysis (see Appendix B). Also, hydraulic conductivity of coarse waste rock
materials was also reduced to increase the time step in models where there were two types of materials
with contrastive hydraulic conductivity existing (i.e., tailings and waste rocks) (see section 6.4.4).
Preliminary calculations were usually done (on the choice of mesh size and hydraulic conductivity
of waste rocks) to ensure that those factors had negligible effect on the results obtained. Node
elements in models were hexahedrons, and the domains were composed of various built-in blocks in

FLAC3D (figure 3-4).
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Figure 3-4: Simulated domain of tailings co-disposed with permeable envelope in an open pit.

Regarding the boundary conditions (BC), two types of boundary conditions were used in this study,
which was hydraulic and mechanical boundary conditions. Hydraulic boundary conditions included
permeable and/or impermeable condition, while mechanical boundary conditions included fixed
and/or free boundary conditions. Water tables were considered at the surface of tailings layers and a

permeable surface (table 3-8).

The convergence criteria for nodes in these models for the undrained condition was based on the ratio
of the current mechanical force ratio to the target force ratio of the node, which was set equal to 1
(Itasca, 2021). The duration of models widely varied and depended on the size of each model and the
number of materials in each model. Simulations in chapter 4 usually took around 7 hours to run, 2

days for each model in chapter 5 and around 2 weeks for each model in chapter 6.
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Table 3-8: Hydraulic and mechanical boundary conditions for models in this study

Bottom Side Top
Hydraulic | Mechanical | Hydraulic | Mechanical | Hydraulic | Mechanical
BC BC BC BC BC BC

Column | Impermeable | Fixed  all | Impermeable | Fixed Permeable | Free
tests directions horizontally

TSFs | Impermeable | Fixed  all | Impermeable | Fixed Permeable | Free
directions horizontally

Open | Impermeable | Fixed  all | Impermeable | Fixed Permeable | Free
pit directions horizontally

3.2.3 Updating of tailings properties

Linear elastic-perfectly plastic Mohr-Coulomb model was modified in this study to consider the
continuous variation of stiffness and hydraulic conductivity of tailings during consolidation.
Equations 3-9 and 3-10 were used to simulate the non-linear relations between the stiffness and the
hydraulic conductivity with the void ratio. Void ratio was calculated from displacements measured

during the test, and a relation between void ratio and effective stress was established (figure 3-5a):
e=Ac'B (3.9)

Hydraulic conductivity decreased as void ratio decreased. A power law function of hydraulic

conductivity was fitted on the experimental results of column tests (figure 3-5b):
k =CeP (3.10)

Young’s modulus was also calculated at each loading step based on Poisson’s ratio and volumetric

compressibility coefficient as (Holtz & Kovacs, 1981):
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A +v)(1-2v) (3.11)
- (1 - V)mv
Where v: Poisson’s ratio (v = z:i—i:iia'); m,,: coefficient of volumetric compressibility (kPa

1) which can be estimated as:

—Ae, @y (3.12)
Ao, 1+e

m, =

Where a,,: coefficient of compressibility (kPa™), in which:

_ —Ae (3.13)
~ Ac),

ay

Tailings stiffness increased during each loading step. The relation between Young’s modulus and

effective stress was then derived and fitted using the following power law function (figure 3-5¢):

E=Fxa't (3.14)

The extrapolation of the power function tended to lead to very small (and unrealistic) stiffnesses at
small effective stresses (i.e., < 0.1 kPa), a minimum value of the Young’s modulus E = 180 kPa
(which corresponded to the Young’s modulus of tailings at the first loading stage obtained from
column tests) was assigned in the models to prevent excessive displacements during the first loading

step.
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Figure 3-5: Constitutive relations obtained from column test S1 for (a) void ratio — effective stress,

(b) hydraulic conductivity — void ratio, and (c) Young’s modulus and effective stress.

3.2.4 Numerical scheme

The numerical scheme to simulate consolidation of tailings and integrate the continuous update of

tailings properties into the model is presented in figure 3-6. The geometry of the domain was first

created, and the boundary conditions were assigned. Then the input parameter for the fluid phase

(porosity, fluid bulk modulus, fluid tension, hydraulic conductivity, and degree of saturation) and

solid phase (dry density, friction angle, cohesion, bulk modulus, and shear modulus) were assigned

for the models. At first, flow is prevented (fluid loops off and mechanical loops on) and the model is

stepped to equilibrium to establish the initial undrained conditions. When the model was converged,

drainage was then allowed by setting the pore pressure to zero at the top of the column and turn on

both fluid and mechanical loops in the model. Equations 3-9, 3-10, 3-14 were introduced in the

simulations via FISH coding language in FLAC3D to automatically update the hydraulic conductivity
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and stiffness values. Particularly, during the analysis, the value of the void ratio was updated at every
iteration based on the value of effective stress, and this new value of void ratio was then used to
conduct an automatic update of hydraulic conductivity and stiffness in FLAC3D. It is however noted
that the value of the void ratio used in this model was not necessarily the same as those derived from
the volumetric strain of the simple. More discussion on this can be seen in section 7.2. Subsequently,
updated values of hydraulic conductivity and Young’s modulus were assigned for the materials in
the new iterations. Finally, from updated Young’s modulus, the values of shear and bulk modulus
were updated and assigned to the material. Simple codes to input necessary parameters for the models
and to demonstrate how to modify the hydraulic conductivity and stiffness of tailings using FISH are
presented in Appendix C. The PWP, displacement, hydraulic conductivity and Young’s modulus can

be monitored during the modelling process.
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CHAPTER 4 ARTICLE 1: NUMERICAL STUDY OF SLURRY TAILINGS
CONSOLIDATION CONSIDERING CONTINUOUS UPDATE OF
MATERIAL PROPERTIES

Ngoc Dung Nguyen, Thomas Pabst
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ABSTRACT

Slurry tailings demonstrate a highly non-linear evolution of stiffness and hydraulic conductivity
during consolidation and explicitly modelling the non-linearity of tailings properties can contribute
to improve the prediction of tailings consolidation for the estimation of storage capacity of tailings
storage facilities (TSFs) as well as their static and dynamic stability. In this study, an approach to
update Mohr Coulomb parameters was proposed and embedded in a finite difference code to represent
real evolution of material properties under sequential loadings. This model can simulate the
continuous evolution of hydraulic conductivity and stiffness of tailings materials with the reduction
of the void ratio. The model was then validated using laboratory column tests. A parametric study
was also carried out to assess the performance of various predictive functions to estimate hydraulic
conductivity for field applications. Finally, the developed approach was applied to a simplified model
of tailings impoundment filled sequentially. Results from models with continuous update of stiffness
and hydraulic conductivity were compared to those of models with fixed values to investigate the
potential changes in the estimation of the magnitude and the rate of settlement of slurry tailings.
Results from this study indicates that the approach developed was able to capture fairly well the non-
linearity properties of tailings during consolidation. Results also showed that models using fixed
stiffness and hydraulic conductivity could induce a magnitude and rate of consolidation that was
much less/higher compared to those obtained from models with updated values. Predictive models
such as Kozeny-Carman and Kozeny-Carman Modified models also gave a satisfactory estimation of

tailings behaviour, at least, for preliminary studies. The simple modifications to the numerical codes
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proposed in this paper could therefore significantly improve the numerical simulation of tailings

behaviour in the short term and contribute to a better planning of filling schemes.

Keyword: Slurry tailings, consolidation, updated properties, predictive equation, coupled numerical

simulation.

4.1 Introduction

Hard rock mine tailings generated during mining operations are typically deposited as slurry in TSFs
and consolidate with time (Townsend & McVay, 1990). Consolidation of mine tailings in TSFs can
take a very long time because of their initially high water content and their relatively low hydraulic
conductivity (Bussiére, 2007; Jeeravipoolvarn, 2010; Agapito & Bareither, 2018). Consequently,
tailings mechanical properties remain low, which can induce geotechnical instabilities, including dam
failure and dynamic and/or static liquefaction (Azam & Li, 2010; Rana et al., 2021; Fourie et al.,
2022). Several factors can influence tailings consolidation such as their hydraulic conductivity and
the presence of drainage pathways, e.g., wick drains (Zhou et al., 2019), waste rock inclusions

(Bolduc & Aubertin, 2014) or drainage layer at the bottom of TSFs (Lévesque, 2019).

Conventional estimation of consolidation of geomaterials is usually based on Terzaghi’s
consolidation theory with the principal assumption that hydraulic conductivity and the coefficient of
compressibility are constant. However, those parameters of slurry materials such as tailings or
dredged soils vary with time and void ratio, and assuming constant hydraulic conductivity and
compressibility is often not representative of their actual behaviour (Somogyi, 1980; Schiffman,
1982; Morris, 2002). A general form of one-dimensional non-linear finite strain consolidation for
saturated thick soil layers was therefore proposed by Gibson et al. (1967) to overcome the limitations
of the small strain theory. Gibson’s equation can accommodate large strain evolution and variations
in hydraulic conductivity and soil stiffness during consolidation. Finite strain consolidation theory is,
therefore, more representative of tailings behaviour in field conditions (Schiffman, 1982;

Bartholomeeusen et al., 2002; Fahey et al., 2010).

Research that quantitatively compared differences in tailings settlement of models with the
assumption of non-linear and constant properties of tailings is, however, still limited. For example,

McDonald and Lane (2010) studied the consolidation of gold tailings disposed in a pit assuming a
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constant hydraulic conductivity. In this case, numerical simulations predicted that post-filling
settlement of tailings would last approximately one year, while measurements in the field showed
that consolidation lasted around 3 years in practice. Considering changes in stiffness and hydraulic
conductivity of tailings with time seems, therefore, necessary to improve the understanding of short-
term behaviour of tailings. Carrier et al. (1983) also demonstrated the impact of consolidation
estimation with constant properties compared to that with non-linear properties. However, this
research was carried out with clay-like tailings, and there was no presence of drainage paths in these

studies.

Various mathematical functions representing compressibility evolution have been proposed,
including power function (Somogyi, 1980), extended power function (Liu & Znidarci¢, 1991) and
Weibull function (Jeeravipoolvarn, 2010). The power function is often used for its simplicity and

good representativeness (Townsend & McVay, 1990; Agapito & Bareither, 2018; Zhou et al., 2019):
e=Ac'B 4.1)

Where e is the void ratio (-), and A and B are empirical adjustment parameters.

A power function is also commonly used to estimate the variation of hydraulic conductivity as a

function of the void ratio (Somogyi, 1980; Coffin, 2010; Fredlund et al., 2015):
k=CeP 4.2)

where k is the hydraulic conductivity (m/s), and C and D are empirical adjustment parameters.

Numerical models are then usually performed for upscaling laboratory results to field conditions with
various numerical tools being developed to investigate the settlement of mine tailings. For instance,
the finite element modelling program Plaxis (Bentley System Int., 2021) was employed by McDonald
and Lane (2010) to model consolidation of Gold and Nickel tailings in a pit, while Bolduc and
Aubertin (2014) and Boudrias (2018) investigated the influence of WRIs on the consolidation
evolution of tailings using SIGMA/W (Bentley System Int., 2021). These studies were carried out
with the assumption that either the tailings properties were constant (McDonald & Lane, 2010) or it
was updated after the addition of each new tailings layer (Boudrias, 2018). Using continuously

updated values of hydraulic conductivity and stiffness in future works was recommended in these
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studies, which indicated that assumptions of constant properties could have important effects in
tailings management. The explicit finite volume code FLAC/FLAC3D (Itasca Int., 2021) is another
effective code frequently used to simulate non-linear consolidation of tailings materials (Zhou et al.,
2019). Zhou et al. (2019) first validated the capability of FLAC to consider non-linear evolution of
tailings stiffness and hydraulic conductivity by modelling consolidation of clay tailings under several
disposition scenarios using continuously updated values of hydraulic conductivity and stiffness.
However, these were only 2D analysis. Models with 3D analysis might be required in cases where
the complexity of TSFs geometry and drainage boundary/configurations are encountered (Fredlund

etal., 2015).

The objective of this research was, therefore, to perform a series of coupled fluid-mechanical
simulations using FLAC3D (Itasca Int., 2021) to evaluate the potential differences between models
using constant and updated values and the performances of various predictive models of hydraulic
conductivity. An approach to modify Mohr Coulomb parameters was first developed and validated
using laboratory column test results. A parametric analysis evaluating the effect of various estimation
methods of the hydraulic conductivity on PWP dissipation rate was also performed. Finally, the model
was evaluated at a large scale by simulating a simplified tailings impoundment inspired by a real case

study.
4.2 Material properties and methodology

4.2.1 Tailings sampling and characterization

Studied tailings materials were sampled from the concentrator of an active gold mine site in Quebec
and transported to the laboratory at Polytechnique Montreal for characterization. Tailings particles
size distribution (PSD) was determined using ASTM D7928 (2017) for particles finer than 75 pm and
ASTM D6913M (2017) for coarser particles. The values of D;y (the diameter corresponding to 10%
passing in the particle-size distribution curve) was 0.004 mm, Dso (the diameter corresponding to
60% passing in the particle-size distribution curve) was 0.04 mm, and the coefficient of uniformity
Cu (Cu= Dso / D1g) was 10. These hard rock mine tailings were classified as low plasticity silts (ML)
according to the Unified Soil Classification System (ASTM D2487-17, 2017). The specific gravity
G;=2.71 was determined according to ASTM D854 (2016). This value was lower than that of similar
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tailings materials which was around 2.75 (Bolduc, 2012), 2.76 (Essayad, 2015) and 2.71 (Boudrias,
2018). Thus, the value of specific gravity was assigned 2.75 in this study. Modified proctor test was
performed according to ASTM D1557 (2015) which indicated an optimum moisture content W, =
13% and a maximum dry density, ¥gmax> = 1830 kg/m>. The measured properties were similar to

previous studies on hard rock mines tailings (Qiu & Sego, 2001; Bussiére, 2007).

4.2.2 Consolidation tests

Two consolidation tests (S1 and S2) were carried out in rigid columns following the protocol
proposed by Essayad and Aubertin (2021). Columns were 50 cm high with 10 cm internal diameter
(figure 4-1). Around 30 cm of tailings were placed in the columns as slurry and compressed under
incremental loadings. Samples were prepared with a solid content of around 74%, which is higher
than that of typical hard rock mine tailings (Bussiere, 2007). This solid content aimed to prevent
segregation of tailings materials (Essayad, 2015; Boudrias, 2018). Excess PWP were monitored
continuously using three pore water pressure sensors (Trustability, accuracy: £0.20%) installed 3.5
cm, 15 cm and 23.5 cm from the base of the column. A LVDT was placed on top of each column to
measure the displacement at the surface of the tailings. Maximum excess PWP measured during the
tests was up to 40% smaller than the loading applied at each step which was explained by the
influence of side friction between tailings and instrumented columns wall (figure 4-1). The effect of
friction between column wall and tailings was therefore corrected for both column tests at each
loading step using the procedure proposed by Essayad and Aubertin (2021). Corrected values were
used and presented in the following (figure 4-2). Loads in column S2 were smaller than those in
column S1, which could be attributed to the fact that correction of effective stress in 2 columns was
different (i.e., friction was different in 2 columns) and the measurement of hydraulic conductivity
was only performed for column S1 (which might alter the stress state in the column). Next loading
step was applied when PWP reached the hydrostatic value (i.e., after around 3 to 4 hours). The
maximum loading applied to the tailings in this study was around 200 kPa (corresponding to an
overburden of around 25 m) but larger values could be applied as well to reflect higher values of

loading that might be encountered in the field.

Saturated hydraulic conductivity was measured at the end of each loading stage for column S1 using

constant head test inspired by ASTM D5856 (2015). A constant hydraulic head was applied at the
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base of the column using a Mariotte cell (figure 4-2). The outflow was measured at the upper drainage
valve in the column to estimate the saturated hydraulic conductivity (Lévesque, 2019). For practical
reasons, the hydraulic conductivity was measured by imposing an upward flow, contrary to what is
recommended by standards ASTM D5856 (2015), and results could, therefore, have been slightly

underestimated. The difference was, however, deemed negligible (Lévesque, 2019).

(a)

Mariotte cell ‘
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s TN
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Figure 4-1: Instrumented column test setup used to measure saturated tailings compressibility. A
lever arm was used to apply increasing loading and a PVC cylinder transmitted the vertical
compression loading to the tailings surface. LVDT and PWP sensors (placed at different elevations)

were connected to a data logger (modified after Lévesque (2019) and Nguyen and Pabst (2020)).
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Figure 4-2: Loading applied at various steps in column test S1 and S2. Values of loading was

corrected for friction (see text for details).

4.2.3 Numerical simulations

4.2.3.1 Conceptual model

Column tests S1 and S2 were simulated in FLAC3D (Itasca Int., 2021) by a cylinder with a radius of
10 cm and a height of 30 cm. The mesh was vertically divided into 15 zones (mesh size was selected
to reduce calculation time while not affecting the precision of the results) (see Appendix B). PWP at
tailings surface was fixed at zero to simulate the water table position and allow an upward free
drainage condition. The bottom boundary was considered impervious similarly to laboratory
conditions. Displacement at the bottom boundary was fixed as zero in all three directions and only
vertical displacement was allowed along the side boundaries of the models. Loading was simulated

at the surface of the model in 10 stages.

4.2.3.2 Hydraulic conductivity and stiffness update

Properties of elastic-perfectly plastic Mohr-Coulomb model was modified in this study to consider
the continuous variation of stiffness and hydraulic conductivity of tailings during consolidation.
Equations 4-1 and 4-2 were used to simulate the non-linear relations between the stiffness and the

hydraulic conductivity with the void ratio.

Void ratio was calculated from displacements measured during the test, and a relation between void

ratio and effective stress was established (figure 4-3a) (R’ = 0.97):
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e = 0.814 x ¢’ 7008

Hydraulic conductivity decreased as void ratio decreased. For example, hydraulic conductivity at the
end of cycle 3 was around 2 times smaller compared to that at the end of cycle 2 (figure 4-3b). A

power law function of hydraulic conductivity was fitted on the experimental results (R = 0.99):
k=124x10"° ¢*6!

Young modulus was also calculated at each loading step based on Poisson’s ratio and volumetric
compressibility coefficient (Holtz & Kovacs, 1981). Tailings stiffness increased during each loading
step and was for example almost three times greater at the end of cycle 2 compared to cycle 1 (figure
4-3¢). The relation between Young’s modulus and effective stress was then derived and fitted using

the following power law function (R’ = 0.95):
E =85.6x0%"*

The extrapolation of the power function tended to lead to very small (and unrealistic) stiffnesses at
small effective stresses (i.e., < 0.1 kPa), a minimum value of the Young’s modulus E = 180 kPa was
assigned in the models to prevent excessive displacements during the first loading step (this value
corresponded to the Young’s modulus of tailings at the first loading stage obtained from column
tests). Equations were introduced in the simulations via FISH coding language in FLAC3D to
automatically update the hydraulic conductivity and stiffness values at each iteration. Equations were
validated by simulating column tests S1 and S2. Column models were adjusted to simulate accurately
the initial height and values of loadings applied, but all the other parameters (i.e., density, Poisson's
ratio and internal friction angle, and stiffness and hydraulic conductivity functions) were identical in

both models.
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Figure 4-3: Evolutions of (a) void ratio as a function of effective stress, (b) hydraulic conductivity
as a function of the void ratio for and (c) Young’s modulus as a function of effective stress for
column test S1. Measurements (points) and fitted power law functions (solid lines) are shown.
Experimental hydraulic conductivities are compared with KC (Chapuis & Aubertin, 2003) and

KCM (Mbonimpa et al., 2002) predictive models. It is noted that these functions were derived from
results for column S1 and was considered identical for column S2 as the same materials were used

for these 2 column tests.

4.2.3.3 Predictive functions of hydraulic conductivity

In practice, measuring hydraulic conductivity can be time-consuming, especially if the measurements
need to be repeated for several void ratios (Mbonimpa et al., 2002; Babaoglu & Simms, 2020).
Various predictive functions have, therefore, been proposed to estimate hydraulic conductivity from
more common and easy-to-obtain parameters, such as the particle size distribution curve or limit of
plasticity (Mbonimpa et al., 2002). Mbonimpa et al. (2002) have proposed a predictive function that

is specifically dedicated to hard rock mine tailings. This KCM function is the extensions of the
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Kozeny—Carman equation which considers the tortuosity of the porous medium, the pore size
distribution and the solid grain surface characteristics. KCM model can be expressed as follows
(Mbonimpa et al., 2002):

e3tx 4.3
ke = CGy_W C111/3 D120 4

Where k is in cm/s, C; = 0.1, x =2, ¥, is the unit weight of water (kN/m?), u,,, is the dynamic
viscosity and is expressed in Pa.s, Cy is the coefficient of uniformity (-) and d;, is the particle

diameter that corresponds to 10% passing on the cumulative grain-size curve (cm).

Chapuis and Aubertin (2003) also adapted Kozeny—Carman (KC) to estimate the hydraulic
conductivity of tailings based on the concept of the equivalent diameter derived from the specific
surface area of the solid grains, S,. Tailings hydraulic conductivity estimation based on KC model

can be written (Chapuis and Aubertin, 2003):

e’ 4.4

k=10

Where Dy, is the specific weight of material (D = ps/pw,)(-).

Simulations using various prediction methods of hydraulic conductivity (i.e., power function, KC and
KCM) were performed, and dissipation rate of PWP and evolution of the settlement of tailings were
compared with measurements. Similar models were also carried out for large-scale models (see

below).

4.2.3.4 Upscaling models

To evaluate the aforementioned approach under more realistic conditions, column test results were
scaled up to simulate tailings consolidation behaviour in a typical tailings storage facility with a
sequential filling. In practice, tailings deposition rate (i.e., the thickness of tailings layers per unit of
time) widely varies depending on the production rate, TSF size and operational conditions at each
mine site. For example, filling rate for the tailings impoundments in Malartic mine, Canada, is usually
assumed to be around 3 m per year (Bolduc & Aubertin, 2014), while the thickness of tailings
disposed per year at the Rabbit Lake mine, Canada, was comprised between 2 m and 14 m (MEND,
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2015). In this study, a filling rate of 12 m per year was chosen as the base case, corresponding to the
deposition of a 2-m thick layer every two months for a total of 6 layers. A pseudo 3-D 12 m high
model was simulated, with a 0.5-m zone size mesh. Bottom boundary was fixed, and no
displacements were allowed, while the side boundaries were only allowed to move vertically. The
base of the model was considered impervious simulating, for example, an impermeable bottom liner,
and the water table was maintained at the surface of the model (as observed on slurry TSF). Tailings
properties were the same as those in column test simulations (see above). A friction angle of 38
degrees was applied and tailings were considered cohesionless (Boudrias, 2018). Initial porosity of

tailings was 0.437 (similarly to that in the columns), and a value of 0.28 (calculated based on friction

1-sin@’

angleasv = ———
g 2—1-sin@’

) was used for Poisson’s ratio.

4.3 Results

4.3.1 Column test simulations

Column test results showed that largest measured settlements occurred during the first few loading
steps and the total measured settlements in columns S1 and S2 were around 3.15 and 3.44 cm
respectively, corresponding to around 10% of strain, at the final loading steps (figure 4-4a and 4-4b).
The total simulated settlement in column S1 was 3.28 cm (4% greater than the measured value), and
around 3.29 cm for column S2 (i.e., 4% lower than measured values) (figure 4-4a and 4-4b). The
largest measured settlements occurred at the end of the 2" loading step, with around 1 cm
displacement for both columns (figure 4-4c and 4-4d). Settlements then tended to decrease as loadings
increased and the tailings became stiffer. For example, measured settlement in column S1 was
0.52 cm during the 3™ cycle, and 0.1 cm during the last loading step (figure 4-4c). Simulated
settlements showed a good agreement with measurements for all loading cycles and for both columns
(figure 4-4c and 4-4d). The difference between measured and simulated settlements was relatively
small and usually below 15%. Maximum difference of around 33% (at the end of the 8" cycles) and
24% (at the end of the 3™ cycle) was observed in column S1 and S2, respectively (figure 4-4¢ and 4-
4d). These good agreements between the simulations and the measurements showed the advantages

of the developed approach that can simulate the evolution of stiffness of tailings.
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Model with constant values of stiffness, £ = 2500 kPa, corresponding to the intermediate value was
also performed for both columns to evaluate the differences of tailings behaviour between constant
and updated properties used in column tests. Simulated displacements using a constant stiffness were
significantly smaller compared to measured values (figure 4-4c and 4-4d). For example, simulated
settlements at the end of the 2™ and 3" cycles in column S1 and S2 were around 5 and 3 times lower
than measurements, respectively. The total simulated settlement in column S1 and S2 with constant
stiffness was around 1.85 and 1.73 cm respectively, which was approximately half of measured
values. Results, therefore, confirm that using a constant value for tailings stiffness may induce

significant discrepancies compared to real tailings behaviour.

For each loading step, the excess PWP first increased to values corresponding to the loading applied
and then gradually decreased towards the hydrostatic pressure within usually around 1 hour for both
measured and simulated values (figure 4-5a). The trend of evolution of simulated PWP in the middle
of the columns agreed relatively well with measured values (figure 4-5a). For column S1, simulated
tso and top were generally greater than measured values. During the 3™ cycle, for example, around 10
minutes were required to dissipate 50% of excess PWP in column S1, but around double (i.e., 21
minutes) in the simulation, while simulated #99 was around 8 minutes higher than measured value
during the 6™ cycle (figure 4-5a). The largest difference between measured and simulated of ¢5) was
at the end of the 2" cycle, with simulated #59 being 2.6 times longer than measured value, while that
of top was around 41% at the end of the 7" cycle (figure 4-5b and 4-5¢). These indicated that the
models predicted relatively well the long-term dissipation of excess PWP compared to the short-term
evolutions. Difference between measured 799 and those of models with constant hydraulic
conductivity (k= 2.0 x 107 m/s) was around 40% and a maximum of 63% at the end of cycle 9 (figure
4-5a). Similar trends were also observed for other cycles and for the column S2. Despite these limited
differences, simulations were deemed acceptable considering usual uncertainties in displacement and

hydraulic conductivity measurements.
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Figure 4-4: Comparison of evolutions of simulated settlement with updated properties and
measured settlement for the whole loading cycles for (a) column S1, (b) column S2, and
comparison of simulated (with updated and constant properties) settlements and measured
settlement at each loading step for (¢) column S1 and (d) column S2. Constant values of hydraulic
conductivity (2.0 x 10”7 m/s) and stiffness (2500 kPa) corresponding to the intermediate values were

assigned for tailings.
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Figure 4-5: Evolution of measured and simulated PWP in column S1 for (a) all cycles, (b) the 2™

cycle and (c) the 7" cycle.

Simulated evolutions of hydraulic conductivity and stiffness in column S1 were in a good agreement
with measured values at each loading step (figure 4-6). In general, the difference between measured
and simulated hydraulic conductivity was less than 10%. Saturated hydraulic conductivity exhibited
significant decrease after the first few layers and the changes of this parameter became lower as loads
increased. Saturated hydraulic conductivity decreased, for example, by almost half after the 2™
loading was applied, while it changed only less than 10% after the application of the last few layers
(figure 4-6a). Similar trends were observed for measured and simulated Young’s modulus. A
maximum difference of around 700 kPa (i.e., 20%) was observed at the last cycle, but in general the
difference between measured and simulated stiffnesses did not exceed 8% (figure 4-6b). Most of the
changes in simulated hydraulic conductivity and stiffness occurred during the first 30 minutes after

the load was applied.
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Figure 4-6: Evolution of (a) tailings hydraulic conductivity and (b) Young modulus in column S1

during column tests.

4.3.2 Prediction of hydraulic conductivity function

In this study, the variation of hydraulic conductivity with the void ratio was evaluated by conducting
hydraulic conductivity test at the end of each loading cycle and then fitted using a power law. Such
tests are, however, time consuming and somewhat complex to carry out, and using predictive models
could therefore offer some advantages. Predictive models KCM and KC (figure 4-7) were used here
to estimate the hydraulic conductivity as a function of the void ratio of the studied tailings and
compared with laboratory measurements. Simulations using KCM and KC methods exhibited a faster
dissipation rate of excess PWP compared to measured values. For example, around 20 minutes were
required to dissipate 90% of excess PWP during the 3™ cycle with KC model, and 37 minutes with
KCM, while measured #99p was around 61 minutes (figure 4-7a). A good agreement between results
from KCM and KC models was observed at the beginning of the dissipation process (i.e., the
difference of 50 between simulated and measured values was less than 20%). Similar trends were
observed for the rate of settlements for all cycles (figure 4-7b). Results, therefore, indicated that the
hydraulic conductivity prediction using KCM, and KC models can provide acceptable results, at least,
during the beginning of the dissipation process and can be used for a primary design stage. However,
they tended to overestimate the dissipation rate of PWP for long-term (z99 values) and measuring
hydraulic conductivity is therefore recommended to improve the precision of the simulations. This
might also be predictable when comparison was made for evolution of hydraulic conductivity using

KC, KCM and measured values (see figure 4-3)
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Figure 4-7: Evolution of (a) excess PWP and (b) settlement with time during the 3™ loading step of

column S2 for various estimation methods of hydraulic conductivity.

4.3.3 Large scale implications

Large scale field models were simulated to evaluate the implications of using continuous updated
hydraulic conductivity and stiffness to investigate tailings consolidation behaviour. For model with
continuously updated hydraulic conductivity, hydraulic conductivity decreased by around 2.5 times
from 3.5x107 m/s at the beginning of filling process to 1.4x107 m/s after the filling of the last layer
with a significant decrease occurring during the first 2 steps (figure 4-8a). On the contrary, Young’s
modulus increased tenfold during filling, reaching around 2500 kPa at the end of the filling process
for model where Young’s modulus was updated (figure 4-8b). Model with updated stiffness and
hydraulic conductivity was then compared with simulations using a fixed value of Young’s modulus

or hydraulic conductivity (as frequently assumed in many literatures; see introduction).

Simulations were performed with fixed values of hydraulic conductivity (ks = 3.5x107, 1.7x1077 and
1.4x107 m/s, corresponding to the maximum, intermediate and minimum values, respectively;
stiffness was updated). PWP first instantaneously increased by 40 kPa with the addition of each new
2-m thick tailings layer and subsequently dissipated until it reached hydrostatic conditions (figure 4-
9a). The same trend was observed for all models but the rates of excess PWP dissipation were
different for models with updated or fixed values of hydraulic conductivity (figure 4-9). After the 2™
layer was filled, the model with maximum value of hydraulic conductivity observed the fastest rate

of PWP dissipation #99 at the base of the tailings mass, around 4 days, which was nearly haft of that
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for a model with updated hydraulic conductivity (figure 4-9b). Around 10.2 days were required to
dissipate 90% of PWP when minimum hydraulic conductivity was assigned. f90 of model with
updated and intermediate hydraulic conductivity was essentially the same, which was around 7.8 days
(figure 4-9b). After the addition of the sixth layer, the hydraulic conductivity of tailings at the bottom
of the model was small and close to its minimum value. Indeed, 799 for both models with minimum
hydraulic conductivity and updated hydraulic conductivity were close and around 35 days (figure 4-
9c¢). tep for model with maximum hydraulic conductivity was around 13.8 days, which was nearly 2.5
times faster compared to model with updated conductivity (figure 4-9¢). As the evolution of PWP is
critical for the computation of tailings consolidation rate, stability analysis and mine closure design
in practice, a comprehensive method that can cover the evolution of hydraulic conductivity of tailings

during the filling process could, therefore, contribute to improve the accuracy level of such analysis.

Models with values of £ = 1800 and 4500 kPa corresponding, respectively, to the intermediate and
maximum values of Young’s modulus derived from tailings properties in column test were then
performed (hydraulic conductivity was updated) (figure 4-8b). Another method to estimate
consolidation of tailings also consists in updating Young’s modulus at the beginning of each loading
step (corresponding to each new addition of a tailings layer) as mentioned previously. A model was
therefore simulated where Young’s modulus was assigned a constant value at the beginning of each
loading step was also performed (i.e., 180, 270, 890, 1390, 1800 and 2230 kPa corresponding to the
loading step from 1 to 6). Results showed that tailings settlements during sequential filling simulated
with constant stiffness could lead to significant differences compared to those obtained with updated
values. Model with maximum stiffness resulted in a settlement that was 5 times lower than that of a
model with updated stiffness, while settlement of model with stiffness being updated at the beginning
of each filling step was around 2.5 times higher than that of model with continuous update stiffness
(figure 4-10a). Specifically, total settlement of the first layer for model with continuously updated
properties was around 15.7 cm, while those for model with maximum and intermediate values of
Young’s modulus were around 3.5 and 8.5 cm, respectively (figure 4-10a). Total settlement of model
with Young’s modulus being updated at the beginning of each filling stage was around 39 cm (figure

4-10a).

Also, the largest settlement of the first layer in updated stiffness model occurred after the filling of

the first two layers and then decreased as loading increased, while those of models with constant
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stiffness were relatively identical throughout the filling process (figure 4-10b). For example, the
largest settlement of the first layer for the former was around 4.1 cm after the adding of the second
layer, while that for model with maximum and intermediate stiffness was somewhat constant at
around 0.7 and 1.6 cm for almost all loading steps (figure 4-10b). Settlement of the first layer in
model with updated stiffness was up to 3 times higher than those of model with intermediate stiffness
(after the adding of the second layer) and up to 3 times lower than those of models with stiffness
updated at each step (after the filling of the 5" layer) (figure 4-10b). This indicates that using a certain
value of stiffness of tailings material could lead to a significant difference in settlement results
compared to the model with updated stiffness following changes in loads applied. The implication of
model with continuously updated values could, therefore, favour better estimation of settlement of

tailings and subsequently the volume of tailings that can be disposed in the containment in practice.
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Figure 4-8: Evolutions of (a) hydraulic conductivity and (b) Young modulus of tailings at the
middle of the first layer with time for models with updated and fixed properties.
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Figure 4-9: Evolution of excess PWP at the base of the model (a) for the case of 2 m thick tailings
layer, (b) after adding the 2" layer and (c) after adding the 6™ layer for models where hydraulic

conductivity was updated or fixed values were assigned.
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successive layers for these models.
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Combining with the results on the evolutions of hydraulic conductivity and stiffness in column tests
in section 4.3.1 (small scale), using a certain value for these parameters to estimate the consolidation
of tailings might lead to some uncertainties in practice. Using a fixed value of hydraulic conductivity,
the difference in the dissipation rate of excess PWP obtained can reach up to 2.5 times compared to
the models with updated values. Using a fixed value of Young’s modulus could also lead to the
settlement results that are much less/higher than those obtained from models using updated value of

stiffness (i.e., up to 5 times).

The effect of various estimation methods for hydraulic conductivity was also evaluated in the case of
large-scale study. The evolution of excess PWP at the middle of the first layer after adding the 3™
layer was fastest in the model with KC function, with #99 being around 7 days, while that of model
with KCM function was around 11 days. The dissipation rate induced by power law was lowest, with
too being around 18 days (figure 4-11a). The similar trend was also observed on the rate of

consolidation at the point located in the middle of the first layer (figure 4-11b).
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Figure 4-11: Evolution of (a) excess PWP and (b) settlement as a function of time at the middle of

layer 1 after adding of layer 3 for various estimation methods of hydraulic conductivity.

4.4 Discussion

More loading stages might be added at the beginning of the column test at low pressures where most
of the non-linear behaviour of tailings occur (Babaoglu & Simms, 2020; Nguyen & Pabst, 2020) to

better capture the evolution of tailings at low values of load applied, which might be important in
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case the test is performed for the fine tailings (Fourie et al., 2022). Only one measurement of hydraulic
conductivity and 2 column tests were performed in this study, additional column tests and
measurements of hydraulic conductivity could also be performed to improve the precision of
constitutive models of stiffness and hydraulic conductivity of tailings, which can be subsequently
used as the input for the models of tailings consolidation. For predictive functions, although both
KCM and KC models can be used to estimate hydraulic conductivity of tailings at the primary design
stage, care must be taken regarding the estimation of surface area while using KC model to improve

the precision of the prediction (Chapuis & Aubertin, 2003).

There might be occurrence of desaturation and desiccation at the top of tailings layers, which was
observed quite commonly in the real TSFs. These can alter the rate of consolidation at these locations
as well (Mbemba & Aubertin, 2021b), these aspects were not considered in this study. The approach
developed in this study also makes it possible to take these effects into account. Specifically, work
can be performed on this phenomenon by introducing some negative PWP at the top of the tailings
in column test (Essayad & Aubertin, 2021) to obtain relations for the evolution of tailings properties,
which, in turn, can be numerically assigned to comprehensively simulate settlement behaviour of

tailings.

The research outputs can then be compared with field measurement data to confirm the capability of
the extrapolation of this study to investigate the consolidation behaviour of tailings deposited in real
TSFs. It could also help to perform research in which some materials with much higher hydraulic
conductivity to enhance the rate of consolidation of tailings are presented (i.e., wick drains and waste
rock inclusions). A large-scale implication has been performed in this study, these are, however,
simplified model, and the geometry of TSFs could also have influences on the rate of consolidation.
By using FLAC3D, some factors related to the geometry effect, configuration of drainage system or

boundary conditions could also be performed. These are all included in an on-going project in the
group.

Being able to consider continuous change of saturated tailings properties can help to capture the
evolution of excess PWP more precisely. This is crucial for the practical short-term design of TSFs,

where it is necessary to calculate the filling rate of tailings to prevent the build-up of excess PWP,

reducing the risk of TSFs failure (Rana et al., 2021; Fourie et al., 2022). The output results can also
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help to facilitate the estimation of volume of tailings that can be placed in TSFs, which is beneficial

to the mine waste management operation in practice.

4.5 Conclusion

This paper investigated the non-linear consolidation properties of saturated mine tailings under
compression in a column test and a simplified large-scale model. A comprehensive study has been
carried out to first propose an approach to consider the non-linear behaviour of tailings based on
experimental results from column tests and integrate them in FLAC3D. The capability of the modified
model was then successfully validated by modelling the column tests of saturated tailings. Later, the
effect of several predictive functions for k-e relation (KCM and KC) which was based on sound
physical concepts were applied for tailings in the parametric study. Finally, studies on column tests
and large-scale models demonstrated the effect of using a fixed value for stiffness and hydraulic
conductivity on the magnitude of the settlement and the dissipation rate of PWP. From this study, the

following conclusions can be drawn as follows:

These results show that the modified constitutive model is capable of simulating the non-linear
behaviour of tailings during the consolidation process with an acceptable accuracy. Total simulated
settlement was 3.15 and 3.44 cm for column S1 and S2 respectively, which was fairly close to the
measured values. Maximum difference between measured and simulated settlement during staged
loading could reach up to 33%, while that for the rate of excess PWP was around 40%, yet these
differences were deemed reasonable considering uncertainty in the displacement and hydraulic
conductivity measurements in the tests. The difference between simulation and measurement was less
than 10% for hydraulic conductivity values and 20% for stiffness values. Using constant properties
(assigned in this study) in column test can lead to a total settlement being around 2 times lower than

measured values.

Direct measurement of hydraulic conductivity integrated in column tests is deemed to capture the
evolution of hydraulic conductivity of tailings. In the meantime, results from this study indicated that
other estimation methods on hydraulic conductivity of saturated tailings (KCM and KC) could also
be used to predict the hydraulic conductivity of tailings, at least, for the preliminary design stage. In
the parametric study, KCM model capture fairly well the evolution of excess PWP, while KC model

tended to give a much faster dissipation rate. KCM model can, thus, be used in case the measurement
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of hydraulic conductivity of tailing is not available in the lab, while a good estimation of surface area

can increase the reliability of KC model.

For up-scaling model where tailings properties were updated, hydraulic conductivity decreased by
around 2.5 times during the filling process with a significant decrease occurring during the first 2
steps. Young’s modulus, on the other hand, increased by ten times during filling, which indicated a

highly non-linear change of the stiffness of tailings.

The rate of excess PWP of tailings using a constant hydraulic conductivity could be 2.5 times faster
compared to the model with updated hydraulic conductivity. The use of a constant value of stiffness
could induce significant differences in the estimation of the settlement of tailings (i.e., up to 5 times
of difference), while the settlement of models with stiffness being updated at the beginning of each
filling step was around 2.5 times higher than that of model with continuously updated stiffness. These
indicated that the use of updated values is more suitable when computing tailings consolidation

behaviour.

Results achieved from this study can prove the advantages of models with continuously updated
values of stiffness and hydraulic conductivity of tailings, which, in turn, can facilitate the understand
of short-term behaviour of tailings and the improved calculation of storage capacity of TSFs. Further

work can also be carried out to scale up and study consolidation of tailings disposed of in an open pit.
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ABSTRACT

The co-disposition of mine tailings and waste rock in tailings storage facilities (TSFs) could
contribute to increase the rate of consolidation of tailings, reduce time to reach static and dynamic
stability, and decrease long-term settlement of tailings. Non-linear change of tailings properties
during the filling process and interaction between tailings and waste rock inclusion (WRI) are a
critical aspect to mechanical analysis but can, however, be complicated to simulate. The question of
net volume gains or losses of tailings was also raised. In this study, fully coupled fluid-mechanical
analysis which considered continuous variation of hydraulic conductivity and stiffness of tailings
were performed to assess the evolution of consolidation of various types of tailings in the presence
of WRI. Secondly, the effects of WRI and volume ratio of tailings over WRI on the net volume gains
or losses was investigated. Finally, the effect of several practical aspects such as filling rates, and
instantaneous filling assumption on the consolidation of tailings were also considered. Results from
this study indicated that WRI could increase by 3.3 times the rate of consolidation of tailings. The
zone of influence of WRI on tailings consolidation rate varied for each type of tailings. Using updated
properties showed significant differences compared to models with constant values. The application
of WRI can reduce volume available for the storage of tailings in TSF and net volumetric change due
to consolidation of the tailings with or without WRI could be estimated explicitly. Equations
predicting evolution of volume gains/losses with the changes in the volume ratios of tailings and WRI

were accordingly proposed. The effect of WRI was more pronounced with the increase of the filling
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rate. Finally, the assumption of instantaneous filling seemed to have little effect on the simulated rate

of consolidation.

Keyword: Slurry tailings, waste rock inclusions, consolidation, comparative study, volume gains or

loss, filling rate, FLAC3D

5.1 Introduction

Tailings generated from mining activities are typically deposited hydraulically (i.e., as a slurry) in
tailings storage facilities. Consolidation of mine tailings can take a very long time because of their
initially high-water content and their relatively low hydraulic conductivity (Vick, 1990; Blight,
2010). Progressive deposition of slurry tailings in TSFs might lead to the build-up of excess pore
water pressure (PWP) that has been linked to various geotechnical instabilities issues, including
failure of tailings impoundments and static/dynamic liquefaction of tailings (Azam & Li, 2010;
Morgenstern et al., 2016; Robertson et al., 2019). A novel approach of tailings and waste rocks co-
disposal was developed for surface tailings storage facilities that could contribute to accelerate
tailings consolidation. In this method, waste rocks are placed as linear inclusions within the tailings
and raised at the same time (figure 5-1). This technique can contribute to accelerate the dissipation
rate of excess PWP generated during the continuous accretion of tailings (and thus speed up the
consolidation of tailings) by promoting horizontal movement of pore water (Bolduc & Aubertin,
2014). WRI can also provide other advantages such as reducing the size of waste rock piles (i.e., WRI
could contribute to completely remove the necessity to build a waste rock piles for underground
mines) (Aubertin, 2013, 2018; Mbemba & Aubertin, 2021a). The strength and stiffness of tailings
can consequently be improved more quickly. The increase in the consolidation rate and magnitude
of tailings in the presence of WRI were experimentally evaluated using physical laboratory tests
(Mbemba & Aubertin, 2021a, 2021b), while consolidation behaviour of tailings in the vicinity of
WRIs was also numerically investigated at the large scale (Jaouhar et al., 2013; Bolduc & Aubertin,
2014; Boudrias, 2018). WRIs can also help to provide mechanical reinforcement to the tailings
impoundment enhancing both static and dynamic stability of the retaining structures (James, 2009;
Pépin et al., 2012; Ferdosi et al., 2015a). Effect of WRI configuration was evaluated by changing
various values of width of the inclusions and center-to-center spacing between these inclusions

(Ferdosi et al., 2015b). In general, results indicated that downstream slope deformation tended to
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decrease with the increase of the number of inclusions and to increase with the increase of spacing

between inclusions (Ferdosi et al., 2015b).

Tailings

\

R SR SRR SN S S S
i I Wa[cr movc[nem { } T
(b) WRI\. Tail i\n.gs

ATy Y

Figure 5-1: Conceptual configuration of a simple WRIs system in a tailings impoundment with (a)
only tailings and water can only move upward and (b) tailings co-disposed with WRI and water can
move either vertically or horizontally due to the presence of WRI, reducing the length of the

drainage pathway (modified after James (2009)).

Critical concerns when studying consolidation of tailings with WRI include capturing properly the
evolution of tailings consolidation characteristics and the acceleration of dissipation of excess PWP
in tailings. A balance should also be found between maximizing the quantities of tailings deposited
and ensuring a good performance of WRI by reducing the distance between them. WRI design
optimization, thus, requires considering net volume gains or losses due to the addition of waste rocks
within the tailings and thus volume available for the storage of tailings afterwards (Bolduc &
Aubertin, 2014; Mbemba & Aubertin, 2021a). Several factors can pose uncertainties to the efficiency
of this technique, including the filling rate and hydro-mechanical properties of tailings and waste
rocks (Bolduc & Aubertin, 2014). Finally, comparative research on the behaviour of different types

of tailings applying co-disposal technique can accordingly contribute further to the application of this
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technique to management operations of various types of tailings and somewhat improve optimization

of co-disposal technique as a function of tailings properties.

The objective of this paper was, therefore, to evaluate numerically the effects of WRI on
consolidation behaviours of various types of tailings sequentially filled in a simplified TSF and
considering the evolution of consolidation properties. Potential differences of models with constant
and updated properties when WRI was applied were subsequently investigated. Effects of volume
ratio between tailings and WRI on the volume gains or losses of tailings in the impoundment were
studied. Influences of the filling rate on the consolidation rate of tailings were examined. Finally,
influences of the assumption of instantaneous filling in simulations (i.e., no consolidation of tailings
occurs during the filling process) compared to the progressive filling scheme in practice (i.e.,
consolidation occurs during the filling process) was studied. Limitations of the models were also

discussed in this study.

5.2 Methodology

Many multidimensional codes have been developed to investigate the settlement of slurry tailings
under sequential filling (Liu & Znidarci¢, 1991; Fredlund et al., 2015) and the explicit finite volume
code FLAC3D (Itasca Int., 2021) is one of the most frequently used to simulate multidimensional
and non-linear consolidation of tailings materials. For example, Shahsavari and Grabinsky (2015)
used FLAC3D to investigate the effect of non-zero boundary condition on the consolidation of the
cemented paste backfill layers, while Zhou et al. (2019) simulated mine tailings consolidation in an
impoundment with the presence of wick drain systems. Nguyen and Pabst (2022b) also studied
consolidation of tailings in column tests covering continuous update of stiffness and hydraulic
conductivity of tailings using FLAC3D. In this study, a series of simulations were performed using
FLAC3D to model tailings placed sequentially in a simplified TSF with WRI. Common practice for
TSFs design usually considers 1-D geometries (Fredlund et al., 2015). 1-D models are fast and
particularly suited for cases where impoundments have small depths compared to the width and the
length of the retaining structures. In these cases, the fluid flow direction and the consolidation are
essentially vertically-oriented (Priestley, 2011; Fredlund et al., 2015). However, such assumption

may not be applicable when highly permeable regions and horizontal drainage systems (such as WRIs
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or wick drains) are installed in TSFs. In these cases, a 2-D or 3-D analysis is required to capture the

principal effect of lateral flow and strain (Coffin, 2010; Fredlund et al., 2015).

5.2.1 Conceptual models

A 100 x 5 m section was modelled to simulate the consolidation of tailings in the TSF and the effect
of the WRI (Figure 5-2). The dimensions of the model were chosen to reduce the mesh size and
computation time, yet remaining representative of field conditions (see Appendix B). This width of
the TSF was assumed to be far enough from the dams so they would not affect simulated settlements.
The influences of the volume ratio between tailings and WRI on the calculated results were also
investigated. The simulated WRI represented a simple central inclusion whose crest width was around
12 m. WRI geometry was simplified as parallelepiped instead of the typical successive trapezes
usually constructed on real mine sites. This assumption has shown no influence on the results but
reduces numerical instabilities (Bolduc & Aubertin, 2014). Saturated tailings were filled into the TSF
in successive 10 layers over a period of 10 years. Each layer was 3 m thick for a total height of 30 m.
Tailings deposition was assumed instantaneous (i.e., a new 3 m thick layer was added every year at
once and left to consolidate before a new layer was added one year later). Four types of tailings were
modelled in this study (see below). WRI was raised sequentially at the same rate as tailings (similarly

to field conditions).

Displacements at the bottom of the TSF were fixed in all directions, and an impervious bottom was
considered. Side boundaries of the models were allowed to move vertically only and also considered
impervious (i.e., axis of symmetry). Zero PWP was assigned at the surface of the model to simulate
groundwater table and to allow upward movement of water in the tailings. The deposition of a new
layer of tailings induced the generation of excess PWP, followed by the dissipation of PWP (towards
the surface and the WRI) and the consolidation of the materials. A parametric analysis was also

conducted to evaluate the impact of filling rate and effect of the filling scheme.
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Figure 5-2: Conceptual model with sequential filling of tailings (94 m wide) in 10 layers and the
inclusion of granular waste rocks (6m wide) (dash lines represented the interfaces between tailings

layers).

5.2.2 Material properties

Four different tailings were considered in this study: 2 types of gold mine tailings (tailings A and B),
uranium mine tailings (tailings C) and bauxite mine tailings (tailings D). Tailings properties (i.e., unit
weight, relative density, friction angle, and relations of void ratio — effective stress and hydraulic
conductivity — void ratio) of tailings A were obtained from experiments by authors, while those for
other mine tailings were obtained from literature (Somogyi, 1976; Bhuiyan et al., 2015; Lévesque,
2019). Unit weight was highest for tailings A (e.g., around 19.5 kN/m?), while that for tailings B, C,
D was around 18.7, 13.0 and 17.5 kN/m? respectively. Specific gravity of those materials was 2.75,
2.82, 2.70 and 3.27 respectively (the relative high value of tailings D was attributed to the presence
of iron). These corresponded to dry density of 1.55, 1.39, 0.46 and 0.98 respectively (Das, 2010),
which indicated high initial void ratios of uranium and bauxite tailings relative to those of gold
tailings. Friction angles were assigned as 38°, 36°, 30° and 39° for those tailings respectively. All
four tailings were cohesionless as mine tailings usually are (tailings D was clay-like material, yet
there is no data on the cohesion of the materials, yet cohesion was assumed to have negligible on the
consolidation of the tailings materials) (Blight, 2010). The relations between void ratio and effective
stress, hydraulic conductivity and void ratio, and Young’s modulus and effective stress were derived

from column test for tailings A, B and C. There were some differences in terms of dimensions of
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samples and load applied in the tests for tailings C: the dimension of the columns used was around
10 x 10 cm, and tailings were undergone incremental loads (from 1 to 8 kPa) while those for tests on
tailings A and B might reach around 300 kPa (Bhuiyan et al., 2015; Lévesque, 2019; Nguyen & Pabst,
2020). Details on how to derive these relations from compression column tests can be seen in Essayad
(2015) and Lévesque (2019). Those relations were obtained from conventional consolidation tests in

conjunction with hydraulic conductivity measurements for tailings D (Somogyi, 1976).

Table 5-1: Properties and constitutive relations of various types of tailings used in the simulations.

Properties A B C D

(Lévesque, (Bhuiyan et al., (Somogyi,
2019) 2015) 1976)

Unit weight (kN/m?)  19.5 18.7 13.0 17.5

Specific gravity 2.75 2.82 2.70 3.27

Dry density 1.55 1.39 0.46 1.13

(10°kg/m?)

Friction angle 38 36 30 39

(degree)

Cohesion (kPa) 0 0 0 10

Poisson’s ratio 0.28 0.28 0.33 0.27

e-c' relation 0.81¢'70:06 1.01¢'7006 3.94¢'7010 2.31¢'7010

k-e relation 1.2x107%¢*® 2.0x1077e37 1.2x107%* 6x10710e53

E-c' relation 85.60'074 35.00'091 4.00'1° 15.9¢'0-%4
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The same waste rocks were considered for WRI in all models. WRI were assigned a linear elastic
constitutive model with a high Young’s modulus to represent the very high stiffness of the material
(i.e., E =500 MPa) and a Poisson’s ratio of 0.277 (Bolduc & Aubertin, 2014). WRIs were assigned
a hydraulic conductivity of 3 x 10 m/s (around 20 times higher than that of tailings) to facilitate the
horizontal drainage of water in tailings. In practice, the hydraulic conductivity of WRI might be
greater but a smaller value was chosen to reduce computational time. This is because the presence of
the two materials with contrastive permeabilities in the model can significantly increase the

computational time of the model (Itasca, 2021).

5.2.3 Constitutive models and update of tailings properties

Tailings properties vary with time as their void ratio decreases and the assumptions of constant
properties might not be representative of the actual and non-linear behaviour of slurry materials
(Somogyi, 1980; Schiffman, 1982; Townsend & McVay, 1990; Morris, 2002). Several studies have
shown discrepancies between tailings consolidation simulated with assumption of constant properties
and field observations. For instance, simulated consolidation rates were around 3 times faster than
observation in the case of gold tailings disposed in pits (McDonald & Lane, 2010). Other examples
shown that simulated consolidation magnitude of tailings columns with models using a constant
stiffness could be 2 times lower than those measured from experimental tests (Nguyen & Pabst,
2022b). Various mathematical functions representing the relations effective stress - void ratio and
void ratio - hydraulic conductivity for slurry tailings have been proposed. These include power
function (Somogyi, 1980), extended power function (Liu & Znidar¢i¢, 1991), logarithmic function
(Bartholomeeusen et al., 2002), Weibull function and modified Kozeny—Carman equation
(Mbonimpa et al., 2002; Chapuis & Aubertin, 2003). Among these, the power function is often used
for its simplicity and good representativeness (Priestley, 2011; Agapito & Bareither, 2018), and was
chosen in the present study to represent variation of tailings hydraulic conductivity with void ratio
(table 5-1). From hydraulic conductivity relations (table 5-1), tailings A and B exhibited a reduction
of around 2.5 times after the first 3 loading before continuing to decrease slightly for the next loading
steps (Lévesque, 2019; Nguyen & Pabst, 2022b), while those for tailings C and D decreased by
around 3 and 4 times (Somogyi, 1976; Bhuiyan et al., 2015). Young’s modulus of those tailings

remained relatively small at low levels of loads and non-linearly increased with the increased of
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applied loads, and values of tailings A and B were usually somewhat double that of tailings D (table

5-1).

Linear elastic-perfectly plastic Mohr-Coulomb model was used to simulate tailings. The non-linear
relations between e-o’, k-e and Young’s modulus and effective stress of the four types of tailings
followed an approach applied in FLAC3D to modify these properties and were based on relations
from table 5-1. During the analysis, the value of the void ratio was updated at every iteration based
on the value of effective stress, and this new value of void ratio was then used to conduct an automatic
update of hydraulic conductivity and stiffness in FLAC3D. The validity and precision of continuous
update of tailings properties in FLAC were presented by Zhou et al. (2019) and Nguyen and Pabst
(2022b). This approach was compared with simulations using a constant saturated hydraulic

conductivity.

5.3 Results

5.3.1 Effect of WRI on the dissipation of excess PWP

Simulation results indicated that WRI significantly contributed to the horizontal dissipation of PWP
and therefore to the acceleration of consolidation. For example, the PWP iso-contours immediately
after the addition of the 7" layer for tailings A (i.e., t = 7 years) were curved close the WRI, indicating
a higher dissipation rate of PWP (figure 5-3). In other words, the dissipation of PWP close to the
WRI could occur both vertically (to the surface of the TSF) and horizontally (to the WRI). Also, PWP
always reached hydrostatic equilibrium at the end of each consolidation period (even for the cases
without inclusions), therefore suggesting that no excess PWP remained before adding new tailings
layers. Similar trends were observed for tailings B and C. The presence of WRI also contributed to
accelerate tailings consolidations of tailings D, but excess PWP did not completely dissipate during
the considered period and their effect was more limited compared to those for other tailings. For
example, the maximum degree of consolidation, U, after the addition of the 4" layer was around 93%
at 2 m from the WRI, while that reached only around 80% at 6 m from the WRI and excess PWP thus
cannot fully dissipate. Such limited effect can be attributed to the relatively low hydraulic
conductivity of these tailings (Newson et al., 2006; Matt, 2015; Zhang et al., 2021). Results therefore
indicated that WRI effectiveness is strongly affected by the tailings’ hydraulic conductivity and that
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WRI for clay-like tailings might be significant in terms of improvement of the overall strength of the

impoundment (Ferdosi et al., 2015b) rather than improvement of consolidation rate of tailings.

Simulations results showed that the effect of WRI on consolidation decreased rapidly with the
distance from WRI (figure 5-4). For example, after the deposition of the 5" layer the degree of
consolidation (at the base of the TSF, i.e., z = 0 m) for tailings A reached 95% in 13 days at 2 m from
the inclusion, 34 days 14 m from the inclusion and 43 days 29 m from the inclusion (value for the
case without inclusion was 45 days) (figure 5-4a). Consequently, the rate of dissipation of excess
PWP was increased by over three times, but only in the direct vicinity of the inclusion. The decrease
in the effect of WRI on the consolidation rate with the increase of the distance for tailings B, C, and
D were also demonstrated for points at 6 m and 29 m after the placement of the 5™ layer (figure 5-4b,
5-4c¢, 5-4d). Accordingly, the radius of influence of the WRI was estimated as the location where
time t99 for the cases with and without WRIs were less than 5% different. For example, the radius of
influence for tailings A was around 54 m when the tailings thickness was 30 m, 44 m for the thickness
of 24 m and 34 m for the thickness of 18 m. The ratio between WRI’s radius of influence and the
thickness of tailings could be then estimated for each type of tailings (e.g., equal around 1,8 for the
tailings A) (figure 5-5). This ratio for tailings B and C were around 1.8 and 2.6 at the end of the filling
process (i.e., the 10" layer) respectively (figure 5-5). The WRI’s zone of influence for tailings D
could not be estimated from #9 values as excess PWP did not fully dissipate, and this value was thus
estimated as the distance where the differences of U between models with and without WRI were
smaller than 5%. The radius of influence in that case was around 3.4 times the thickness of tailings

(figure 5-5). Boudrias (2018) estimated this value being around 2 times the tailings thickness.

The radius of influence was different for each type of tailings, but they all exhibited a similar trend,
that is a rapid and strong decrease after the filling of the first four layers before becoming relatively
stable (figure 5-5). The ratio between WRI’s radius of influence and the thickness of tailings after the
placement of the 2" layer was around 4 for tailings A and B, 8 and 10 for tailings C and D,
respectively, before decreasing to somewhat stable values when the tailings thickness was higher
than 12 m (i.e., after the placement of the 4" layer) (figure 5-5). The decrease of the radius of
influence during the deposition of the first few layers can be attributed to the decrease of the hydraulic

conductivity of the tailings under the applied loading and the decrease of void ratio under tailings



114

settlement. These decreases in hydraulic conductivity of tailings can lead to the change in the
hydraulic gradient and therefore possibly in the radius of influence (Hansbo et al., 1981; Indraratna
etal., 2012; Han, 2015; Mbemba & Aubertin, 2021a). Models using different constant permeabilities
of tailings were performed to check the influences of hydraulic gradient on the radius of influence of
WRI. Results, however, showed a limited effect of the hydraulic gradient on the WRI’s radius of

influence. A similar trend was also observed by Bolduc and Aubertin (2014).

Pore Pressure (kPa)
l 2.38E+02
2.00E+02
1.60E+02
l 8.00E+01
4,00E+01
0.00E+00

Figure 5-3: Distribution of PWP right after the placement of the 7™ layer for tailings A (the vertical
dashed line indicates the boundary between WRI and tailings, and the horizontal dashed line shows

tailings layers).
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Simulations also indicated using updated hydraulic conductivity values (changing with void ratio
during consolidation) or constant values had a strong influence on the results. For example, the time
required to reach 90% consolidation (or #99) for tailings A 65 m from the inclusion after the placement
of the 10" layer was 130 days for model with updated properties, 41 days with ks = 3.5 x 107 m/s,
and 162 days with ks, = 1.0 x 107 m/s (figure 5-6). Using updated properties, however, requires to
measure hydraulic conductivity in the laboratory for various void ratios to fit a descriptive model
(Bhuiyan et al., 2015; Nguyen & Pabst, 2022b), and to input the hydraulic conductivity functions in
the code, which is not always convenient. In practice, using a constant value ks = 1.3 x 107 m/s
yielded somewhat similar results in terms of consolidation rate which corresponded to a void ratio of
0.62 (figure 5-6). The equivalent hydraulic conductivity for tailings B and C was 1.2 x 107 and 1.1 x

10”7 m/s, corresponding to the void ratio of 0.87 and 3.09 respectively.
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Figure 5-6: Comparison of too at the base of the TSF (tailings A) after the placement of the 10"
layer as a function of the horizontal distance from the WRI and for various estimations of the
hydraulic conductivity. A value of 1.3 x 107 m/s generated somewhat similar results to those

obtained with the model using updated hydraulic conductivity, while a value of 3.5 x 107 m/s could

yield results 3 times lower than those for models with updated hydraulic conductivity.
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5.3.2 Tailings settlement

Settlements occurred as pore pressures dissipated and varied depending on tailings properties, time
and distance to the WRI. For example, the total settlement of the tailings body at the end of the
placement process (¢ = 10 years) for tailings A was around 1.67 m, around 1.65, 0.5 and 1.94 m for
tailings B, C and D, respectively. The increase in displacements of layer 1 reduced with the increase
of tailings thickness, which indicated that the stiffness of the materials increased under staged filling.
For example, displacements in layer 1 for tailings A one year after the filling of the 3™ layer increased
by around 47% but only 5 % after the placement of the 10" layer (figure 5-7). Similar trends were
observed for the other tailings with the increase of displacement after the filling of the last layer was
generally less than 5%. Models thus represented very well the change in the stiffness of the materials.
Settlement of tailings tended to be smaller close to the WRI, which was attributed to the difference
in the strength and stiffness between WRI and the tailings. Loads from the filling of tailings were,
thus, partially transferred to the WRI. This depends on the modulus ratio of the WRI and surrounding
tailings (Van Eekelen et al., 2013; Han, 2015) and the interface elements used in the models (Li &
Aubertin, 2009b). The volume change of tailings due to the presence of WRI can then be estimated

based on the settlement evolution of tailings.
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Figure 5-7: Displacements of the first layer 1 year after the addition of the 279, 3™, 9 and 10™ layer
(noted as L.2, L3, L9 and L.10) for 4 types of tailings.
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5.4 Results analysis

5.4.1 Volume change of tailings with the presence of WRI

The amount of volumetric compression of the tailings body resulting from the settlement of tailings
(i.e., equal to the average settlement of the tailings body times the area of the TSF, which was
automatically calculated using a FISH function) was estimated. Simulated results indicated that
volume change always increased with time as more tailings were disposed (figure 5-8a). For example,
volume change after the placement of the 2™ layer for tailings A without WRI was around 62 m* and
increased to around 132 m?® after the placement of the 10% layer. The changes in the slope of the
curves also indicated a slower rate of volume change as tailings height increased (figure 5-8a).
Tailings C had the smallest volume change (around only 40 m®) among simulated tailings, which was

explained by the smallest settlement of this type of tailings (session 3.2).

The presence of WRI can increase the consolidation rate of tailings, but they also occupy some space
in the TSF. In practice, results have shown that most of the simulated tailings were fully consolidated
after around 6 months. Using WRI therefore did not have a significant influence on the volume gain,
but rather contributed to decrease the space available for tailings deposition. In other words, the
volume of tailings that could be deposited in the TSF with the presence of WRI was always smaller
than the case without WRI for all types of tailings (figure 5-8a). For example, the volume change of
tailings A without WRI after the placement of the 10" layer was around 132 m*/per 5 linear meters,
i.e., around 14% more than that of model with WRI (113 m?/ per 5 linear meters) (figure 5-8a). The
difference of volume change (DV) between models with and without WRI was estimated as:

(Vt - Vw)

t

* 100%

Where V;: the volume change of model with tailings only (m?); V5,: the volume change of model

with WRI (m?).

DV tended to become relatively constant after the deposition of the first fifth layers (figure 5-8b). For
instance, DV of tailings A decreased from 25% after the placement of the 2" layer to 16% after the
filling of the 5 layer, while that of tailings C exhibited a reduction of nearly 17% (figure 5-8b). DV
for tailings C and D tended to be greater than those of tailings A and B. For example, DV for gold
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tailings after the filling of the last layers were around 15%, while that for tailings C were somewhat
higher, at around 20% (figure 5-8b). These differences could be explained by the difference in the

stiffness evolution during compression of other types of tailings.

The additional height of the TSF required to dispose the same amount of tailings with WRI presence
as without WRI can be accordingly estimated. This height can be estimated as the sum of volume
occupied by WRI and total differences of volume change of tailings body between models with and
without WRI divided by the area of the TSF (table 5-2). These heights were around 2.22, 2.17, 2.06
and 2.45 m for tailings A, B, C and D, respectively. In other words, the increase of thickness of the
TSF was less than 8% total thickness of tailings (table 5-2). This was very meaningful for
practitioners to briefly calculate the additional height of TSFs required when applying co-disposal

technique (at least at the primary design stage).
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121

Table 5-2: Additional height required because of the presence of WRI in the TSF for various types

of tailings
Volume occupied Total volume TSF area Additional
by WRI loss® (m?) height
(m?) (m?) (m)
Tailings A 900 143 470 222
Tailings B 900 119 470 2.17
Tailings C 900 69 470 2.06
Tailings D 900 251 470 245

* Equal total differences of volume change resulting from tailings settlement between models with

and without WRI

The ratio between volume of tailings and WRI disposed in this study was around 15.7. In practice,
this ratio could widely change depending on the practical considerations of each mine sites. For
example, this could depend on the primary goal of mine waste management of each mine site. Some
might prioritize the volume of WRI that can be disposed to eliminate the need for the construction of
waste rock piles. Coarse waste rocks might, indeed, contain sulfide minerals that can oxidize and
generate acid mine drainage, and the placement of waste rock as inclusions inside the TSF could
therefore efficiently contribute to prevent potential AMD generation (Jahanbakhshzadeh et al., 2019;
Bussi¢re & Guittonny, 2020). The volumes of tailings and waste rock produced by mining activities
can also vary widely in practice depending on the ore body characteristic and production technique
(Blight, 2010). The ratio of tailings and waste rocks volume was thus changed by changing the width
of WRI in the model (i.e., from 6 m to 10, 12, 18 and 24 m corresponding to the volume ratio of 15.7,
9.0, 7.3, 4.6 and 3.2, respectively) to estimate the volume loss as a function of the quantity of waste
rocks used in the TSF as inclusions. In general, the more volume of WRI placed in the pit, the less
space dedicated for tailings that can be stored in the TSF (figure 5-9). For example, the D}V values of
tailings A for model with WRI width of 24 m was around 30 % which was nearly 2 times higher than
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that of the model with WRI width of 6 m. The same trend was recorded for tailings B and C (figure
5-9). The trend of tailings A and B was somewhat similar to each other, while DV for tailings C
seemed to be higher than those of tailings A and B. Accordingly, equations presenting the evolution

of DV with the changes in the volume ratio of tailings and WRI were derived as: DV =

Vtailings_0'48 2 e Vtailings_o'ss . 5
49.6 ——= (R*=0.97) for tailings A, DV = 55.6 ——— for tailings B (R?=0.99) and

WRI VwrI

o =039
DV =56.8 % (R2=0.980) for tailings C. These results can, thus, provide practitioners with
WRI

a brief estimation (at least for the primary design stage) the potential volume of tailings that might be

loss due to the presence of WRI for various volume ratios.
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Figure 5-9: Evolution of DV with the ratio of volume of tailings and WRI in the TSF. Calculations
assumed that the displacement at the boundary interface is zero and the width of the tailings part

was large enough to reduce the effect of TSF sides.

5.4.2 Effect of the filling rate

TSF depth and deposition rates vary with mine size, production rate and type of operations (surface
or underground) (Blight, 2010; MEND, 2015). Filling rate for TSF at Malartic mine is, for example,
around 3 m per year (Boudrias, 2018), and between 2 m and 14 m per year at Rabbit Lake mine

(MEND, 2015). Additional simulations corresponding to 6 and 9 m/year filling rate were therefore
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carried out for tailings A to evaluate effects of tailings thickness on the evolution of tailings
consolidation with the presence of WRI. Filling rate seemed to have a negligible effect on the volume
change between the cases with and without WRI, which remained around 14% at the end of the filling

process for all models regardless of layer thickness (figure 5-10a).

A ratio R, 1.e., the ratio of 799 between models with and without WRI, was introduced to represent
the effect of filling rate on the consolidation rate of tailings (figure 5-10b). The effect of WRI on the
consolidation rate was increased for greater filling rates, which indicated that the use of WRI would
be more beneficial with higher filling rate in practice. R0 at 10 m from the WRI after the deposition
of the 6 layer was 1.45, 1.70 and 1.83 for the 3-m, 6-m and 9-m thick models respectively (figure
5-10b). The ratio also increased with the number of tailings layers. This ratio was, for example,

around 1.46 and 1.54 for the 6-m thick model after the placement of the 2" and 4" layer (figure 5-
10b).
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Figure 5-10: (a) DV values for models with various filling rates and (b) R values for the point
located at 10 m from WRI at the TSF base after the placement of the 2™, 4" and 6'" layer for

models of 3-m, 6-m and 9-m thick layers for tailings A.

Models with 3 m/year but with different filling scheme instead of an instantaneously adding (i.e.,
layer of 1.5 m per 6 months and layer of 1 m per 4 months, respectively) were performed for tailings

A to evaluate the potential effect of the assumption of an instantaneous filling scheme on the rate of
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consolidation of tailings. Simulated results indicated that the effect of instantaneous filling on the
rate of consolidation of tailings was insignificant. It took essentially the same amount of time with
such filling intervals to dissipate 90% of excess PWP (see Appendix E). The same trend was also
observed by Boudrias (2018).

5.5 Discussions

WRI can contribute to accelerate the rate of consolidation of tailing but also reduces the volume
available for tailings storage at the same time. The geometry of the TSF in this study and the
configuration of the WRIs were simplified, and the results can be applied for the relatively simple
geometry TSFs. This paper only dealt with one row of inclusion, while there might be several
orthogonal inclusions (not only parallel inclusions) installed for the typical design of WRIs in TSFs
(Aubertin et al., 2016). Other simulations on the more complex geometries of the TSFs and various
permeable conditions (i.e., only central WRI was considered in this study) can be further performed

to evaluate their influences on the evolution of tailings consolidation.

The models carried out with various types of tailings highlighted the importance of the constitutive
relations describing the changes in the consolidation properties of tailings, which are unique for each
type of tailings. For example, the relations for the tailings C were derived from large strain
consolidation tests with pressure up to 8 kPa (Bhuiyan et al., 2015). In practice, the loads resulting
from the filling of tailings might be significantly higher, and the change in the hydraulic conductivity
and stiffness of tailings might become less non-linear when the applied loadings increase. Tests
covering the actual range of pressures that are expected in the field are therefore recommended to

improve the accuracy of constitutive relations.

Models with several values of constant Young’s modulus of tailings were performed for tailings A
to test the effect of stiffness differences on the influence of WRI on the settlement of tailings
materials. In general, the higher the stiffness of tailings, the smaller zone of influence of WRI. Also,
tailings settlement simulated close to the WRI may be affected by the interface element used in this
numerical study. The interface elements introduced in the simulations might not necessarily represent
the real contact between WRI and tailings in practice. It is recommended that stiffness and frictions

angles of the contact interface between these two materials should be estimated to improve the
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precision of the calculation. Despite these boundary effects, general behaviours are expected to
remain similar (Li & Aubertin, 2009b; Yang, 2016). Finally, field-scale investigations would be

required to validate or calibrate the numerical results and the upscaling of the approach in this study.

5.6 Conclusion

An investigation on the effect of a drainage system composed of WRI on the consolidation behaviour
of several types of tailings in a simple TSF were numerically performed using FLAC3D. Simulations
were conducted considering continuously updating properties of tailings under sequential filling.
Several practical considerations related to the operational aspects that could have effect on the
settlement of tailings were also evaluated. Results including excess PWP dissipation rate and

magnitude of consolidation were compared, bringing the following conclusions:

WRI had a significant effect on the acceleration of PWP dissipation and thus on tailings consolidation
rate. The effect of WRI depended on the distance and the thickness of the tailings. PWP always
reached the hydrostatic value at the end of each filling stage for tailings A, B and C, while excess
PWP in tailings D were not fully dissipated after one year because of their relatively low hydraulic

conductivity.

Significant differences (up to 3 times) were observed when using a model with updated properties or
with constant properties. Equivalent constant values of hydraulic conductivity were derived for these
types of tailings, which can bring about an acceptable tolerance of f99 compared to the model with
updated properties, reducing the computational efforts and the necessity of laboratory tests on non-
linear evolution of tailings’ properties. These values, however, aimed to provide practitioners with a
recommended value for the same materials under the same loading and boundary conditions. Other
types of tailings with other loading/boundary conditions would require performing the simulation

with the proposed approach again.

The zone of influence of WRI was different for each type of tailings, decreasing significantly during
the filling of the first few layers before remaining relatively constant after the thickness of tailings
reached 12 m. The zone of influence was usually a function of the thickness of the tailings, around
1.8 times tailings thickness for tailings A and B, 2.6 for tailings C and 3.4 for tailings D respectively.

Settlement of tailings C was smallest, while largest value was observed for the tailings D. Changes
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in the tailings settlement was less pronounced after the placement of few last layers which

demonstrated very well the increases in the stiffness of the materials during the consolidation process.

The volume change due to the settlement of tailings of model with only tailings was always greater
than that of model with WRI for all types of tailing. In other words, the use of WRI decreased the
volume available for the storage of tailings in the TSF, despite the acceleration of their consolidation.
Additional height required when applying WRI was less than 8% of the total thickness of tailings.
DV for tailings A, B and D after the filling of the last layers were around 15%, while that for tailings

C was around 20%.

Space available for tailings to be stored in the TSF was lower with the increase of volume of WRI
placed in the TSF, and formulations estimating evolution of DV with the changes in the volume ratio
of tailings and WRI were proposed. Increase of the filling rate led to a more pronounced influence of
WRI on the consolidation rate of tailings but had a negligible effect on the DV values. Finally, 3D
effects because of complex drainage paths and permeable conditions are being investigated in an on-

going project in the group.
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ABSTRACT

The co-disposition of tailings and waste rocks as a permeable envelope or waste rock inclusions
(WRI) in an open pit can be beneficial for mine waste management and contribute to prevent transport
of contaminants from tailings to the local groundwater. These drainage paths could also affect the
tailings consolidation behaviour and contribute to the acceleration of the tailings settlement rate and
should therefore be considered to optimize in-pit disposal. Coupled numerical models were run to
examine the evolution of tailings consolidation under the influences of co-disposed waste rocks.
Various disposal scenarios were investigated, including the presence of a permeable envelop only
and the addition of WRI as a central inclusion. The influences of operational and practical aspects
such as the tailings filling rate, pit slope angles, waste rock and tailings hydro-geotechnical properties,
and pit morphology were investigated. Results indicated that a permeable envelope could promote
the dissipation of excess pore water pressure (PWP) and accelerate tailings consolidation. The
influence zone of the permeable envelope was relatively limited and around 2 times the tailings
height. Using a WRI combined with a permeable envelope could therefore be geotechnically
beneficial for wide pits whose radius was larger than twice of its depth. Slope angles, filling rate and
pit morphology somewhat affected tailings consolidation rate, but their effect was relatively limited
and decreased with the increase in the distance to the drainage paths. Finally, co-disposal of tailings

and waste rocks seems relevant for fine tailings with low hydraulic conductivity.

Keywords: co-disposal, permeable envelopes, waste rocks, consolidations, pit slopes, pit morphology
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6.1 Introduction

The continuously increasing demand for natural resources and minerals has induced a significant
increase of the volume of tailings produced by mining operations , therefore also increasing the risks
for major failures events of surface tailings storage facilities (TSFs), and encouraging practitioners
to find alternative approaches for tailings disposal (Vick, 1990; Blight, 2010). Innovative integrated
mine waste managements techniques include tailings dewatering (Bolduc & Aubertin, 2014; Bhuiyan
et al., 2015; Abdulnabi et al., 2022), valorization and reuse of mine waste in cover systems (Pabst et
al., 2018; Larochelle et al., 2019), or tailings and waste rocks mixing (Wickland et al., 2006; Aubertin,
2013). Tailings can also be backfilled either in underground stopes (Li & Aubertin, 2009a; Cui &
Fall, 2016) or disposed in open pits (Cameron & Dave, 2015). Underground backfilling can
contribute to the reduction of mineral dilution (Blight, 2010), improve stability of the operations by
providing secondary support (Li & Aubertin, 2009a; Yang, 2016), reduce exposure of tailings to
oxygen (and therefore reduce risks for acid mine drainage generation) (Benzaazoua et al., 2004), and
reduce the area required for surface disposal (Fahey et al., 2010; Jahanbakhshzadeh et al., 2019). In-
pit disposal is also considered an alternative deposition approach for surface mines, and presents
many advantages both in terms of environmental, physical and social aspects (McDonald & Lane,
2010; Aubertin, 2013; Bhuiyan et al., 2015; Cameron & Dave, 2015). For example, pit backfill can
contribute to stabilize pit walls and reduce long-term management and maintenance costs compared
to conventional surface disposal sites (Cameron & Dave, 2015; MEND, 2015). Once backfilled, the
pit can also be reclaimed using engineered cover systems to prevent contaminated mine drainage
generation and facilitate its integration into the surrounding landscape (McDonald & Lane, 2010).
Also, in pit disposal reduces the risk of dam failure (MEND, 2015). However, in-pit disposal is also
facing several challenges and unknowns that somewhat limit its applications. For example,
preventing environmental contamination can be complex when there is a direct contact between
groundwater and backfilled wastes, especially because pit walls are usually strongly disturbed by
blasting during operations and therefore become relatively permeable (Cameron & Dave, 2015;
Rousseau, 2021). Reclamation construction also requires that tailings settlement to be completed to
avoid long-term differential deformation of cover systems (and thus a decrease or even loss of

performance (McDonald & Lane, 2010).
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The concept of an engineered pervious envelope surrounding the tailings mass was first proposed to
control potential environmental contamination by directing the groundwater around the tailings
(instead of flowing through them), thus limiting the interactions between groundwater and potential
contaminants (e.g., processed pore water or reactive minerals) (MEND, 2015). This can be achieved
by placing a more permeable material compared to tailings around the perimeter and at the bottom of
the pit (Bhuiyan et al., 2015). The pervious surround is often made of sand or coarse materials
(Cameron & Dave, 2015) but using non acid-generating waste rock can be a more advantageous
solution. Indeed, waste rocks have adequate properties, and their valorization on site contributes to
decrease the volumes of waste rock to be disposed of on the surface (thus also reducing costs and
risks) (Jahanbakhshzadeh et al., 2019; Lévesque, 2019). The permeable envelope concept could also
contribute to accelerate tailings consolidations which might offer further benefits such as the
reduction of long-term displacements, a better control of deposition, and the possibility to undertake
progressive reclamation (McDonald & Lane, 2010; Lévesque, 2019). Drainage pathways inside the
backfilled pit could also contribute to further improve the behaviour of a permeable envelope. For
example, waste rock inclusions (WRI) were initially developed for surface TSFs, where they can
promote dissipation of excess pore water pressure (PWP), accelerate tailings consolidations and
improve static and dynamic stability of tailings dams (Aubertin, 2013; Ferdosi et al., 2015b). WRI
were also shown beneficial to increase the performance of a permeable envelope if they are built
across the pit and in the direction of the regional flow (Rousseau, 2021). The application of permeable
envelope, potentially coupled with WRI, might therefore facilitate the long-term management of mine

wastes in pits.

These benefits remain, however, theoretical as the technique has never been used for that purpose in
the field. The advantages and potential limitations of tailings co-disposal with permeable envelope
and/or WRI thus need to be evaluated in more details before it can be implemented into practice.
Several factors influencing the effectiveness of the technique also need to be considered, including
the overall slope angles of the pit, variable tailings filling rate (the width of a pit increasing with its
elevation, the filling rate will thus decrease during backfilling, assuming a constant production),
tailings and waste rocks hydro-mechanical properties, WRI design, and the morphology of the pit.
The objective of this research was, therefore, to quantitatively evaluate the effects of a permeable

envelope and various co-disposal scenarios on the evolution of tailings consolidation in an open pit
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using 3-D simulations carried out with the code FLAC3D (Itasca, 2021). Results in terms of PWP
evolution and degree of consolidation were compared to give recommendations to optimize the

approach.

6.2 Methodology

6.2.1 Conceptual models

A 320 m wide x 620 m long x 60 m deep pit, inspired by a real pit in Quebec, Canada, was considered
and simulated using FLAC3D (Itasca, 2021). The pit usually exhibits somewhat circular corners in
practice which was simplified as an orthogonal geometry in these models (i.e., parallelepipedal pit).
The effect of this assumption would be discussed later. Considering the symmetry axes, only one
fourth of the pit was modelled to reduce computational time without decreasing mesh size nor
simulation precision (i.e., around 39 000 zones instead of almost 160 000 zones for a full pit model)
(figure 6-1). The domains were discretized using a hexahedral mesh resulting from the built-in blocks
in the software. The angle of the pit wall was 51°, which was slightly smaller than usual slopes in
practice (Utili et al., 2022), but this value also aimed to increase the mesh size of the simulated
domain. The pit wall is usually constructed with several benches, yet the influences of these benches
would be neglected in the case a permeable envelope was constructed, and these benches therefore

were not simulated in the models.

Various disposal scenarios were simulated (table 6-1 and figure 6-1). Case 1 was the base case
scenario, considering the regular deposition of 5 m thick saturated tailings in 12 layers over 12 years
for a total height of 60 m. Each layer was deposited instantly, i.e., 5 m at once every year. This was
corresponding to a production rate of about 1.3 million m® of tailings per year, which is somewhat
similar to the rate from a mine with a high production rate (Blight, 2010). The second case simulated
the situation where tailings were co-disposed with an 8-m wide permeable envelope made of coarse
waste rock and placed progressively as the tailings were deposited. In the third case, a bottom
drainage layer made of coarse waste rocks 5 m thick was added to the permeable envelope, thus
representing the typical design of the method in practice. In the fourth case, a WRI alone was
considered, placed in the centre of the pit. The WRI has the thickness of 16 m with the same height

as the tailings, and there was no interface element used between WRI, permeable envelope and



136

tailings. For simplicity, WRI was represented as parallelepipeds instead of the typical trapezes usually
constructed in practice. This assumption had, however, no influence on the results and could actually

contribute to reduce numerical instabilities (Bolduc & Aubertin, 2014).

Cases combining the permeable envelope, the bottom drainage and the WRI were performed with the
tailing thickness of 60 m, 65 m, 70 m, 75 m, and 80 m corresponding to the case 5, 6, 7, 8 and 9
respectively. Rock wall and bottom drain were constructed first, while permeable envelope and WRI
were constructed and raised at the same time with tailings. Comparision between deposition scenarios
was conducted in terms of tailings consolidation rate, in particular along section A-A’ (in the middle

of the pit at y = 160 m) and section B-B’ (in the middle of the pit at x = 80m) (figure 6-1).

Regarding the parametric analysis, the effects of benches would be negligible when the permeable
envelope was constructed, but the overall slopes of the pit wall might affect the consolidation of
tailings because of the changes in the length to the drainage paths (figure 6-1). The overall slope
angles of the pit with the depth smaller than 100 m can reach up to 70° (Utili et al., 2022), simulations
with slopes of the rock walls being 60° and 70° corresponding to cases 10 and 11 respectively were,
thus, performed to examine the effect of slope angles on the tailings consolidation when applying
permeable envelope concept. Simulations where layer thickness of the first two layers was 7.5 and
10 m respectively (thickness of other following layers were still 5 m) were also carried out (i.e., cases
12 and 13 respectively). These rates were chosen to investigate the potential effects of changes in the

filling rate due to change in the pit surface on the evolution of consolidation of tailings.
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Figure 6-1: General view of (a) one fourth of the pit; (b) and (c) cross section A-A’ and B-B'

respectively with monitoring points at various distances from the drainage paths.
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Table 6-1: Simulated disposition scenarios to investigate the effect of various co-disposal

approaches.
Permeable WRI  Bottom Tailings Thickness of
Envelope drainage  thickness  slope the first 2
(m) angle

Case 1 No No No 60 51 5

Case 2 Yes No No 60 51 5

Case 3 No Yes No 60 51 5

Case 4 Yes No Yes 60 51 5

Case 5 Yes Yes  Yes 60 51 5

Case 6 Yes Yes  Yes 65 51 5

Case 7 Yes Yes  Yes 70 51 5

Case 8 Yes Yes  Yes 75 51 5

Case 9 Yes Yes  Yes 80 51 5

Case 10 Yes No No 60 60 5

Case 11  Yes No No 60 70 5

Case 12 Yes No No 60 51 7.5

Case 13 Yes No No 60 51 10
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6.2.2 Material properties

The gold mine tailings simulated in this study were sampled from Malartic mine site, an open pit gold
mine located in Quebec Province, and classified as low plasticity silts (ML) (ASTM D2487-17,2017)
(Nguyen & Pabst, 2022b). Malartic tailings were characterized in the laboratory (table 6-2). Value of
Deo (the diameter corresponding to 60% passing in the particle-size distribution curve) was around
0.04 mm, and the value of Djy (the diameter corresponding to 10% passing in the particle-size
distribution curve) was around 0.0035 mm, leading to a coefficient of uniformity C, (C, = Dso / D10)
around 11.5 (figure 6-2). Tailings dry density was 1.55 tone/m>. A friction angle of 38° was measured
using triaxial test and tailings were considered cohesionless (Boudrias, 2018). Initial porosity of

tailings was 0.437, and Poisson’s ratio (estimated from internal friction angle) was 0.28.

Initial stiffness and hydraulic conductivity were estimated as 2.2 x 10”7 m/s and this value was typical
for hard rock mine tailings (Bussiere, 2007). However, stiffness and hydraulic conductivity of slurry
tailings vary as their void ratio decreases and assuming constant properties in the simulations might
not be representative of their actual non-linear behaviour (Somogyi, 1980; Schiffman, 1982;
Townsend & McVay, 1990; Morris, 2002). Various mathematical formulas relating void ratio with
effective stress and hydraulic conductivity with void ratio have been proposed for slurry tailings
(Priestley, 2011; Agapito & Bareither, 2018; Nguyen & Pabst, 2022b). In this study, the power

function was chosen for its simplicity and good representativeness (Nguyen and Pabst, 2022b).

Linear elastic-perfectly plastic Mohr-Coulomb model (MC) was first assigned for tailings. Stiffness
and hydraulic conductivity of tailings in Mohr-Coulomb model were modified based on non-linear
relations between e-d’, k-e and Young modulus - effective stress obtained from compression column

tests on the same tailings materials (Nguyen and Pabst (2022b)). Void ratio was updated based on

y1—0.058

effective stress following the equation of e = 0.814x o , while the relation of hydraulic

conductivity and void ratio was expressed as k = 1.24 x 107 e*®1, Finally, Young modulus was

updated based on the following equation E = 85.6 x o’ *”*

. During the simulations, void ratio was
updated every iteration based on the value of effective stress, followed by an automatic update of
hydraulic conductivity and stiffness. These modifications on the Mohr—Coulomb constitutive

model’s properties were executed via FISH in FLAC3D (Nguyen & Pabst, 2022b).
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The permeable envelope and WRI were assumed to be made of the same coarse waste rock and to
have homogenous and similar properties in all the models. Waste rock materials were simulated using
a simple linear elastic constitutive model with a high Young modulus to represent a very stiff material
(E =500 MPa) and a Poisson’s ratio of 0.277 (Bolduc & Aubertin, 2014). Waste rocks were assigned
a hydraulic conductivity of 2 x 10°° m/s (i.e., around 20 times greater than that of tailings). This value
is significantly lower than the usual hydraulic conductivity of waste rocks which commonly ranges
from 107 to 10 m/s (James, 2009; Boudrias, 2018), but was chosen to reduce computational time.
Indeed, a domain consisting of 2 types of materials with contrastive permeabilities in a model would
significantly reduce the time step of the model (Itasca, 2021). A limited parametric analysis was also

conducted to evaluate the effect of reducing waste rocks’ hydraulic conductivity (see below).
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Figure 6-2: Particle size distribution for Malartic (Nguyen & Pabst, 2022b) and Westwood
(Lévesque, 2019) gold tailings, and waste rocks (Essayad et al., 2018) used in this study.



Table 6-2: Properties of tailings and WRI used in the numerical models.
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Properties Malartic Tailings

(Boudrias, 2018)

Westwood
Tailings

(Levesque, 2019)

WRI

(Boudrias, 2018)

Constitutive model MC
Unit weight (kN/m?) 19.5
Specific gravity 2.75
Dry density (10°kg/m?) 1.55

Friction angle (degree) 38

Cohesion (kPa) 0
Poisson’s ratio 0.28
Young’s modulus 85.60'%7%
(MPa)

Hydraulic conductivity 1.2 x 10" ¢e*®
(m/s)

MC

18.7

2.82

1.39

36

0.28

35.00'0°1

2.0x 107 7e37

MC

0.277

500

2x10°

6.2.3 Boundary and initial conditions

Displacement at the bottom of the pit was fixed at zero in all directions, and side boundaries of the

models were fixed horizontally. Rock was considered relatively impermeable (see above) so bottom

and side boundaries were assumed impervious. Local groundwater flowed around the pit and assumed

to have no interaction with tailings, and thus was expected not to have much impact on the results.

Zero PWP was assigned at the surface of tailings to represent the groundwater table therefore
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allowing upward movement of water from the tailings. The undrained condition with the generation
of excess PWP development was first generated, followed by a dissipation of PWP and consolidation
of the materials (Itasca, 2021). The convergence criteria for a node (i.e, the ratio of the current

mechanical force ratio to the target force ratio of the node) is set to 1 (Itasca, 2021).

6.3 Results

6.3.1 Effect of permeable envelope on tailings consolidation performance

Case 1 and case 2 models were first compared to evaluate the effect of the permeable envelope on
the consolidation rate of tailings. One year after the placement of the 12" layer (i.e., ¢ = 12 years),
tailings at the bottom of the pit (z = 0 m) had not achieved full dissipation in the case with tailings
only (case 1), with a degree of consolidation not exceeding around 80% (figure 3a). In other words,
the depth of the pit was so important that excess PWP did not have the time to dissipate to the surface
of the tailings as it can usually be observed in simulations of TSFs (Jaouhar et al., 2013; Boudrias,
2018; Lévesque, 2019). Such situation would be unfavourable for reclamation of the pit as post-
settlement could continue to occur after the construction of the cover system (McDonald & Lane,
2010). The use of a permeable envelope, however, contributed to increase the degree of consolidation
of tailings (figure 6-3a). For example, consolidation at z= 0 m and at a horizontal distance of 2, 12,
and 32 m along the cross section A-A’ were around 98%, 95% and 90% respectively after 12 years.
The degree of consolidation at X = 52 m was, however, smaller and around 84%, but it was still
greater than the case without permeable envelope (= 80%). Similar results were observed throughout
the entire pit and at all times. A permeable envelope could therefore increase significantly the degree
of consolidation of tailings, but this effect tended to decrease further away from the envelope or closer
to the tailings surface. 3D effect of the permeable envelope at the corner of the pit on the acceleration

of the tailings consolidation would also be discussed in detailed in the discussion session later.

Not only did the permeable envelope contributed to increase the degree of consolidation, it also
accelerated the time required to dissipate excess PWP. For example, time to achieve 90% of
consolidation, often noted 99, at 2 and 12 m from the permeable envelope at the base of the pit (z =
0 m) 1 year after the placement of the fifth layer (i.e., # = 5 years) was around 42 and 70 days,
respectively, that was 66 and 38 days faster than in the case with tailings only (figure 6-3b). The
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difference of 799 between the cases with and without a permeable envelope 52 m from the permeable
envelope was, however, much less significant, and less than 5%. The zone of influence of the
permeable envelope (i.e., the zone where the permeable envelope reduce t99 by at least 5%) was
around 2 times the height of tailings filled (figure 6-3b) which was somewhat similar to that of a WRI
in surface TSFs (Bolduc & Aubertin, 2014). Similar results were obtained along section B-B’ (figure
6-3c). For example, the permeable envelope in the horizontal direction contributed to accelerate the
dissipation of PWP after the placement of the 10" layer (i.e., 184 days and 15 days faster at 2 and 90
m respectively from the horizontal permeable envelope compared to those in case 1). This positive

effect, however, became negligible at a distance of 102 m from the permeable envelope (figure 6-

3¢).

The zone of influence of the permeable envelope after the placement of 60 m of tailings was therefore
around 120 m and thus could not cover the entire width of the pit (i.e., which was around 160 m at
its base). A combination of a permeable envelope with other drainage pathways (i.e., WRI and bottom

drainage) were thus investigated.
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Figure 6-3: Degree of consolidation in the tailings with a permeable envelope (case 2) at various

horizontal distances from the permeable envelope in the longitudinal direction (see figure 6-1) at

the bottom of the pit along section A-A’ (a) after the addition of the 12" layer, (b) after the

placement of the 5™ layer and (c) at various distances from the permeable envelope in the horizontal

direction along section B-B’ after the addition of the 10" layer. Results with tailings only (case 1)

are also presented for comparison.

6.3.2 Tailings consolidation under various drainage paths

The use of a WRI alone has a similar effect to a permeable envelope and can also contribute to

enhance tailings consolidation rate in the pit (case 3). All the results presented hereafter were

simulated along section A-A’ but similar results were obtained elsewhere in the model. 79 in the

middle of the 1% layer (z = 2.5 m) after the placement of the 10™ layer (i.e., # = 10 years) with only
WRI ranged from around 133 days (X = 2 m) to 340 days (X = 110 m) (figure 6-4a), which was
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significantly faster than in the case with tailings only (case 1), and somewhat similar to the case with
a permeable envelope (case 2) (figure 6-4a). However, t90 4 m from the permeable envelope was
somewhat greater than 4 m from the WRI (i.e., 178 days compared to 133 days), which can be
attributed to the difference in terms of geometry of these drainage paths (i.e., inclined envelope
compared to the vertical WRI). However, these differences remained limited and usually did not

exceed 40 days (25%).

In practice, a permeable envelope is usually combined with a bottom drainage which can contribute
to accelerate even more the dissipation of excess PWP and particularly in the bottom half of the pit
(case 4). For example, f99 in the middle of the 1% layer (i.e., z= 7.5 m, that is 2.5 m above the bottom
drain which was 5 m thick) was around 280 days at horizontal position from 4 to 40 m, which is up
to 60 days faster compared to the case with only permeable envelope (figure 6-4a). This effect tended
to decrease higher up and farther way from the bottom drain, where #99 then became similar to the

case with permeable envelope only (see more discussion below).

Finally, the combination of a permeable envelope, a WRI and a bottom drainage was investigated
(case 5). This configuration was the most efficient in terms of acceleration of excess PWP (figure 6-
4). For example, t99 of tailings at the middle of the first layer (z = 7.5 m) was 215 days at X =90 m,
which was around 100 days faster than the case with only permeable (case 2), and 135 days faster
than the case with no drainage pathway at all (figure 6-4a). The use of various drainage pathways,
separately or together, however, depends on site-specific operational aspects which would be

discussed later.

From the vertical profile of the degree of consolidation, U, at X =80 m along section A-A’ for model
with only tailings, U was significantly lower compared to that of a model with drainage paths (i.e.,
60% compared to around 87%, respectively in the middle of the first layer) 1 year after the placement
of 80 m of tailings (i.e., case 9, see section 6.4.1 as well) (figure 6-4b). These differences tended,
however, to decrease closer to the tailings surface and were smaller than 5% at z = 60 m). Despite
the presence of the bottom drainage paths, the degree of consolidation, U, tended to decrease between
z =5 to 30 m (e.g., the lowest degree of consolidation was around 85% at z = 20 m), and then

increased as distances to the surface decreased (figure 6-4b). This therefore indicated that there was
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an effect of the depth of the pit in the case of using bottom drain (i.e., distance to the drainage path

in practice).
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Figure 6-4: Time too along the section A-A’ in the middle of the 1% layer (z = 2.5 m or 7.5 m for
case without or with bottom drain respectively) 1 year after the placement of the 10™ layer (t = 10
years) for various co-disposal scenario (also see table 1). The combined effect of the permeable
envelope, WRI and bottom drainage contributed to significantly increase excess PWP dissipation
rate, and (b) vertical evolutions of degree of consolidation at X = 80 m (section A-A’) with

drainage paths (case 9) 1 year after the placement of 80 m of tailings.

6.4 Parametric analysis

Based on the results presented above, co-disposal of tailings with waste rock (either in the form of
permeable envelope, WRI and/or bottom drain) contributed to significantly accelerate the dissipation
of excess PWP, and thus contributed to the reduction of both post-settlement after closure and contact
of tailings with local groundwater. Practical constraints that could potentially affect the effectiveness
of this technique include the depth of the pit, the change of filling rate, the pit slope angles, the WRI
hydraulic properties, the pit morphology, and the tailings properties.

6.4.1 Effect of the pit depth

The disposal scenario with the combination of permeable envelope, WRI and bottom drain at the

same time produced the most effective performance in terms of consolidation rate enhancement, at
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least for the tested conditions. Results also shown, however, that the performance of the technique
was strongly dependent on the distance to the drainage paths. The effect of pit depth, and tailings

thickness, were therefore investigated.

Simulations showed that if the tailings thickness was greater than 80 m, there were some locations at
the middle of the pit where excess PWP in tailings might not fully dissipate after one year of filling
(i.e., before the addition of the next layer; figure 6-5). For example, the maximum 799 in the middle
of the 1% layer (i.e., 2.5 m above the bottom drain) was around 260 days at X = 100 m after the
placement of 60 m of tailings, around 310 days after the placement of 70 m of tailings, and above
one year after the placement of 80 m of tailings (degree of consolidation was around 87% after one

year) (figure 6-5).

From the above results when tailings thickness reached 80 m, some delay in tailings consolidation at
the middle positions in the pit can be expected. One solution might be to install additional WRI so
that the distance between the tailings and the nearest drainage path never exceed twice their thickness.
Such solution would, however, significantly reduce the volume of tailings that can be stored in the

pit (also see discussion below).
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Figure 6-5: Time too along section A-A’ 2.5 m above the bottom drain (z = 7.5 m) 1 year after the
placement of the 12, 14™ and 16™ layers (i.e., corresponding to a tailings thickness of 60, 70 and
80 m, respectively) in models with the combination of permeable envelope, WRI and bottom drain.
Excess PWP was not able to fully dissipate in one year when the tailings thickness was greater than

80 m from horizontal positions of X = 80 m to X = 100 m (the line was cut off at these positions).
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6.4.2 Effect of pit wall slope angle

The pit wall slope usually depends on the distribution characteristic of the ore body and the stability
properties of the rock pit wall (Hustrulid W et al., 2013), and the pit walls for the pit with the depth
of 100 m is usually inclined maximum 70 degrees (Utili et al., 2022). In the previous simulations, the
pit wall slope angle was 50°, and additional models with slope angles of 60° and 70° were conducted
to evaluate the effect on tailings consolidation rate when using a permeable envelope (lower slopes
were not considered because of operational reasons as it might not be economical when large amount
of waste rocks might be generated). Excess PWP dissipation rates tended to slightly increase with the
pit wall slope and this effect was more pronounced closer to the permeable envelope (figure 6-6). For
instance, the time required to dissipate 90% of excess PWP 2 m from the permeable envelope at the
bottom of the pit (z = 0 m) after the placement of the 5™ layer was around 44 days for a model with
a slope angle of 50° (base case), 37 days for a slope of 60°, and 31 days for a slope angle of 70° (i.e.,
around 25% faster) (figure 6-6a). This difference decreased as the distance to the permeable envelope
increased and become insignificant (< 5%) after around 20 m (figure 6-6a). A similar trend was
observed after the placement of the 8" layer (figure 6-6b) and for the rest of the model. The radius of
influence of the permeable envelope was also estimated and results indicated that slope angle
essentially had no effect on the radius of influence. In conclusion, the slope angle could slightly affect
the rate of consolidation close to the permeable envelope, but this effect was limited and decreases

with the distance to the envelope.

It is also noted that the slope of the pit in this study had only one bench, while the pit slope was
usually composed of several bench levels in practice. However, these benches would be eventually
covered by the construction of the permeable envelope along the perimeter of the pit, and they would
essentially have no effect on the drainage of tailings materials. More details on the bench effect will

also be discussed later.
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Figure 6-6: Time too at the bottom of the pit (z =0 m) for models with various slope angles after the

placement of the (a) 5 layer and (b) 8" layer. Distance is measured from the permeable envelope.

6.4.3 Effect of decreasing filling rate with time

The increase of the surface area of the pit as tailings backfilling progresses could lead to the decrease
of the filling rate if the production rate remains constant. Simulations of models with layer thickness
of the first two layers being 7.5 and 10 m respectively (thickness of other succeeding layers were still
5 m) were thus carried out to model these changes in the filling rate. Greater thickness of tailings
layers close to the pit bottom led to the increase of the time for excess PWP to dissipate (figure 6-7).
For example, the time required to dissipate 90% of excess PWP at the bottom (z = 0 m) after the
placement of the 2" layer 2 m from the permeable envelope was around 9 days for 5 m thick layers,
18 days for 7.5 m thick layers and 31 days for 10 m thick layers, respectively (figure 6-7a). The effect
of the thickness layer was similar father away from the envelope. For example, 99 22 m from the
envelope was around 21 days for the 5 m thick layer and 65 days (i.e., around 3 times longer) for the
10 m thick layer (figure 6-7a). The increase in the f9p can be attributed to the increase of the excess
PWP and the length of drainage paths when tailings layer became thicker due to the increase of the
filling rate. A similar trend was also observed after the placement of the next layers, but the effect of
the filling rate tended to decrease with the increase of the tailings thickness. 799 22 m from the
envelope after the placement of the 5™ layer, for example, was 80 days for 5 m thick layers, and 130
days for 10 m thick layers (i.e., around 1.6 times longer) (figure 6-7b). The change in the filling rate,

thus, influences on the consolidation rate of tailings.
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The corresponding ratio of #9p value between models with tailings only and with the permeable
envelope, R0, after the filling of the 2" layer was somewhat higher for model with larger filling rate
(i.e., 3.3 for the 10 m thick layer compared to 2.6 for the 5 m thick layer models at the position of 2
m at pit bottom) (figure 6-7c). These differences tended to decrease and become essentially identical
for various filling rate as distance to the permeable envelope increased (figure 6-7c) and as tailings
thickness increased (e.g., after the filling of the 5% layer) (figure 6-7d). Results thus indicated that
filing rates of tailings somewhat had an effect on the performance of the permeable envelope at
locations close to the permeable envelope, and permeable envelope performance then became
independent to the filling rates at locations far away from the permeable envelope and as the tailings
thickness increased.
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Figure 6-7: Evolution of excess PWP at the pit bottom (z = 0 m) as a function of the filling rate
(tailings layer thickness) and distance to the permeable envelope after the placement of the (a) 2"
layer and (b) 5" layer, corresponding ratio of rate of too between models with tailings only and with
the permeable envelope, R, for various filling rates after the placement of the (c) 2" layer, and (d)

5™ Jayer. Distance is measured from the permeable envelope.
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6.4.4 Effect of hydraulic conductivity of the permeable envelop

A permeable envelope is often made of coarse waste rocks (MEND, 2015), which hydraulic
conductivity typically ranges from 107 to 10~ m/s (James & Aubertin, 2009). The natural rock mass
might also be damaged by the blasting operations during the production, sometimes leading to an
increase of their hydraulic conductivity up to 102 m/s (Rousseau & Pabst, 2020). The hydraulic
conductivity of the permeable envelope in this study was around 2 x 10°® m/s which was not
representative of actual waste rocks but was necessary to reduce the computational time. The effect
of this choice was evaluated by conducting some models where the conductivity of the of permeable

envelope was increased to 4 x 10° m/s and 6 x 10 m/s.

Simulations indicated that using a reduced value of hydraulic conductivity for the permeable
envelope had only a limited influence on the results, and mostly close to the drainage paths. The
effect of the hydraulic conductivity of the waste rocks was, however, negligible further than 22 m
from the envelope. For example, the time needed to dissipate 90% of the excess PWP in the first layer
(z = 0 m) after the placement of the 3™ layer 2 m from the permeable envelope was around 12 days
when the waste rock hydraulic conductivity was 6 x 10°m/s and around 18 days when it was 2 x 10"
® m/s (figure 6-8). This (small) difference of 99 tended to decrease with the distance from the
permeable envelope, and was less than 5% 22 m from the envelope. This effect can be attributed to
the fact that farther from the permeable envelope, the drainage of water is mostly controlled by the
tailings hydraulic conductivity and not so much by that of drainage path. The same trend was
observed for WRI (Case 3) and bottom drain (Case 4). A similar effect was also observed in surface

TSF with WRI (Bolduc & Aubertin, 2014).
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Figure 6-8: Time tyo as a function of the distance to the permeable envelope and waste rock
hydraulic conductivity in the 1%t layer (z = 0 m) after the addition of the 3" layer. Distance is

expressed from the permeable envelope.

6.4.5 Effect of tailings hydro-geotechnical properties

As observed in the previous section, tailings hydraulic conductivity has a significant effect on excess
PWP dissipation rate, especially far from the drainage paths. Therefore, another type of gold tailings
was also used in the parametric analysis using a permeable envelope, a WRI and bottom drainage at
the same time (Case 5). Properties of Westwood gold tailings were obtained from Lévesque (2019)
(table 6-2). Westwood tailings were finer and less permeable than Malartic tailings, which would
induce a slower rate of consolidation. For example, t99 in the middle of the first layer (z = 7.5 m) of
Westwood tailings 90 m from the inclusion was around 113 days after the placement of the 5™ layer
compared to around 98 days of Malartic tailings (figure 6-9). Similar trends were observed elsewhere
in the pit. For example, t9 in the same position after the addition of the 10" layer was around 240
days for Westwood tailings and around 215 days (10% faster) for Malartic tailings (figure 6-9). The
radius of the influences was also estimated and identical for these 2 types of tailings. These results
the consolidation rate of Westwood tailings was somewhat slower than that of Malartic tailings.
Accordingly, the application of drainage paths would be more important to dewater finer tailings with
low hydraulic conductivity, and more WRI might be needed to enhance the consolidation rate

depending on the site-specific operational requirements.
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Figure 6-9: Time too for Westwood and Malartic tailings in the middle of the 1% layer (z = 7.5 m)
after the placement of the 5™ and 10" layers with both permeable envelope, WRI and bottom

drainage. Results for Malartic tailings in the same conditions are shown for comparison.

6.5 Final remarks and discussion

6.5.1 Numerical considerations

An orthogonal corner pit was chosen to simulate pit geometry, which is not necessarily representative
of real pit geometries in practice where somewhat circular corner is observed. The practical geometry
of a pit was also modelled by Priestley (2011) and Rousseau and Pabst (2022). The geometry of the
pit was simplified in this study because of the limitation of the built-in blocks which were used to
create the pit geometry. Smaller conceptual models of the pit with orthogonal and circular corners
were, therefore, simulated to investigate the potential effect of the geometry on the results. A section
near the corner of the pit representing a circular corner with a bottom radius of 40 m and a top radius
of 60 m was modelled (figure 6-10a) and compared with a model with an orthogonal corner (figure
6-10b), similar to the geometry used in this study. Tailings were filled in 6 layers of 30 m height over
6 years (i.e., filling rate of 5 m/year). An 8 m wide permeable envelope was simulated along the pit

walls.
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Materials properties and boundaries were otherwise identical to previous models presented above.
Consolidation rate of model for orthogonal corner was faster than that of the circular corner and the
difference was insignificant at locations far away from the permeable envelope. For example, t99 after
the placement of the 6™ layer at 5 m from the permeable envelope (section C-C’) at the bottom of the
pit was around 59 days for the circular corner pit, while that of the orthogonal corner pit was around
47 days (figure 6-11). The difference then decreased as the distance to the permeable envelope
increased and become negligible after around 26 m (figure 6-11). Thus, the assumption of an
orthogonal corner pit somewhat affected the rate of tailings consolidation, but this effect was limited

and only close to the permeable envelope (i.e., 20 m from the permeable envelope).

(b)

| Tailings
N
I Rock wall

n a o

Xn X3 X2 Xi

Figure 6-10: Numerical model of (a) a pit with a circular corner and (b) an orthogonal corner and
(c) section views C-C’ and D-D’ at the diagonal of the domain with various monitoring points at

the bottom of the pit.
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Figure 6-11: Simulated too at the bottom of the pit 1 year after the placement of the 6 layer for

models with circular and orthogonal corner.

The simulations of tailings consolidation using FLAC3D for the case of co-disposal in a pit took
around 2 weeks to run. It was also noticed that the contrastive hydraulic conductivity of tailings and
waste rocks significantly increased the computational time for the coupled analysis as discussed in
the section 4.4. The mesh size in this study was also chosen to ensure a balance of the accuracy of
the results and the computational time. Other mesh generation tools might also be used instead of
built-in blocks to build more sophisticated geometry of the domain, especially when more waste rocks
need to be disposed and complicated configurations of the co-disposal technique might be
encountered. Tailings was filled instantaneously in this model instead of progressive placement, yet
this assumption has a negligible effect on the calculated results (Nguyen & Pabst, 2022a). The
boundary conditions of models needed to be updated after each filling stage, while tailings properties
needed to be continuously updated through the whole filling process, all of these aspects required

skilled modellers to properly perform these types of analysis.

6.5.2 Discussion

Results presented in this article showed that using drainage paths composed of waste rocks can
contribute to accelerate the consolidation of tailings when co-disposal technique was applied in an
open pit. However, some limitations and simplifications must be considered before extrapolating

these results to other sites and conditions.
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First, relations used to update tailings stiffness and hydraulic conductivity derived from column tests
(Essayad & Aubertin, 2021; Nguyen & Pabst, 2022b), and were, therefore, valid only for the
simulated tailings. In practice, these equations will depend on tailings properties and will vary from
one site to another. Experiments and characterization are thus recommended for each application.
However, trends and general conclusions regarding pervious envelope and drainage paths are deemed

applicable for most hard rock mines.

The elastic-perfectly plastic Mohr-Coulomb model was used in these simulations to simulate tailings
behaviour. This model was also used by Boudrias (2018) and Zhou et al. (2019) to study the evolution
of tailings consolidation and results were in a reasonable agreement with laboratory experiment and
field results. Other models can, however, represent tailings behaviour such as Modified Cam-Clay
(MCC) model (Jaouhar, 2012; Boudrias, 2018). The choice of a constitutive model can sometimes
have a significant effect on the rate and magnitude of tailings consolidation and should therefore be
adapted and calibrated to each case. The approach proposed in this article which consisted in updating
tailings stiffness and hydraulic conductivity with void ratio evolution during consolidation could also

be applied with MCC model for further study (Zhou et al., 2019).

Simulations have also shown that the corner of the pit could reasonably affect the PWP dissipation
rate of tailings. However, this effect is relatively local and becomes negligible above around 20 m
from the corners. In other words, 2D models might be sufficient to evaluate co-disposal approaches
for large pit with great longitudinal dimensions (e.g., Malartic pit is over 1 km long and 500 m wide).

However, 3D simulations are recommended for pit with small dimensions.

Pit slopes might be composed of several benches, yet the construction of the permeable envelope
would cover and ease the effect of benches. The construction of permeable envelope might then be
related to the repose angle of the waste rocks to ensure the overall stability of the envelope if waste
rocks were dumped from the pit crest (Maryam, 2016). The effect of the benches might be more
pronounced when the fractured pit wall was used as a natural permeable envelope or when the aim
of the mine site is to increase the steepness of the slope, the permeable envelope would then be
constructed in a bench by bench manner and was constructed from the bottom of the pit with the
same angle as the benches of natural pit slope (Lévesque, 2019). All of the effects of these factors

are, however, out of the scope and not simulated in this paper.
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Finally, intermediate laboratory tests and/or field-scale tests are recommended to validate these 3-D
models and capture potential unknowns that can affect the performances of the technique. Scale effect
in particular should also be further studied. The range of loading applied in the compression tests
indeed usually vary from around 10 kPa (Bhuiyan et al., 2015) to around 200 kPa (Essayad &
Aubertin, 2021; Nguyen & Pabst, 2022b). Loads from the placement of the tailings in a pit could be
much higher because of the large depth of the pit. These range of loadings used in the laboratory tests
should reasonably reflect the practical conditions (i.e., loads from large tailings thickness) to obtain

a better constitutive model for tailings properties.

6.6 Conclusion

In-pit disposal has been demonstrated to be an encouraging mine waste management approach and
can offer various environmental and geotechnical advantages compared to the conventional
approaches. Unknowns in terms of behaviour of tailings consolidation under the influences of waste
rocks either in the form of permeable envelope and/or inclusion, effects of pit morphology and hydro-
geotechnical properties of the materials remained challenging. The objective of this article was to
address these above uncertainties to ensure a successful mine waste management. 3D models were
carried out to evaluate the consolidation behaviour of tailings co-disposed with waste rock in an open
pit. Various co-disposal approaches such as a permeable envelope, WRI and bottom drain were

evaluated. The effect of filling rate, slope angles, and waste rock properties were also considered.
Based on these results, the following conclusions can be made:

A permeable envelope along the pit walls can contribute to accelerate tailings consolidation, thus
reducing faster their hydraulic conductivity, and limiting contacts of tailings with the surrounding
environment and regional groundwater. The zone of influence of the permeable envelope appears to
be around 2 times the tailings thickness. The use of only a permeable envelope might, therefore, not
always be sufficient, especially for wide pits whose radius is greater than 2 times of the tailings depth
in case the main objective was to reduce the post-deposition settlement as well as potential differential

settlement.

Additional drainage pathways such as a WRI or a bottom drain can contribute to further accelerate

the consolidation rate of tailings. Consolidation time in the middle of the pit with the combination of
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all drainage paths could be 1.5 times faster compared to the case with permeable envelope only, and
over 3 times faster close to the WRI. Steeper slope angles can also result in greater consolidation

rates at positions close to the permeable envelope.

The increase in the filling rate somewhat contributed to decrease the tailings consolidation rate,
increased the radius of influence of the permeable envelope and this effect was negligible as tailings
thickness increased. The decreased hydraulic conductivity of the permeable envelope somewhat
affected the rate of consolidation of simulated tailings, yet this effect was insignificant as distances
increased. Tailings hydro-geotechnical properties have an important effect on the rate of
consolidation of tailings, and more WRI might be required to enhance dissipation rate of fine tailings
materials. Finally, the assumption of an orthogonal corner pit used in this model was deemed

reasonable and have little effect on the calculated results.

The application of permeable envelope concepts during in-pit disposal with the combination of WRI
and bottom drainage drains therefore appears to be beneficial both in terms of reducing contaminant
generation and differential settlement. There might be less space for disposing tailings because of the
presence of an envelope and WRI but that this could be compensated by other advantages such as the
elimination of the need of construction waste rock piles and the prevention of potential contaminants
from acid mine drainage when the waste rocks were stored under the water table. These results should
be useful for practitioners and contribute to propose efficient codisposal in surface mines. Further
research, in particular in the field of complex co-dispose configuration as well as stability analysis of

the inclusions could contribute to further optimize in-pit codisposal of tailings and waste rock.
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CHAPTER 7 GENERAL DISCUSSION

7.1 Main results

Tailings disposed in open pits with the presence of a permeable envelope composed of coarse
waste rocks and/or combined with WRI inclusions and bottom drains could facilitate both
environmental and geotechnical advantages. This concept is also facing several unknowns that can
limit its practical applications. Non-linearity of tailings consolidation properties needs to be
properly investigated to better capture real consolidation behaviours of tailings. Volume gains or
losses of tailings because of the presence of WRIs also need to be explicitly estimated considering
operational constraints. Finally, effects of practical constraints including pit depth, pit slope angles,
filling rate, mine waste hydraulic properties and the morphology of the pit need also to be
comprehensively examined. Modification of tailings properties using advanced numerical analysis
was therefore performed and validated by laboratory results. The results were then extrapolated to
examine the tailings consolidation behaviours with the presence of various drainage paths co-

disposed in an open pit. The main results can be summarized as follows:

e An approach to modify tailings properties under sequential loading was first proposed
using advanced numerical tools and was then validated by column tests in chapter 4.
Potential discrepancy in tailings consolidation behaviours between models with the
assumption of non-linear and fixed properties was quantitatively investigated. Results
indicated that the proposed approach could reasonably represent the non-linearity of
tailings properties under sequential loadings. Total simulated settlement was in a
reasonably good agreement with measured values, while measured settlement could be up
to 2 times higher than that of the model using constant stiffness.

e The proposed approach was then applied to study the influences of WRI on consolidation
behaviours of four types of tailings filled in a simplified conventional TSF in chapter 5.
The volume gains or losses of tailings due to the presence of WRI was also estimated.
Results indicated that WRI significantly accelerated PWP dissipation rate in tailings. PWP
always reached hydrostatic values at the end of each filling stage for tailings A, B and C,

while excess PWP in tailings D (lowest hydraulic conductivity) cannot fully dissipate after
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one year. Equivalent constant hydraulic conductivity for tailings A, B and C were also
estimated. The zone of influence of WRI was accordingly estimated and was distinctive
for each type of tailings. It was decreasing rapidly before remaining relatively stable after
the tailings thickness reached 12 m. The use of WRI reduced the available volume for the
storage of tailings in the TSF (and/or pit), despite their acceleration effect on the rate of

PWP dissipation.

e Results on the approach to consider non-linearity of tailings consolidation properties
presented in chapter 4 and the interaction between tailings and WRI in chapter 5 was
extrapolated in chapter 6 to unfold uncertainties regarding the consolidation behaviours of
tailings disposed in a pit with the presence of various drainage paths composed of waste
rocks. 3D numerical models on the tailings co-disposed with waste rocks in an open pit
under various disposing scenarios were performed. A permeable envelope constructed
along the pit perimeter enhanced the rate tailings consolidation, and thus decreasing their
permeability more quickly. The zone of influence of the permeable envelope was around 2
times the tailings height. The application of only a permeable envelope might, therefore,
not always be sufficient, especially for the case where the pit radius is greater than 2 times
of the tailings depth. Additional drainage pathways such as a WRI or a bottom drain further
accelerated the consolidation of tailings, while the combination of all of the drainage paths
gave the fastest rate of dissipation. Steeper slope angles resulted in faster consolidation

rates. The increase in the filling rate somewhat decreased the rate of tailings consolidation.

7.2 Discussions

In the thesis, advanced numerical simulations were utilized to simulate the consolidation
behaviours of slurry tailings considering non-linearity of permeability and stiffness of tailings.
Numerical models applying the proposed approach indicated a reasonable agreement between
simulated and measured data for compression column tests. This approach was then applied to
investigate the consolidation of tailings co-disposed with WRI in a conventional TSF and in an
open pit. However, some limitations and hypotheses could affect the results of the simulation,

which can be summarized as follows:
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It was challenging to properly correct the values of effective stress applying on the samples,
which might have pronounced effects on the input constitutive relations, especially the
estimation of Young’s modulus and void ratio based on the effective stress (see chapter 3).
The maximum ratio between change in PWP and change in the loads applied in this study
was around 65%, while that for the tests on the same materials was around 55% (Essayad,
2015) and 80% (Boudrias, 2018) respectively. The overcorrection of effective stress
(especially at the few last loading steps) might lead to the underestimation of the values of
Young’s modulus of tailings which might usually be higher in the field (Bussiere, 2007).
Apart from friction between the column wall and tailings, the degree of saturation of the
sample can also induce uncertainties in the correction of the effective stress. Efforts were
made during the sample preparation process to ensure that the sample was fully saturated
(e.g., slurry samples were mixed well before being poured into the column to avoid air
bubbles in the samples; all the PWP sensors were saturated before being installed to the
columns; water flowed from bottom to the top of the columns during the measurement of
hydraulic conductivity to further eliminate air bubbles). However, the samples might not
be fully saturated despite of all these efforts made. Changes in the stress state of the samples
because of the integration of hydraulic conductivity measurement into column tests might
also lead to the change in the stress state of the tailings columns. Finally, loading system
(level arm) might not be level as the displacement of the sample increased, which might

also affect the estimation of the load applied on the samples.

Tailings columns were simulated without the presence of the rigid column wall as being
encountered in practice. Thus, the interaction between tailings and the column wall might
not necessarily be reflected in the models in this study. The domain used for the simulation
of column tests might also not necessarily represent the true geometry of the tailings

columns in the laboratory.

More loading stages might be needed at a low range of pressures in the column tests for
the fine tailings where tailings might exhibit significant non-linear behaviours (Babaoglu
& Simms, 2020) to better represent the evolution of tailings properties at a low range of

pressures (Fourie et al., 2022).
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The maximum load that can be applied in the column tests was around 200 kPa, which
might be sufficient for the conventional ground surface TSFs, but it was much smaller than
pressures that might be encountered in pits. Applying constitutive models induced from
low loading ranges might thus somewhat underestimate the dissipation rate of PWP in the
field as the evolution of tailings hydraulic conductivity might become less non-linear as
loads increased. Furthermore, several types of tailings might experience a non-linear
relation between void ratio and effective stress at high values of loadings, and a bi-power
law function might be required (e.g., oil sand tailings) (Jeeravipoolvarn et al., 2008;
Fredlund et al., 2015). This can be avoided by increasing the loads applied, or in case of
limitation of the equipment capacity, predictions model can also be used (at least for the

preliminary study; see chapter 5).

The elastic-perfectly plastic Mohr-Coulomb model was utilized with the modification of
material properties in this study to represent the tailings behaviour. It is known that there
are two methods to deal with volumetric plastic response (Itasca, 2021). The first method
is that plastic volumetric strain can be better simulated through the elastoplastic models
with cap (e.g., Cap-Yield model, plastic hardening model and Modified Cam-clay model)
(Itasca, 2021). On the other hand, there is also a second approach, which is to use the non-
linear approach (i.e., Mohr-Coulomb with non-linear elastic with the continuous update of
stiffness) (Itasca, 2021). In these non-linear models, if there were no unloading reloading
process (i.e., like what was observed in the working conditions of tailings where loadings
from the filling process would always remain), we can thus focus on the primary loading,
and simulate the volumetric response in tailings. This was the method used in this study,
despite the fact that, previous works only used the linear form of Mohr-Coulomb model to
simulate the elastic volumetric strain (Jaouhar et al., 2013; Boudrias, 2018). The choice of
a constitutive model can play a key role on the rate and magnitude of tailings consolidation

and should therefore be adapted and calibrated to each case.

Young’s modulus was derived from the column tests based on the changes in effective
stress following a common approach used in the research group (Jaouhar et al., 2013;

Essayad, 2015; Boudrias, 2018; Lévesque, 2019), which, in turn, was used as the
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constitutive relations for the tailings in the simulations. It was, thus, noted that the Young’s
modulus in this study was not truly elastic Young’s modulus, which was different from
that of the conventional Mohr-Coulomb model (see section 2.5). The stiffness was
technically non-linear elastic thanks to the updating procedure applied in this study. The
evolution of Young’s modulus during the column test and a good agreement between
simulated and measured displacement (see section 4.3) indicated that the numerical
approach to represent changes in stiffness can reasonably capture the non-linear behaviour

of the tailings material.

Detailed equations to estimate the values of Young’s modulus were presented from
equations 3.11 to 3.13, which shown the dependence of Young’s modulus to the effective
stress. The value of the Young’s modulus at the effective stress of 200 kPa was around
5000 kPa. Values obtained for the same effective stress on the same material from previous
works was around 6500 (Essayad, 2015) and 7000 kPa (Boudrias, 2018). This can be
attributed to the overcorrection of the effective stress in this study, especially at high values
of stresses (see above). The maximum correction ratio was around 0.65 in this study, while

that used by (Essayad & Aubertin, 2021) was an average value of 0.36.

Relation between Young’s modulus and effective stress was derived based on the values
of Young’s modulus measured at the end of each loading steps. It is however noted that
the evolution of the Yong’s modulus during each loading steps was also non-linear (section
3.3.3). This thus can add some more uncertainties in the precision of the constitutive
equation for the change of the Young’s modulus. More loading steps might be added to

increase the precision of the equation.

The constitutive relations between void ratio and effective stress, and hydraulic
conductivity and void ratio were first proposed by Gibson et al. (1967) to solve the large
strain analysis of materials, These constitutive relations have been widely used and in
various studies since then to study the consolidation behaviour of slurry tailings (Somogyi,
1976; Carrier et al., 1983; Schiffman et al., 1984; Townsend & McVay, 1990;
Jeeravipoolvarn et al., 2008; Bhuiyan et al., 2015; Fredlund et al., 2015; Agapito &
Bareither, 2018; Zhou et al., 2019; Fourie et al., 2022). These relations can be derived from
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seepage induced consolidation test (Imai, 1979; Ahmed & Siddiqua, 2014) or from column
test (Lévesque, 2019; Essayad & Aubertin, 2021). The application of these relations to
model the consolidation of tailing in this study was thus deemed reasonable. On the other
hand, with the advance numerical tools, the void ratio that was derived from the volumetric
strain of the sample can also be monitored and estimated during the simulation process,
and the hydraulic conductivity can also be estimated based on these void ratio values. It
should be noted that the “void ratio” variable in the FISH code that was calculated based
on the effective stress (Appendix C) was used to calculate the hydraulic conductivity only
and was not assigned to the void ratio of tailings materials as the intrinsic values resulting

from volumetric strain of the sample.

Equivalent hydraulic conductivity for several types of tailings can provide partitioners with
the brief suggestion on the choice of the hydraulic conductivity of the same type of tailings.
It should also be noticed that the application of the equivalent hydraulic conductivity only
worked under certain conditions of this study (loading conditions, filling scheme and

boundary conditions).

Top of tailings layers might exhibit desaturation and desiccation, and can locally influence
the consolidation rate of tailings (Mbemba & Aubertin, 2021b). These effects were,
however, not considered in this project. Negative PWP can be applied at the surface of the
tailings samples in column test (Essayad & Aubertin, 2021) to examine the effect of those
phenomena on the tailings properties, which, in turn, can be integrated into the model by

FISH code.

Only one row of inclusion was simulated in this study, while there might be several parallel
and/or orthogonal inclusions in case the priority of the mine is to manage a large quantity
of waste rocks materials (Aubertin et al., 2016). These complex configuration of WRIs can
be simulated using advanced mesh generation tools (e.g., Griddle). The optimization of
WRIs configuration disposed in the pit to investigate the hydraulic interaction of tailings

with WRIs and the local environments was also performed by Rousseau (2021).

Constitutive relations used to represent the evolutions of tailings stiffness and hydraulic

conductivity in this study were obtained from column tests and valid only for the studied
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tailings. In reality, these relations will depend on each type of tailings and thus will vary
from one site to another. Experimental tests on the characterization of the materials are
thus recommended for each type of tailings. Trends and general behaviour regarding the

effect of various drainage paths are deemed applicable for most hard rock mines.

Tailings settlement at locations close to the WRI might be affected by the interface element
assigned in the simulations, which might not necessarily represent the real interaction
between tailings and WRI. Frictions angles and stiffness of the interface element (in
chapter 5) were estimated following the recommendation from the manual. Despite these
boundary effects, general behaviours were expected not to be significantly influenced (Li

& Aubertin, 2009b; Yang, 2016).

The shape of the corner of the pit could somewhat affect the evolution of PWP of tailings.
This effect was, however, relatively limited and became negligible at a distance higher than
20 m from the corners. As such, 2D simulations might be sufficient to investigate the co-
disposal technique for large pits with great longitudinal dimensions (e.g., Malartic pit is
over 1 km long for 500 m wide). On the other hand, 3D simulations might be recommended

for a small pit.
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CHAPTER 8 CONCLUSIONS AND RECOMMENDATIONS

8.1 Conclusions

The consolidation behaviour of tailings co-disposed with waste rocks either in the form of

permeable envelopes and/or inclusions in an open pit were evaluated in this study to prove the

geotechnical benefits of the drainage paths toward tailings consolidation behaviour. An approach

was developed to represent the continuous update of tailings properties and was then validated by

results from column tests on the same types of tailings. This technique was then applied to

investigate the consolidation behaviours of tailings co-disposed with waste rocks in a simplified

conventional TSF and a real scale open pit. The main results from this thesis can be summarized

as follows:

An approach to alter Mohr Coulomb properties was proposed and integrated in FLAC3D
to simulate the real evolution of material properties under sequential fillings. The approach
was then validated by comparing obtained results with measured values obtained from
compression column tests. A parametric study was also carried out to examine the
performance of various functions to predict hydraulic conductivity of tailings. The
proposed approach can capture reasonably well the non-linear evolutions of tailings
properties under compression. Results also indicated that simulations using constant
stiffness and hydraulic conductivity could induce a significant discrepancy in terms of both
the dissipation rate of excess PWP and the settlement of tailings. KC and KCM models can
be used for the prediction of the consolidation rate of tailings, at least, at the preliminary
study stage.

The presence of WRI in a conventional TSF and an open pit could enhance the
consolidation rate of tailings. WRI could increase the consolidation rate of tailings by
around 3.3 times compared to that of the model without the presence of the WRI. The zone
of influence of WRI on dissipation rate of tailings was distinctive for each type of tailings.
The construction of WRI in the pit can reduce the volume available for the storage of
tailings in open pits, and the volumetric compression resulting from tailings settlement in

models with or without WRI could be explicitly computed. Additional height that needs to
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be constructed for the TSF to compensate for the presence of the WRI can also be
estimated. The assumption of instantaneous filling had a negligible influence on the rate of
tailings consolidation.

e The influences of a permeable envelope and various co-disposal scenarios on the
consolidation behaviour of tailings in an open pit, as well as the influences of various
practical constraints were quantitatively examined using advanced 3-D simulations
performed in FLAC3D (Itasca, 2021). A permeable envelope constructed along the
perimeter of the pit can accelerate the dissipation rate of PWP and reduce contacts between
tailings and the surrounding medium. The zone of influence of the permeable envelope was
around 2 times the tailings height. The use of only a permeable envelope might not be
sufficient for wide pits with bottom radius being greater than 2 times of the depth of the
pit. Additional drainage paths such as a WRI or a bottom drain can further enhance the
consolidation rate of tailings. Dissipation rate of PWP in the pit with the combination of
all drainage paths can reach over 2.5 times faster compared to that of the model without
the presence of drainage paths. Steeper slope angles can bring about a faster dissipation
rate at locations close to the permeable envelope. The use of reduced values for the
hydraulic conductivity of the WRI might underestimate the rate of dissipation rat of tailings
close the WRI. Some post-settlement can be expected at the middle of the pit when the
tailings thickness reached 80 m even for the model with the combination of all of the
drainage paths. The increase in the filling rate somewhat decreased the consolidation rate
of tailings, increased the radius of influence of the permeable envelope and this effect

became negligible as tailings thickness increased.

Through this project, the geotechnical benefit of the permeable envelope has been proven. It was
however noted that all of the results and conclusions in this study were not meant to be site specific,
and only valid for the boundary conditions, loading condition and the state of the tailings (i.e.,
solid content) applied in this project. The application of permeable envelope concept with the
combination of WRI and bottom drains might be beneficial both in terms of the prevention of the
generation of contaminants and limitation of the differential settlement. The presence of the
pervious surround and WRI might reduce space for the storage of the tailings. This could, however,

be compensated by other benefits, which included the elimination of the construction of waste rock
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piles in the ground surface and the prevention of potential contaminants released from waste rocks
(i.e., when these materials were put under the water table). These results can therefore be useful

for practitioners and contribute to a better mine waste management strategy.

8.2 Practical consideration of co-disposal

To be able to apply the co-disposal concept, there should be a second pit that has been mined out
or mining has moved underground and exploiting activities in pits have terminated. The
application of various drainage paths composed of waste rocks in the pit can accelerate tailings
consolidation. The presence of these drainage paths, however, decrease the volume of tailings that
can be disposed of in the pit. The difference of volumetric compression (D}) between models with
and without drainage paths was around 22% (i.e., volumetric compression of the tailing mass
because of the tailings settlement for model without any drainage paths was around 22% higher
than that of the model with WRIs). It is however noted that this estimation was based on results
derived from chapter 5 for 1 row of inclusion, and it might be a bit different once various drainage
paths were applied. The application of waste rock co-disposal, thus, would depend on the mine
site-specific objectives. When the primary purpose of the mine is to prevent the contact between
tailings and local environment, then the combination of all of these drainage pathways can be
beneficial. On the contrary, if the priority was to maximize the volume of tailings that can be
placed in the pit, then using only a permeable envelope could be sufficient. Only non-reactive
waste rocks were considered in this study; however, reactive waste rocks might also be applied for
the co-disposal technique. As such, the placement of reactive waste rocks under the water table

might possibly reduce AMD from these materials (Bussi¢re & Guittonny, 2020).

Movement of water from slurry tailings towards the drainage paths composed of coarse waste
rocks may cause clogging of the drainage paths and reduce their drainage capacity. Field
observations and physical experimental tests indicated, however, that the effect of tailing
migrations on the drainage capacity of the WRI was insignificant (Essayad et al., 2018; Mbemba
& Aubertin, 2021b). Segregation of materials within the inclusions might be encountered during
the placement of waste rocks materials (with a fine layer interbedded within coarser materials),
which might be problematic for the stability analysis of the inclusions (especially when the height
of the inclusions in the pit was large) (Aubertin et al., 2016; Maknoon & Aubertin, 2021). These



175

issues were, however, not included in this study and have been examined in another project at

RIME.

Blast damage zone (BDZ) resulting from exploiting activities might have a similar effect of

permeable envelope and it can, therefore, act as a natural pervious surround (Cameron & Dave,

2015; Rousseau & Pabst, 2020). Transportation of these mine waste down to the bottom of the pit

might be expensive, and might increase time and energy costs to build the inclusions.

8.3 Recommendations for prospective works

In addition to the results obtained in this thesis, further recommendation was proposed to further

investigate the consolidation behaviour of tailings, especially the interaction with WRIs, which

includes:

A thorough evaluation on the factors affecting the values of the effective stress applied on
the tailings samples (i.e., effects of friction between tailings and column wall, loading
system, degree of saturation, and the integration of the measurement of hydraulic
conductivity in the column test) to improve the precision of the constitutive relations of

tailings is recommended.

Higher loads should be applied in column tests to cover the loading range that might be
expected in practice, especially for the case of disposal in a pit. Colum wall can also be

simulated to better represent the real conditions in the laboratory.

Other constitutive models that can capture the plastic volumetric strain of the materials
(Cap-Yield model, plastic hardening model and Modified Cam-clay model) with the
integration of continuous update of stiffness and hydraulic conductivity can be utilized to

investigate consolidation properties of tailings.

The change in the void ratio induced by the volumetric strain of materials should be
captured, which, in turn, can be used to estimate the change of hydraulic conductivity of
the tailings. The change of dried density, void ratio should also be monitored to better
represent the tailings settlement evolutions. Evolution of hydraulic conductivity along the

permeable envelope should also be monitored.
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Different analysis scheme to perform consolidation behaviour of tailings in Flac3D (e.g.,
fast-flow scheme and uncoupled scheme) might be applied to reduce the computational

times, especially for large-scale models.

Compression column tests were used to validate the developed approach, intermediate
laboratory scale or pilot tests in the field with the installation of WRIs are recommended
to comprehensively validate the approach and further demonstrate the capability of the

approach in examining the consolidation behaviour of tailings deposited in a real pit.

Interaction between tailings and permeable envelope and the local environment can be
evaluated. Flux to the surface, WRI and permeable envelope should be monitored in the
simulations. These parameters can be valuable input for the field application (i.e., the
capacity of the pumping system for the water management to ensure that they have

hydraulic capacity to manage water flowing to the drainage paths).

Desaturation, desiccation, and creep (if any) (Fourie et al., 2022) should also be considered.

Additional recommendations are provided for a comprehensive application of co-disposal

approach in a pit:

More complex configuration (orthogonal inclusions) of WRIs or in case where several
rows of inclusions were installed can be simulated by using advanced mesh generation

tools (e.g., Griddle) (Guotao et al., 2020).

Regarding the reclamation operations, these can also be coupled in the simulations to
investigate the influences of tailings post settlement on the cover systems using Flac3D

(Zhou et al., 2019).
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APPENDIX A - VERIFICATION OF COUPLED ANALYSIS OF SOIL
CONSOLIDATION IN FLAC3D

The thickness of the saturated soil layer was 10 m resting on the impervious base, large horizontal
extent and the water table at the surface of the layer (figure A-1). The 1D consolidation of a soil
layer under the application of a surface load of 50 kPa was simulated following a coupled analysis
scheme in FLAC3D to verify the capability and reliability of the software in modelling the
consolidation analysis (figure A-2). The solution in terms of PWP and displacement at the middle
of the layer was then compared with the analytical solution following the Terzaghi’s solution
(figure A-3, A-4). The model was cycled to a flow time of 5000 seconds. The following properties

are assigned for the soil:
Dry bulk modulus, K 5 x 108 Pa
Dry shear modulus, G 2 x 10% Pa
Biot’s modulus, M 4 x 10° Pa
Biot’s coefficient, & 1.0
Permeability, k 1071 m?*/Pa-sec

Results indicated that the coupled analysis scheme in FLAC3D can produce results on PWP
evolution and settlement that were in a very good agreement compared to those obtained from
Terzaghi’s solution with the differences between numerical and analytical solution always smaller
than 2% (figure A-3b, A-4b). It thus indicated that the used of the coupled analysis to investigate

the consolidation evolution in FLAC3D is reliable.
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Figure A-1: Soil layer under the application of load.

Figure A-2: Simulated domain.

197



198

0.9
0.8 4
0.7 4
0.6 4

0.5 +
0.4 -
X
%
%

*  Simulation

=2

----- Analytical solution

0.3 4
0.2 - %

PWP/Load applied

-
.

0 1000 2000 3000 4000
Time (minutes)

0.0 R—
5000 6000

(b)

10

Differences (%)

(58
X

0 1 0‘00 20'00 30'00 40.00 5000
Time (minutes)
Figure A-3: (a) Comparison of evolution of PWP in 1D consolidation derived from coupled
analysis in FLAC3D and analytical solution and (b) Differences between simulated and

analytical results.
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Figure A-4: Comparison of vertical displacement in 1D consolidation derived from coupled

analysis in FLAC3D and analytical results.
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APPENDIX B - MESH SENSITIVITY ANALYSIS
B1. Influence of the mesh size of the column test models

Since the dissipation of excess PWP in the column test occurred in the vertical direction only, the
zone size in the vertical direction was changed to 1, 1.5, 2, 3, 5 and 10 cm respectively to examine
the potential effects of the zone size on the dissipation of PWP. Figure B-1 showed the value of
time f99 at the middle of the column after the apply of the 4" cycle with various mesh sizes of the

column. It can be seen that the mesh size had almost no influence on the rate of dissipation of
PWP.

60

Mesh size chosen

/

50 A

40 <«

tyo (minutes)
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Figure B-1: Time 99 at the middle of the column test obtained by numerical models with various

mesh sizes.

B2. Influence of the mesh size for models with the presence of WRIs (models of conventional

TSF in chapter 5 and of open pit in chapter 6).
Vertical direction:

Since the dissipation of PWP in the vertical direction was not affected by the presence of WRIs, a
pseudo 3-D 60 m high model (corresponding to 12 layers) with tailings only was simulated. The
mesh size in the vertical direction was changed to 0.5, 1, 2.5 and 5 m respectively. t99 was

calculated at the elevation of 2.5 m from the bottom of the tailings column after the placement of
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layer 5 and layer 7 (figure B-2). The results indicated that the effect of zone size in the vertical
direction was insignificant. Thus, the mesh size in the vertical direction for TSF in chapter 5 (1.5

m) and for open pit in chapter 6 (2.5 m) can ensure the stability of the numerical results.
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Figure B-2: Time t9 at the elevation of 2.5m from the bottom of the model obtained by

numerical models with various mesh sizes after the placement of the 3", 5™ and 7" layers.

Horizontal direction

The dissipation of excess PWP can also occur in the horizontal direction with the presence of the
WRIs, models with the tailings co-disposed with WRI was thus run and the horizontal zone size
was assigned to various values. The height of the model was 25 m (corresponding to 5 layers),
tailings thickness was 16 m, and the thickness of WRI was 2 m (figure B-3). 99 was calculated at
the elevation of 2.5 m from the bottom of the models after the placement of layer 5 at the horizontal
distance of 2 m from the WRI (figure B-4). The result indicated that the horizontal mesh size did
have an effect on the stability of the numerical results with the presence of the WRI. It can be seen
that the numerical results would be stable if the mesh size was smaller than 2 m, which was also
the horizontal mesh size of models in chapter 5. When mesh size was assigned as 4 m (in chapter
6), the dissipation rate could be underestimated by around 17% at locations of 2 m from the WRI,
and then decreased to around 13% at 6 m. However, this effect would decrease at locations far

away from the WRI.
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Figure B-3: Simulated domain with the presence of WRI (mesh size = 1 m)
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Figure B-4: Time t99 at the elevation of 2.5m from bottom of the model and at 2 m and 14 m
from the WRI obtained by numerical models with various mesh sizes after the placement of the

5t layer.
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APPENDIX C - FISH CODE DEVELOPED TO MODIFY TAILINGS PROPERTIES

cinput parameters: initial value of Poisson’s ratio, dried density, cohesion, friction angle, dilation,

initial porosity, fluid density.

FISH define input

end

global p_ratio = 0.28
global dens = 1.55
global coh =0

global fric =38

global dil =0

global poros = 0.437
global f dens =1
;loading applied

global load 01 =-3.3
global load 02 =-26.3
global load 03 =-55.5
global load 04 =-80.4
global load 05 =-95.9
global load 06 =-116.6
global load 07 =-139.1
global load 08 =-158.1
global load 09 =-178.8
global load 10=-198.5

@input

:recall the function
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; update parameters
FISH define K update
Loop foreach local zone zone.list
;update of void ratio
local var ¢ =0.814 * (math.abs(zone.stress.effective.zz(zone)))*-0.058
;update of permeability
local perm_01 = 1.24e-6 * (var _c)"4.61
local perm 02 =Perm 01 * 100
local perm = (Perm_02 * 1.02e-6)*1000
End loop
End
;stiffness update
FISH define E_update
Loop foreach local zone zone.list
Local y mod = 85.6 * math.abs((zone.stress.effective.zz(zone)))"0.74
local y min = math.max(180,y mod)
:shear modulus
local s mod =y min/ (2.0 * (1.0 + p_ratio))
;bulk modulus
localb mod =y min/ (3.0 * (1.0 - 2.0 * p_ratio))
End_loop

end
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APPENDIX D - EFFECT OF REDUCED BULK MODULUS OF WATER

The water bulk modulus is usually assigned a value of 1-2x10° kPa (Itasca, 2021). This value was
reduced to 5x10* kPa for models in this study to reduce the computation time. Models with the
WRI co-disposed with tailings in the simplified TSF (see chapter 5) were run to test the effect of
the reduced bulk modulus of water. The evolutions of PWP at the distance of 6 and 14 m from the
WRI after the placement of the 3™ layer was calculated (figure D). Results indicated that the effect

of reduced value of water bulk modulus on the PWP evolutions was negligible.
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Figure D: PWP evolutions at the horizontal distance of (a) 6 m and (b) 14 m for models with

water bulk modulus of 1x10° and 5x10* after the placement of the 3™ layer.
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APPENDIX E - EFFECT OF THE INSTANTANEOUS FILLING ASSUMPTION

Models were also performed to evaluate the potential effect of the filling scheme on the rate of
consolidation of tailings co-disposed with WRI in a conventional TSF (see chapter 5). The degree
of consolidation at the base of the TSF at the locations of 6 and 19 m from the WRI when the
filling height reached 15 m was evaluated for the model with various filling schemes (i.e., after
the placement of 5™, 10™ and 15™ layers for models with filling rate of 3 m/year, 1.5 m/6 months
and 1 m/4 months, respectively) (figure E-1). It took almost the same amount of time for models
with such filling rates to dissipate 90% of excess PWP, which was around 26 and 37 days at the
location of 6 and 19 m from WRI, respectively (figure E-1). The effect of deposition rate on the

rate of consolidation of tailings, thus, was negligible.
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Time (days)
Figure E-1: Rate of consolidation of tailings at the base of the TSF at horizontal distances of 6
and 19 m from the WRI when the filling height reached 15 m for models with various filling

rate. 99 values were similar for models with various deposition rates.

Finally, models were also performed to investigate the effect of the filling scheme on the
consolidation rate of tailings co-disposed with permeable envelope in an open pit (see chapter 6).
The degree of consolidation at the elevation of 2.5 m from bottom of the pit at the locations of 5
and 15 m from the permeable envelope when the tailings thickness reached 15 m was examined

for models with various filling schemes (i.e., after the placement of 6" and 3™ layers for model
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with filling rate of 2.5 m/6 months and 5 m/1 year, respectively) (figure E-2). It can be seen that

the effect of the deposition rate on the rate of consolidation of tailings was insignificant.
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Figure E-2: Rate of consolidation of tailings at z = 2.5 m at horizontal distances of 5 and 15 m
from the permeable envelope when the filling height reached 15 m for models with various

filling rate. #99 values were similar for models with various deposition rates.



