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RÉSUMÉ 

Les opérations minières génèrent de grandes quantités de roches stériles, qui sont généralement 

déposées en surface à proximité des sites de production. La disposition des roches stériles à l'aide 

de la méthode de déversement avec épandage au butoir (push dumping) et la méthode de 

déversement à la benne (end dumping) entraîne généralement une ségrégation importante, créant 

des structures hétérogènes complexes dans les haldes à stériles et augmentant les risques 

d'instabilité géotechnique et géochimique. La caractérisation et l'évaluation de la ségrégation des 

stériles selon différentes méthodes de construction et hauteurs des gradins sont cependant 

extrêmement difficiles en raison des grandes dimensions des haldes, de l'instabilité des pentes 

abruptes et de la difficulté à déterminer la masse et la taille des particules grossiéres et 

irrégulières. 

L'objectif principal de ce projet était donc d'évaluer l'impact de disposition des roches stériles sur 

leur ségrégation et leur l'hétérogénéité dans les haldes et de proposer des recommandations pour 

réduire la ségrégation et améliorer la stratégie de d’entreposage. Cette recherche inclut aussi des 

objectifs secondaires qui visaient à caractériser la ségrégation et l'hétérogénéité des roches 

stériles dans les haldes et à évaluer la ségrégation dans différentes conditions opératoires lors du 

stockage. 

Des observations sur le terrain faisant l’objet d’une caractérisation des roches stériles ont été 

réalisées en analysant la distribution granulométrique le long de la pente de la halde à l'aide d'une 

analyse d'images obtenues par drones. Des simulations à la base de la méthode des éléments 

discrets à l'aide de PFC3D ont ensuite été menées à l'aide du code PFC3D pour simuler le 

comportement de l'écoulement des roches stériles lors du stockage. Une nouvelle méthode de 

calibration du modèle a été proposée pour simuler de manière fiable la ségrégation des roches 

stériles à l'échelle du laboratoire et du terrain. Cette méthode comprenait la calibration du modèle 

à l'aide de essais d'angle de repos et la validation à l'aide des essais de ségrégation pour les 

modèles à l'échelle du laboratoire, puis a été mise à l'échelle pour les modèles de terrain. Des 

modèles numériques ont finalement été utilisés pour évaluer la ségrégation et l'hétérogénéité des 

roches stériles sous divers facteurs d'influence tels que les méthodes de construction et la hauteur 

des gradins. 
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Les roches stériles caractérisées par des observations sur le terrain ont indiqué une ségrégation et 

une hétérogénéité importantes le long de la pente des haldes à stériles. Les résultats ont montré 

que la ségrégation et l'hétérogénéité latérale pouvaient entraîner une forte variabilité (différence 

d'un à deux ordres de grandeur) de la conductivité hydraulique saturée et plus généralement des 

propriétés géotechniques des stériles sur le terrain. Le contrôle de la ségrégation est donc apparu 

plus bénéfique pour améliorer la stabilité des haldes. 

L'approche de calibration proposée dans cette recherche s'est avérée facile à utiliser et efficace 

pour simuler la ségrégation des roches stériles à différentes échelles, comme le prouve la 

validation en laboratoire et sur le terrain. Ces résultats encourageants ont confirmé que les 

modèles numériques PFC3D pourraient être utilisés pour extrapoler ces observations 

préliminaires à des échelles plus larges et pour évaluer et comparer différentes méthodes de 

construction en fonction de diverses contraintes opérationnelles. Des recommandations pour 

contrôler la ségrégation et améliorer la stratégie de disposition ont été proposées sur la base de 

ces résultats. 

Les hauteurs des gradins simulées (10 m à 25 m) et les charges utiles des camions miniers (300 t 

et 600 t) ont un effet limité sur la ségrégation des stériles. 

Dans cette étude, la méthode de déversement avec épandage au butoir tend à créer plus de 

ségrégation que la méthode de déversement à la benne, car cette dernière a généré des vitesses 

initiales plus élevées, ce qui, à son tour, a contribué à réduire la ségrégation des roches stériles. 

La raison en était la hauteur relativement limitée des gradins qui devait être inférieure à 25 m 

pour réduire les instabilités géotechniques et le temps de simulation. Dans ces conditions, 

l'accumulation d'énergie pendant le flux de particules a moins d'effet sur la ségrégation que 

l'énergie initiale. 

L'optimisation de la distribution granulométrique des particules des roches stériles (avant 

déposition) et le contrôle de la vitesse de poussée semblent efficaces pour limiter la ségrégation 

des stériles. L'utilisation d'un facteur de poudre plus important ou le concassage des plus grosses 

particules est donc recommandé pour homogénéiser et contribuer à limiter la ségrégation des 

stériles. L'augmentation de la vitesse de poussée peut également réduire la ségrégation au sommet 

de la pente, mais l'effet sur la distribution des stériles au bas de la pente est plus limité. 
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La disposition latérale avec déversements séquentiels a été recommandée pour réduire la 

ségrégation des roches stériles sur le terrain. L'espacement des déversements a eu un effet limité 

sur la ségrégation des stériles, tant qu'il est resté suffisamment petit pour assurer des interactions 

entre chaque déversement. 

Cette étude a été menée pour des hauteurs de gradins limitées et des sites miniers spécifiques, et 

d'autres recherches sont recommandées pour valider ces résultats sur d'autres sites miniers avec 

des stériles et des conditions d'exploitation différents. Cependant, l'approche utilisée dans cette 

recherche pourrait être directement extrapolée à d'autres sites pour l'étude de la ségrégation des 

stériles. 

Les résultats de ces recherches devraient contribuer à améliorer le plan de dépôt des stériles sur 

les sites miniers en exploitation et futurs. Les recommandations proposées pourraient permettre 

de contrôler la ségrégation et d'homogénéiser les stériles lors de leur stockage, et ainsi 

d'améliorer la stabilité géotechnique et géochimique des haldes. 
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ABSTRACT 

Mining operations generate large amounts of waste rock which are generally disposed of on the 

surface. Waste rock disposal using push-dumping and end-dumping methods usually leads to 

significant segregation, creating complicated heterogeneous structures in waste rock piles and 

increasing risks for both geotechnical and geochemical instability. Characterization and 

evaluation of waste rock segregation under different construction methods and bench heights are, 

however, extremely challenging because of the large dimensions of the piles, the instability of the 

steep slopes and the difficulty to determine the mass and size of large and irregular particles. 

The main objective of this project is therefore to assess the effect of waste rock disposal on waste 

rock segregation and heterogeneity in waste rock piles and to propose recommendations to reduce 

segregation and improve disposal strategy. This research also included main specific objectives 

which aim to characterize waste rock segregation and heterogeneity in piles, and to evaluate 

segregation under various operational conditions during disposal. 

Field observations for waste rock characterization were conducted by analyzing particle size 

distribution (PSD) along the slope of a waste rock pile using image analysis on drone pictures. 

Discrete element simulations using PFC3D were then conducted to simulate waste rock flow 

behaviour during disposal. A new model calibration method was proposed to reliably simulate 

waste rock segregation at both laboratory and field scales. This method included model 

calibration using repose angle tests and validation using segregation tests for laboratory scale 

models, and was then upscaled for field models. Numerical models were finally used to evaluate 

waste rock segregation and heterogeneity under various influence factors such as construction 

methods and bench heights. 

Waste rock characterized by field observations indicated significant segregation and 

heterogeneity along the slope of waste rock piles. Results showed that segregation and lateral 

heterogeneity could result in high variability (one to two orders of magnitude difference) of the 

saturated hydraulic conductivity and more generally of the geotechnical properties of waste rock 

in the field. Controlling segregation appeared therefore beneficial to improve pile stability. 

The calibration approach proposed in this research proved easy to use and efficient to simulate 

waste rock segregation at various scales, as proven by laboratory and field validation. These 



x 

 

 

encouraging results confirmed PFC3D models could be used to extrapolate these preliminary 

observations to larger scales and to evaluate and compare different construction methods 

depending on various operational constraints. Recommendations to control segregation and 

improve disposal strategy were proposed based on these results. 

Simulation results showed that bench heights (10 m to 25 m) and mine truck payloads (300 t and 

600 t) had limited effect on waste rock segregation in this study. 

In this study, push-dumping method tended to create more segregation than end-dumping method 

because end-dumping method generated greater initial velocities, which, in turn, contributed to 

reduce segregation. The reason was the limited bench heights which usually be smaller than 25 m 

to reduce geotechnical instabilities and simulation time. In these conditions, the energy 

accumulation during particle flow had less effect on segregation than the initial energy.  

Optimizing waste rock PSD (before deposition) and controlling push velocity seemed efficient to 

limit waste rock segregation. Using a greater powder factor or crushing the largest waste rock 

particles was therefore recommended to homogenize waste rock and contribute to limit waste 

rock segregation. Increasing push velocity could also reduce segregation at the top of the slope 

but the effect on waste rock distribution at the bottom of the slope was more limited.  

Lateral disposal with sequential dumps was recommended to decrease waste rock segregation in 

the field. Dump spacing had limited effect on waste rock segregation, as long as it remained 

small enough to ensure interactions between each dump.  

This study was conducted for limited bench heights and specific mine sites, and more research is 

recommended to validate these results on other mine sites with different waste rock and 

operational conditions. However, the approach used in this research could be directly 

extrapolated to other sites for waste rock segregation investigation. 

The results of this research should contribute to improve the deposition plan of waste rock on 

operating and future mine sites. The proposed recommendations could help to control segregation 

and homogenize waste rock during disposal, and therefore improve geotechnical and 

geochemical stability of piles. 
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CHAPTER 1    INTRODUCTION 

1.1 Background 

Large volumes of waste rock are produced during mining activities, and are commonly deposited 

in large piles that can exceed 150 m in height, and cover several square kilometers in area 

(Aubertin, 2013; Amos et al., 2015; Hajizadeh Namaghi et al., 2015). The particle size 

distribution (PSD) of waste rock is widely graded ranging from clayey and silty particles to 

cobbles, boulders and meter-sized blocks (Morin et al., 1991; James et al., 2013). The 

management and reclamation of such large size waste rock piles represent a challenge for the 

mining industry (Bussière et al., 2020).  

The deposition of waste rock with a wide PSD generally causes segregation: coarse blocks tend 

to move downwards to the toe of the pile while fine particles remain closer to the deposition 

point near the crest of the pile (Nichol, 1986; Morin et al., 1991; Herasymuik et al., 2006). End-

dumping method is considered to produce more segregation than push-dumping method because 

of more initial energy in the waste rock with end-dumping method (Aubertin, 2013). Segregation 

is also expected to increase with the pile height because of greater energy and moment for larger 

particles when they move on a longer slope (Tang et al., 2004; Gharat, 2019). So waste rock piles 

are usually constructed using small benches to improve geotechnical stability, reduce segregation 

and enhance operation safety, but the cost for transportation and disposal may therefore also 

increase (Aubertin, 2013; Hawley et al., 2017). 

Fine particles can move through the voids between larger particles and sink down towards lower 

layers, while larger particles move faster and further in the upper layer with relatively higher 

momentum driven by gravity (Dolgunin et al., 1995; Cheng et al., 2019). Stratification then 

develops as inclined fine-grained and coarse-grained layers forms along the external pile surface 

(Fala et al., 2005). Stratification also occurs at the surface of benches where waste rock can be 

crushed and compacted by the regular circulation of heavy equipment during construction, thus 

creating less permeable horizontal layers (Anterrieu et al., 2010; Aubertin, 2013; Broda et al., 

2017). Waste rock within piles can therefore present a high degree of heterogeneity (Anterrieu et 

al., 2010; Lahmira et al., 2017; Maknoon et al., 2021). 
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Waste rock segregation and stratification bring uncertainties to the hydro-geotechnical and 

geochemical properties such as the shear strength and hydraulic conductivity (Fala et al., 2012; 

Lahmira et al., 2016; Zevgolis, 2018). Shear strength is a key parameter indicating the 

geotechnical stability of waste rock piles, and is strongly affected by the heterogeneous 

distribution of waste rock in terms of PSD and compactness (Barton, 1982; Gupta, 2016; 

Andjelkovic et al., 2018). The hydraulic conductivity may vary by several orders of magnitude, 

resulting in high degree variabilities of the water flow and water retention capacity within waste 

rock piles (Appels et al., 2018; Raymond et al., 2021). The presence of oxygen and water in 

waste rock piles can oxidize reactive minerals such as sulfides in waste rock and generate acid 

mine drainage (AMD) (Akcil et al., 2006; Qureshi et al., 2016). Large water fluxes favored by the 

high permeability of waste rock may contribute to a rapid transport of contaminated water to the 

environment, bringing risks to the geochemical stability of waste rock piles in terms of acid mine 

drainage (AMD) (Aubertin et al., 2008; Pedretti et al., 2020; St-Arnault et al., 2020).  

Much effort was put to characterize the segregation and stratification of waste rock both in the 

laboratory and field (Nichol, 1986). However, these investigations are often limited to small size 

scales (usually smaller than 0.5 m) because of the difficulties and risks to access the pile slopes, 

and the limited precision of measurement techniques for large blocks (Shepherd, 1989; Ayres et 

al., 2006; Gupta, 2016). Consequently, common characterization techniques such as sieving 

analysis are often not applicable to quantitatively characterize waste rock segregation in the field.  

Discrete element method (DEM) provides another efficient way to overcome such limitations and 

to quantify the segregation of granular material by simulating simultaneously different 

segregation mechanisms including rolling, sieving and percolation (Combarros et al., 2014; 

Cheng et al., 2019; Su et al., 2019). However, some challenges for DEM applications at field 

scale remain, including the heavy calculation pressure, the representativity of particles (which 

geometry often requires to be simplified) and the determination of input parameters (Ai et al., 

2011; Roessler et al., 2019; Coetzee, 2020). The representativeness of the simulation models for 

the field application remains controversial considering the extremely large particle volumes and 

sizes. Consequently, calibration is needed to provide reliable simulation models for the 

investigation of waste rock segregation in the field. Also, most research focused on the effect of 

heterogeneity on the hydro-geotechnical and geochemical properties of waste rock (Fala et al., 
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2012; St-Arnault et al., 2020). However, limited research is conducted to quantitatively 

characterize the segregation and the effect of main influence factors such as construction method 

and pile height. Multi-scale techniques including field observation, laboratory tests and numerical 

simulations are therefore required to investigate the heterogeneous distribution of waste rock in 

piles and the corresponding effect on the geotechnical and hydrological properties.  

1.2 General and specific objectives 

The main objective of this research was to assess the effect of waste rock disposal on waste rock 

segregation and heterogeneity in waste rock piles and to propose recommendations to reduce 

segregation and improve disposal strategy.  

To achieve this goal, several specific objectives were also proposed: 

1. Develop a particle shape model to estimate waste rock diameters and masses using image 

analysis. 

2. Characterize waste rock segregation and lateral heterogeneity statistically along the slopes of 

waste rock pile in the field.  

3. Characterize waste rock properties (characteristic diameters, segregation degree) as a function 

of the position along the slope of waste rock pile. 

4. Propose a new method to calibrate and validate discrete element simulation models and to 

accelerate the calculation time for waste rock disposal simulations.  

5. Assess the effect of construction method, bench height, and operational influence factors such 

as push velocity and mine truck payload on waste rock segregation.  

6. Propose operational recommendations to limit waste rock segregation during disposal. 

Scientific hypothesis 

Waste rock disposal can be improved by controlling segregation to homogenize waste rock 

distribution in waste rock piles 

1.3 Content of the thesis 

Chapter 1 introduces the context of this project and presents the research background, research 

needs, research question and hypothesis, and the general and specific objectives of this thesis. 
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Chapter 2 presents a literature review of waste rock disposal including material hydrogeological 

and geotechnical properties, construction methods, segregation and heterogeneity. Waste rock 

properties such as particle size distribution, repose angle and friction angle, bulk density, and 

hydraulic conductivity are presented. The commonly used construction methods such as end-

dumping and push-dumping methods are described. Segregation mechanisms, influence factors 

and indices used to evaluate the segregation degree are introduced. Finally, the main methods to 

evaluate the segregation including experiments and numerical simulations are discussed.  

Chapter 3 presents the methodology of field observation, laboratory tests and numerical 

simulations used in this research. The basic properties such as specific gravity and particle shape 

were firstly characterized, and these results were also exhibited. Waste rock segregation and 

lateral heterogeneity was characterized in the field using image analysis. Simulation models were 

calibrated and validated using repose angle tests and segregation tests in the laboratory. The 

calibrated models were finally used to simulate the flow behaviour of waste rock at field scale. 

Waste rock segregation was finally investigated considering the effect of various influence 

factors including construction method, bench height, and relevant operational factors such as 

push velocity and payload of mine trucks. 

Chapter 4 presents detailed processes and results of the field characterization of waste rock 

segregation and lateral heterogeneity using image analysis. 42 images of the waste rock slope, 

covering a 1400 m long area at Canadian Malartic mine, were analyzed to characterize waste 

rock segregation. Laboratory calibration was conducted to determine the particle shape factor 𝛼, 

which was then used to estimate the diameters of particles on the pictures, and to determine the 

PSD curves in different sections along the slopes of the waste rock pile. Waste rock segregation 

was analyzed using characteristic diameters and segregation degree from the top to the bottom of 

the slope. Lateral heterogeneity was also characterized along the lateral direction of the slopes. 

Chapter 5 presents the process of a new method to calibrate and validate the discrete element 

models carried out with PFC3D (Itasca) for waste rock segregation simulations. Experimental 

tests such as repose angle tests and segregation tests were conducted in the laboratory to calibrate 

and validate simulation models. Calibrated models were then extrapolated to reproduce the 
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segregation properties (e.g., characteristic diameters, segregation degree) during waste rock 

disposal in the field. 

Chapter 6 presents detailed simulations of waste rock disposal in the field and the effect of 

various influence factors such as construction method and bench height on waste rock 

segregation. Construction methods including push-dumping and end-dumping methods were 

mainly simulated for waste rock disposal. Various influence factors including bench heights 

(10 to 25 m), mine truck payloads (300 t and 600 t), push velocities (0.1 to 0.6 m/s), lateral 

disposal, and waste rock PSD were mainly investigated. Segregation degree (χ) and relative 

particle diameters (D10 / D10ʹ, D50 / D50ʹ, D95 / D95ʹ) from the top to the bottom sections of the 

slope were compared. A relationship between the segregation degree and the bench height was 

proposed. Some operational recommendations were then proposed to control segregation. 

Chapter 7 presents a general summary of the results, discussion, conclusion and 

recommendations for further research. 

1.4 Contributions and originality 

The main contribution of this study was to improve the understanding of waste rock segregation 

during disposal under different operational factors such as construction method and bench height. 

Waste rock segregation and heterogeneity was statistically characterized at field scale by 

analyzing the waste rock slope (covering a 1400 m long area) using image analysis. Diameters 

and masses of waste rock particles on the slope were determined for segregation and lateral 

heterogeneity investigation. A new method was proposed to calibrate and validate simulation 

models for waste rock disposal simulations. This method can simply calibrate the simulation 

models for segregation investigation by measuring the repose angles of tested granular materials. 

In addition, this method can accelerate the calculation time for waste rock disposal simulations in 

industrial level using discrete element method. Calibrated simulation models can then be used to 

reproduce the process of construction methods and provide a better insight on the heterogeneous 

distribution of waste rock from an operational point of view. 

The characterization of waste rock segregation and heterogeneity remains a challenge for 

researchers and the industry, and the work in this project is therefore original in many aspects. 
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This project combined different techniques including field observations, experimental tests, and 

extensive discrete element simulations. This thesis quantitatively analyzed waste rock segregation 

under various operational influence factors. A relationship between segregation degree and bench 

height was proposed. End-dumping and push-dumping methods were simulated to investigate the 

vertical segregation and lateral heterogeneity of waste rock during disposal. Many operational 

factors such as mine truck payload, push velocity and lateral disposal were mainly investigated. 

The research results in this project will be helpful to control segregation for waste rock disposal 

on the surface or in open pit. 
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CHAPTER 2    LITERATURE REVIEW 

2.1 Waste rock generation and management  

Surface and underground mining operations involve a series of processes including blasting, 

excavation, hauling, waste storage and ore milling. Blasting breaks intact rock into pieces, 

making transport of rocks possible for storage or further processing (Price et al., 2010; MEND, 

2015). Both surface and underground mines produce large amounts of waste rock. For example, 

an estimated total of 450 Mt of waste is placed on the waste rock pile at Canadian Malartic mine 

with the storage volume of 230 Mm3 (Lehouiller et al., 2020). The Lac Tio open-pit mine is 

located 43 km north of Havre-Saint-Pierre (Quebec, Canada). Around 72 Mt of waste rock have 

been produced and disposed in piles around the Lac Tio mine (Martin et al., 2017). West Line 

Creek pile covers a surface area of about 2.7 km2 with a pile height reaching 115 m, and contains 

about 2.1 × 106 billion bank cubic meters of waste rock (Mahmood et al., 2017).  

Waste rock management is a challenge for the industry to consider environmental, economic and 

safety issues. Many different approaches are used to manage waste rock such as in-pit disposal 

(MEND, 2015), co-disposal of waste rock and tailings (Demers et al., 2021), underground 

backfill (Belem et al., 2008), or valorization (Sylvain et al., 2019). The most common 

management approaches, however, remain the disposal of waste rock in surface piles and in open 

pits (Azam et al., 2006; Abrosimova et al., 2015; Wilson et al., 2018). 

2.1.1 Waste rock piles 

Large waste rock piles are usually constructed with benches of 10 to 25 m high (Aubertin, 2013). 

Different construction methods are used for waste rock disposal depending on the topography of 

the storage area, foundation conditions, available equipment, and overall pile design (Maknoon, 

2016; Puell Ortiz et al., 2017). Four main methods are usually used for waste rock disposal, 

including end dumping, push dumping, free dumping, and dragline (Morin et al., 1991; 

McLemore et al., 2009): 

End dumping: End-dumping method (Figure 2.1a) is the most frequently used method to build 

waste rock piles (Aubertin, 2013; Tomaschitz et al., 2018). Waste rock is dumped from the truck 

on the top edge of the waste rock pile and falls down along the slope. The mass of waste rock 
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dumped from each truck usually ranges between 40 and 400 tons. End dumping method usually 

causes segregation with more coarser particles moving further to the bottom of the pile and 

smaller particles tending to remain near the top of the slope (Nichol, 1986; Zhang et al., 2017). 

End dumping method usually creates relatively loose slope surface since waste rock is dumped 

freely without mechanical compaction (Boakye, 2008). Stratification also occurs when waste 

rock particles flow along the slope with fine layer and coarse layer advanced alternatively 

(Hawley et al., 2017; Raymond et al., 2021). 

Push dumping: Push-dumping method (Figure 2.1b) is used to built waste rock piles by dumping 

waste rock close to the crest of the pile and then pushing them in the slope using dozers (Moffitt, 

2000; Pearce et al., 2016). Push dumping method provides less initial energy to waste rock 

compared to end-dumping method, and therefore induces less segregation. Previous research 

indicated that about 40% of the largest particles accumulate at the base of the slope with push-

dumping method, compared to about 75% with end-dumping method (Nichol, 1986; Morin et al., 

1991). Larger particles are distributed more randomly during pushing and resurfacing. The slope 

of waste rock pile can be reshaped in push-dumping method, creating higher (or lower) slope 

angles (Raymond et al., 2021). 

 

 

Figure 2.1: (a) End dumping method and (b) push dumping method for waste rock pile 

construction (a and b were taken from Pearce et al. 2016 and Paul et al. 2011, respectively) 

 

(a) (b)
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Free dumping method: Free-dumping method is typically used to dispose of waste rock as small 

heaps on the pile surface, and dozers and compactors then level and compact the surface (Fala et 

al., 2003). Free dumping method is usually used to built piles with lower heights at the early 

stage of the operations. The technique is then often replaced by end dumping or push dumping 

methods to deposit waste rock on the leveled surface. Segregation caused by this method is not 

significant but high variation in the physical properties of waste rock (e.g., bulk density) can be 

observed because of the different degrees of compactness (Tachie-Menson, 2006). 

Dragline: Draglines are primarily used for coal mines and open-pit operations (Rai et al., 2011; 

Mohammadi et al., 2016). Dragline spoils are deposited directly on the pile surface, and the effect 

on compaction and segregation is usually limited (Nichol, 1986). 

Construction methods such as end-dumping and push-dumping methods usually cause significant 

segregation, creating complicated heterogeneous structures and increasing the risk for 

hydrogeotechnical instabilities (Anterrieu et al., 2010; Broda et al., 2017; Lahmira et al., 2017) 

(see section 2.3). Waste rock usually contain reactive sulfidic minerals, acid mine drainage 

(AMD) may be produced when these sulfidic minerals are oxidized and contaminate the 

surrounding environment (Aubertin et al., 2008; Qureshi et al., 2016; Pedretti et al., 2020). 

However, waste rock reactivity was out of the scope of this thesis and will not be further 

discussed here. 

2.1.2 In-pit disposal 

In-pit disposal is an attractive alternative technique to surface disposal which consists in 

depositing mine waste (i.e., waste rock and tailings) directly into the open pits. In-pit disposal of 

waste rock could be beneficial in terms of environmental, physical, financial, and social aspects 

(Ayres et al., 2006; MEND, 2015; Bussière et al., 2020), and more particularly to: 

• Isolate wastes permanently and reduce the possible acid generating and metal leaching 

from mine wastes. In-pit disposal can also help restoring the mine site to pre-mining 

conditions and the site aesthetics can be improved on closure. 
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• Improve the long-term geotechnical stability of mine waste store sites, stabilize pit walls, 

eliminate potential accidental solids release, and reduce waste management care and 

maintenance. 

• Reduce the need of tailing dams. The large amount of tailings can be stored in the pit so 

that there is no risk of dam failure (Lumbroso et al., 2019), no cost for tailing dam 

construction and maintenance and relevant liquefaction (James et al., 2017). 

• Reduce the long-term management care and maintenance of mine wastes that are disposed 

on the surface. 

Two main strategies, namely top-down disposal and bottom-up disposal, are usually considered 

for in-pit disposal depending on the topography, cost and engineering schedule (Joseph et al., 

2007; Bar et al., 2020):  

Top-down disposal: Waste rock is dumped on the top of a progressively advanced slope. Waste 

rock is usually in a relatively loose state (Lahmira et al., 2017). 

Bottom-up disposal: Waste rock is dumped into small heaps on the bottom of the pit and then 

leveled and compacted into thin bench. New waste rock is continuously dumped on the existing 

surface and compacted into new layers (Zevgolis, 2018).  

The choice of a disposal strategy directly affects the waste rock piles’ geotechnical stability and 

has significant economic impacts (Spitz et al., 2019a), but can be complicated under different 

considerations. 

Bottom-up disposal usually leads to denser waste rock because of repeated compaction and 

operation for each bench. The slope of waste rock dumped with top-down disposal is close to the 

natural repose angle in a loose state, which leads to a lower factor of stability (Williams, 1996).  

The noise and large uncertainties regarding the internal structure of waste rock pile also bring 

great challenges to in-pit disposal when top-down disposal is applied. 

Segregation is usually more significant with top-down disposal than bottom-up disposal. Coarse 

particles tend to accumulate close to the toe because of higher initial momentum when they fall 

down along a higher slope in top-down disposal (Nichol, 1986). This is not the case with bottom-
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up disposal in which waste rock is dumped and compacted layer by layer, resulting in less 

segregation. 

Progressive reclamation is complex for piles constructed with top-down disposal because waste 

rock pile is accessible only at the end of the disposal. On the contrary, bottom-up disposal allows 

progressive or temporary reclamation during disposal, increasing the safety of waste rock pile for 

mine closure or if the backfilling operations last several years (Zevgolis, 2018). 

Bottom-up disposal is also more complex to plan, requires a larger fleet of vehicles, increases gas 

consumption and maintenance costs (for roads and ramp, but also for haul trucks which are not 

designed to drive downwards) (MEND, 2015). 

Open pit can reach hundreds of meters depth, and the haul road is mainly designed to transport 

ore rock up to the surface for waste storage and metallurgical processing (MEND, 2015). 

However, in-pit disposal needs to transport waste rock back into the pit when bottom-up disposal 

is used, increasing the risk to transportation and accelerating the deterioration of equipment.  

In practice, in-pit disposal is therefore often complex to implement because of operational and 

technical challenges in terms of mining cycle, safety, hydrological aspects and other site specific 

aspects (MEND, 2001, 2015). Waste rock disposed in pits may interact with the groundwater 

when the mine waste is not adequately isolated from the local environment, bringing risks to the 

generation of acid mine drainage (AMD) and surrounded environment pollution (Villain et al., 

2014; Barfoud et al., 2019; Rousseau et al., 2022). There are also other general limitations to in-

pit disposal independently of the deposition methods. For example, the tendency of disposed 

mine wastes to consolidate over the long-term results in surface settlement after, and thus a need 

for prolonged backfilling (Puhalovich et al., 2011; Villain, 2014). 

In general, waste rock disposal including surface disposal and in-pit disposal, generates different 

degrees of waste rock segregation and stratification depending on the selected construction 

methods. As a consequence, waste rock distribution in terms of PSD, porosity (or compactness) 

and settlement, exhibits high degree of uncertainties. 
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2.2 Geotechnical and hydrogeological properties of waste rock 

2.2.1 Particle size distribution 

waste rock PSD is widely graded ranging from clayey and silty particles to cobbles, boulders and 

meter-sized blocks (Aubertin, 2013; James et al., 2013; Smith et al., 2013a). The maximum 

particle diameter of waste rock in the field can reach several meters (Figure 2.2). Waste rock 

uniformity coefficient CU (= D60 / D10) is usually larger than 20 and even up to 440 (Gamache-

Rochette, 2004; Fala et al., 2005; Aubertin, 2013). The typical grading characteristics for waste 

rock are summarized in Table 2.1. The uniformity coefficient CU is often considered a practical 

and easy-to-use criterion to estimate possible segregation of a coarse material during disposal, 

and a greater CU (usually CU > 3) is generally deemed to indicate a higher segregation risk 

(Langroudi et al., 2015). 

 

 

Figure 2.2: PSD curves of waste rock in the field. The details of the gradation characteristics are 

summarized in Table 2.1. 
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Table 2.1: Gradation characteristics of waste rock in the field. 

Dmax 

(mm) 

D60 

(mm) 

D50 

(mm) 

D30 

(mm) 

D10 

(mm) 

CU 

(-) 

CC 

(-) 

Reference 

20-1000  0.9-79 0.6-55 0.2-25 0.01-6 13-228 1.3-5 Gamache-Rochette (2004) 

2000 370 273 127 18 21 2.5 Corazao Gallegos (2007 

2000 1106 913 548 - - - Chi (2011) 

2000 29-261 18–193 4-60 0.1-9 13-284 1.2-6.6 Blackmore (2015) 

590-980 264-704 210–647 82-496 86 8 4 Hawley et al. (2017) 

2660 1461 1190 727 304 4.8 1.2 Zhang et al. (2017) 

254 86.1 57.1 18.6 2.2 39.1 1.8 Essayad (2021) 

 

Sieve analysis (ASTM D6913) for the coarse fractions (> 0.075 mm), combined with wet sieving 

(ASTM C117) and hydrometer tests (ASTM D7928) for fine fractions (< 0.075 mm), are 

traditionally used to characterize the PSD of waste rock (and other mine wastes) in the 

laboratory. But the limited sieve sizes and practical difficulties may lead to the collection of 

unrepresentative samples, which do not reflect the whole sizes of waste rock in the field (Hawley 

et al., 2017). Image analysis is therefore a useful alternative which allows to determine waste 

rock PSD (Fernlund, 2005; Amos et al., 2015; Dipova, 2017). Image analysis can provide both 

quantitative and qualitative information of PSD and shape characteristics (Zhang et al., 2017). 

Different tools can be used for image processing such as 3D laser scanner (Sun et al., 2014), 

Computed Tomography (CT) imaging (Zhang et al., 2018), Scion Image (Wijekoon et al., 2008), 

or ImageJ (Masad et al., 2005; Kumara et al., 2012; Ohm et al., 2013). 3D scanner and CT 

imaging are not well suited to analyze field waste rock particles because these apparatuses are in 

small dimensions and can not test several tonnes of waste rock for PSD determination.  

The main limitation of image analysis is that pictures are taken in 2-dimensions and do not give 

information on the particle mass (Mora et al., 1998; Kwan et al., 1999). Each particle mass can be 

evaluated by estimating its volume multiplied by its specific gravity. Particles are then assumed 
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to have standard geometries such as cubes, spheres, rectangular prisms and ellipsoids (Raschke et 

al., 1997; Kumara et al., 2012; Dipova, 2017), which allow to easily estimate their volume from 

2D projections, and shape models such as ellipsoid model, Feret’s diameter model, and sphere 

model were specifically developed for that purpose (Kumara et al., 2012). 

The sphere model (Figure 2.3a) converts the measured particle area (A) to the equivalent particle 

diameter of a sphere (De,  De = 2 × √A/π), which is used to calculate the particle volume (Li et 

al., 2005). Sphere model is easy and fast when a large number of particles are analyzed such as 

waste rock in the field (Shanthi et al., 2014; Zhang et al., 2017). 

Feret’s diameter model (Figure 2.3b) defines the long and medial axes as the maximum and 

minimum Feret’s diameters. Maximum Feret’s diameter (Fmax) is the longest distance between 

any two points along the particle boundary, and minimum Feret’s diameter (Fmin) is the minimum 

caliper diameter of the particle (Ferreira et al., 2012; Hamzeloo et al., 2014). The minimum 

bounding rectangle is the expression of the maximum extents of a 2-dimensional object that fits 

in a rectangle, which can then be used to obtain the dimensions of the fitted ellipse (Ferreira et 

al., 2012). 

The ellipsoid model consists in fitting a particle in an ellipse using the long and short axes in the 

projected area. The 3-D ellipsoid particle is represented by a long (a; Figure 2.3c), a medial (b; 

Figure 2.3 c and d) and a short axis (c; Figure 2.3d). The volume (V) of an ellipsoid is then 

calculated by (Kumara et al., 2012):  

 

                                                       𝑉 =
4

3
𝜋 ×

𝑎

2
×

𝑏

2
×

𝑐

2
                                                      (2.1) 

 

However, the 2-D projected area provides only the long and medial axes. The short axis c is 

hidden in the out of plane dimension and has to be estimated using a shape factor λ (λ = c / b) 

(Đuriš et al., 2016). Particles from the same source are usually deemed to exhibit similar shape 

characteristics and the shape factor is therefore assumed to be constant for a same material, 

independently of the particle size (Mora et al., 1998; Dipova, 2017).   
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Finally, particle diameter in sieving analysis corresponds to the size of the square sieve aperture 

(d in Figure 2.3), but some particles could pass through the diagonal of the corresponding square 

sieve aperture. Consequently, particles passing through a given sieve can be larger than the sieve 

size. An equivalent particle diameter (De) is usually introduced in image analysis to match the 

definition of particle diameter and sieve opening (Kumara et al., 2012; Dipova, 2017). The 

equivalent particle diameter for the ellipsoid model is calculated by (Ohm et al., 2013): 

 

                                                         De = √(b2 + c2)/2                                                       (2.2) 

 

Where De: equivalent particle diameter (mm); b and c: medial and short axis (mm). 

The equivalent particle diameter for Feret’s diameter model is calculated by: 

 

De = F𝑚𝑖𝑛 √2⁄                                                            (2.3) 

 

Where Fmin: Minimum Feret’s diameter (mm). 

These particle shape models have been widely used to determine the particle size distribution of 

waste rock in the field (Bhatia et al., 1990; Dipova, 2017; Zhang et al., 2017). These models are 

all built based on different simplifications, resulting in differences of particle diameters and mass 

estimations. In this study, these shape models would also be used for waste rock characterization, 

and the difference of these models would be compared in this project (see details in chapter 4). 
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Figure 2.3: Typical shape models of waste rock. (a): Sphere model with the equivalent particle 

diameter De. (b): Feret’s diameter model, with Fmin and Fmax representing the minimum and 

maximum distance between any two points along the particle boundary. (c): Ellipsoid model, 

with a and b representing the long and medial axis of the projected particle area. (d): One particle 

passing through the square sieve aperture. Length d represents the size of the sieve aperture. c 

represents the short axis of the particle (Adapted from Ohm et al 2013). 

 

2.2.2 Particle shape 

Particle shape highly affects the assemblies and the friction properties of granular material 

(Barton, 1982; Azema et al., 2010; Carrasco et al., 2022). Particle shape is mainly characterized 

using shape descriptors such as circularity (also sphericity) (Blott et al., 2008), roundness (Zheng 

et al., 2015), elongation and flatness (Azema et al., 2010; Carrasco et al., 2022). 

The degree of sphericity is originally expressed as the ratio of the surface area of a particle to that 

of a perfect sphere with equal volume (Wadell, 1932). Sphericity is used to evaluate the degree to 

which the particle shape approximates that of a real sphere (Bagheri et al., 2015). The circularity 
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indicates a perfect circle with a value of 1.0, while indicates an increasingly elongated shape as 

the circularity approaches 0. However, surface area is often difficult to measure on irregular 

granular particles (e.g., waste rock and rockfill). So circularity is an alternative shape descriptor 

to estimate the sphericity of particles based on the projected 2-dimension particle (Blott et al., 

2008). The sphericity can range between 0.6 and 0.7 for crushed rock (Sun et al., 2014) 

The roundness is originally defined as the ratio of the average radius of curvature of particle 

corners to the radius of the maximum inscribed circle (Wadell, 1932). Roundness quantifies the 

sharpness of particle corners (Zheng et al., 2015). For example, roundness close to 0.0 means 

angular particle and close to 1.0 means well-rounded particles. However, identification of curved 

corners is difficult because the outline of a gravel particle includes various scales of curvature. So 

some simplified formulae are also used to estimate the roundness of granular particles based on 

the dimension of the projected area of a particle (Kuenen, 1956). Angularity is considered as the 

opposite of roundness (Blott et al., 2008). Waste rock particles are characterized as angular and 

very angular particles (Azam et al., 2009). 

The elongation (= b / a) and flatness (= c / a) represent the three dimensions of a particle (Bagheri 

et al., 2015). An elongation degree of close to 0.0 means extremely elongated particles and close 

to 1.0 means non-elongated particles. Similarly, A flatness degree of close to 0.0 means 

extremely flat particle and close to 1.0 means non-flat particles. The elongation can widely range 

between 0.3 and 0.9, and the flatness can range between 0.07 and 0.6 for waste rock particles 

(Ovalle et al., 2020). Some others report that the elongation is greater than 0.5, with a mean of 

around 0.75, while flatness ranges between 0.2 and 1.0 (Linero et al., 2017) 

The main shape descriptors are summarized in Table 2.2 and Figure 2.4. These shape descriptors 

are still widely used for granular particles (e.g., waste rock, rockfill) (Hamzeloo et al., 2014; 

Vangla et al., 2018; Sozzi et al., 2021; Zhang et al., 2021). The shear strength and the dilation of 

the granular material increase with increasing irregularity and elongation (Xu et al., 2021). An 

increase of roundness from 0.1 (very angular) to 1 (well rounded) can also produce a decrease of 

the critical state friction angle of sandy soils from 40º to 28º (Cho et al., 2006).  
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Table 2.2: Formulae used for shape descriptors calculation. P: the perimeter of the particle (mm); 

A: the area of the particle (mm2); Di: the diameter of the largest inscribed circle (mm); Dc: the 

diameter of the smallest circumscribing circle (mm). a, b, c: the longest, medial, and short axis of 

a particle (mm). The details of these values are shown in Figure 2.4. 

Shape descriptor Formula Range Reference 

Elongation 𝑏 𝑎⁄  0 - 1 Kuenen (1956) 

Flatness 𝑐 𝑎⁄  0 - 1 Blott et al. (2008) 

Circularity 4𝜋𝐴 𝑃2⁄  0 - 1 Cox (1927) 

Circularity / Roundness 4𝐴 (𝜋𝑎2⁄ ) 0 - 1 Pentland (1927) 

Circularity 4𝐴 (𝜋𝐷𝑐
2)⁄  0 - 1 Tickell (1932) 

Circularity √4𝜋𝐴 𝑃2⁄  0 - 1 Wadell (1933) 

Circularity √𝐷𝑖 𝐷𝑐⁄  0 - 1 Riley (1941) 

Circularity 𝑃2 𝐴⁄  > 4π Janoo (1998) 

Sphericity (𝑏𝑐 𝑎2⁄ )1/3 0 - 1 Krumbein (1941) 

Sphericity (𝑐2 𝑎𝑏⁄ )1/3 0 - 1 Sneed et al. (1958) 

Roundness Σ(r/Di) N⁄  0 - 1 Wadell (1933) 

Roundness 𝐷𝑐 𝑏⁄  0 - 1 Kuenen (1956) 
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Figure 2.4: Schematic illustration of shape characterization based on a projected particle (in grey). 

C1 – C11: corners of the particle (mm). Black circles are used to indicate the radius of the 

curvature of the corners. Corner C1 indicates the smallest circumscribing circle with diameter Dc. 

The red circle represents the largest inscribed circle with the diameter of Di. a and b represent the 

longest and medial axis of this particle. Short axis c is hidden in the projected area and is not 

shown in this figure. 

 

2.2.3 Specific gravity, density and porosity 

The specific gravity (GS) can range between 2.4 and 4.8 or more for waste rock (Bussière, 2007; 

Essayad, 2021). The dry bulk density of waste rock can range between 1600 and 2700 kg/m3 

(Williams, 2001; Adams et al., 2007; Bay, 2009). Waste rock bulk density highly depends on the 

compactness of the material, which is heterogeneously distributed within waste rock pile 

(Wickland et al., 2010; Weil et al., 2016). Waste rock porosity can range between 0.15 and 0.55 

(Adams et al., 2007; Bay, 2009). Table 2.3 presents some values of specific gravity, bulk density, 

and porosity of waste rock material reported in the literature. 
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Table 2.3: Basic geotechnical properties of waste rock in the field.  

Mine site 
Dry density 

(kg/m3) 

Wet density 

(kg/m3) 

Specific 

gravity 
Porosity References 

WISMUT 

GmbH 
1630 - 2100  2.64 - 2.75 0.31 - 0.40 

Hockley et al. (2003) 

Goldstrike 

mine 
1960 2040 2.48 - 2.68 0.26 

Martin et al. (2004) 

Davis  

mine 
2650 - - 0.35 - 0.55 

Adams et al. (2007) 

Golden 

Sunlight Mine 
1500 - 2100 - - 0.23 - 0.26 

Azam et al. (2007) 

Antamina mine 2330 2400 1845 -0.11 - 0.45 
Corazao Gallegos (2007); 

Vriens et al. (2019) 

- 1570 - 1608 - 2.78 - 2.83 0.45 Azam et al. (2009) 

Antamina mine 1845 - 2000 - 2.894 0.15 - 0.45 Bay (2009) 

Canadian 

Malartic mine 
1500 - 2310 - 2.71 - 2.81 0.16 - 0.35 

Essayad (2021) 

 

2.2.4 Saturated hydraulic conductivity 

Waste rock saturated hydraulic conductivity (ksat) usually varies between 10-6 m/s and 10-2 m/s 

depending on several factors such as porosity, PSD (Chapuis, 2004; Wickland et al., 2010; 

Wilson et al., 2022). Table 2.4 presents various ksat of the waste rock material from different mine 

sites. The variations of saturated hydraulic conductivity could result in preferential flow within 

waste rock piles (Fala et al., 2005; Fala et al., 2012; Neuner et al., 2013). Sometimes, one or two 

orders of magnitude difference in the hydraulic conductivity can make water flow along irregular 

and diverted paths (Lahmira et al., 2016, 2017).  

Standard permeability tests including constant head tests and variable head tests are mainly used 

in the laboratory according to the ASTM standards (ASTM, 2006, 2007, 2016b). But it is 
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difficult to precisely conceptualize the experimental system because the experiment specimens 

are usually in small scales and contain only limited particle size, and the pore structures of 

laboratory specimens are sometimes different to the field conditions (Benson et al., 2007). 

Infiltration tests (Lessard, 2011; Pieretti et al., 2022) and geophysical investigation (Anterrieu et 

al., 2010; Dimech et al., 2019; Dimech et al., 2022) are mainly used to determine the saturated 

hydraulic conductivity in waste rock pile. It is also challenging to operate on the large scale waste 

rock pile under complicated field condition (Gorakhki et al., 2022). Many predictive models have 

been proposed to estimate ksat based on the geotechnical properties (e.g., D50 and void ratio) such 

as Hazen model (Hazen, 1991), Kozeny-Carman (KC) model (Chapuis et al., 2003) and Kozeny-

Carman Modified (KCM) model (Mbonimpa et al., 2002). These models can well predict waste 

rock saturated hydraulic conductivity (Gamache-Rochette, 2004; Peregoedova, 2012; Lanoix et 

al., 2017; Essayad, 2021). 

 

Table 2.4: Values of hydraulic conductivity of waste rock from literature. 

Mine site ksat (cm/s) References 

Goldstrike mine 6×10-3 Martin et al. (2004) 

Mine at south Carolina 2×10-2 Fines (2006) 

Golden Sunlight Mine 2×10-3 - 5×10-3 Azam et al. (2007) 

Antamina mine 1×10-4 - 3×10-4 Corazao Gallegos (2007) 

Lake Tio mine 4×10-3 – 1 ×10-1 Peregoedova (2012) 

Diavik mine 1 Neuner et al. (2013) 

 

2.2.5 Repose angle 

The bench slopes in a waste rock pile usually form at waste rock repose angle, which could 

widely range between 30° and 40° (Burnley, 1993; Xu et al., 2017; Zhang et al., 2017). An 

average repose angle for free-dumped or end-dumped (see section 2.2) cohesionless rockfill 
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ranges between 35° and 40° with a typical value of 37° (Quine, 1993; Williams et al., 2008). 

Repose angles for different waste rock piles are presented in Table 2.5. 

Loose-dumped waste rock slopes are usually subjected to rainfall, resulting in decrease of the 

geotechnical stability. The friction angle is sometimes estimated using the repose angle (Linero et 

al., 2007; Blight, 2010; Spitz et al., 2019b). However, material’s repose angle represents the 

loosest packing state or the friction angle at the critical state (Williams, 1996). The friction angle 

is expected to be 4° to 6° higher than the repose angle of the material on loose-dumping, because 

of the effects of overburden stress (Xu et al., 2017).  

The repose angle of granular material can also be used to calibrate discrete element models 

because it can give an indication of the material flowability and is directly related to particle 

intrinsic properties such as the friction and rolling (Roessler et al., 2019). The repose angle in 

simulation models is mainly controlled by friction coefficient (Just et al., 2013; Combarros et al., 

2014), rolling resistance coefficients (Iwashita et al., 1998; Roessler et al., 2019) and contact 

damp (Yan et al., 2015; Santos et al., 2016a) (see details in section 2.3.4). 

 

Table 2.5: Values of repose angles for different waste rock. Dmax [L]: Maximum particle 

diameter. 

Repose angle (°) Dmax (m) Bench height (m) References 

32-37 - 140 Burnley (1993) 

34-40 - 75-90 Quine (1993) 

37-38 - 50-400 Moffitt (2000) 

38 - - Azam et al. (2007) 

38 > 0.9 15 Smith et al. (2013a; 2013b) 

37 1.5 10 Gervais et al. (2014) 

30-40 2.66 20 Zhang et al. (2017) 
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2.2.6 Shear strength 

Waste rock shear strength varies with the geotechnical properties such as PSD, porosity and 

water content, which increases uncertainties and risks for geotechnical instability of waste rock 

piles (Iabichino et al., 2014; Zevgolis, 2018). According to Mohr-Coulomb failure criterion 

(Coulomb, 1776; Mohr, 1900), shear strength of a granular soil can be defined as: 

 

τ=c′+(σn–uw) tan φ′                                                                                  (2.4) 

 

Where: c′: the effective cohesion (kPa); φ′: the internal friction angle (°); σn: the total normal 

stress on the plane of failure (kPa); (σn – uw): the effective normal stress on the plane of failure 

(kPa); uw: the pore water pressure (kPa). 

Effective cohesion occurs because of the presence of cementing materials such as clay minerals 

and the precipitation of secondary minerals (Boakye, 2008). The effective cohesion is usually 

close to zero for waste rock (< 5 − 10 kPa) because of the small amount of clay (Aubertin, 2013).  

Waste rock friction angle typically ranges between 21º and 62º depending on the condition of the 

targeted materials (Raymond et al., 1978; Indraratna et al., 1998; Azam et al., 2009; Aubertin, 

2013). The friction angle is typically correlated to many factors such as compactness state, PSD, 

particle shape, roughness and water content. (Marschi et al., 1972; Barton, 1982; Gupta, 2016).  

Waste rock friction angle highly relates to the normal stress (also confining stress in triaxial test). 

The peak friction angle generally decreases with normal stress because waste rock particles under 

lower stress are more prone to displacement and rotation, leading to dilatancy and an increase of 

the friction angle (Indraratna, 1994; Andjelkovic et al., 2018; Zevgolis, 2018). Increasing normal 

stress can also result in the crushing of large particles and reduction of friction angle (Bard et al., 

2011; Zhao et al., 2012). 

The friction angle strongly depends on particle shape, and waste rock with more angular and / or 

elongated particles have higher strength than rounded particles (Xiao et al., 2019). Particle shape 

varies with particle size (Linero et al., 2017), and waste rock presenting a wider PSD enhances 
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particle interlocking effect and therefore increase the shear strength (Nguyen et al., 2015; 

Carrasco et al., 2022). 

The effect of particle size on the friction angle is still controversial among researchers, and some 

consider the increase of maximum particle size increases the friction angle (Simoni et al., 2006; 

Fakhimi et al., 2011; Kim et al., 2014), while others indicate that the friction angle decreases with 

increasing the maximum particle size (Pankaj et al., 2013; Honkanadavar et al., 2014). There are 

also different suggestions that the intermediate-size particle has more influence on the shear 

strength than the oversize particles (Wang et al., 2013). 

Waste rock shear strength can be determined using laboratory and field tests, and estimation 

models. Field tests usually require large volume of material and complicated test processes 

(Oyanguren et al., 2008; Coli et al., 2011). So, scaling-down techniques used in the laboratory 

tests, including direct shear test and triaxial test, are still the main methods to determine waste 

rock shear strength (Fox et al., 2011; Ovalle et al., 2014; Deiminiat et al., 2022). 

2.2.6.1 Direct shear tests 

Direct shear test is usually used to determine waste rock shear properties in the laboratory 

considering its easy operation (ASTM, 2011a). The maximum particle diameter (Dmax) in the 

specimen should be less than 1/10 of the width (W) and 1/6 of the initial specimen thickness 

(ASTM, 2011a). The maximum particle size is approximately 5 mm for small-scale direct shear 

test with a typical initial width (or diameter) of 50 mm (Bareither et al., 2008; Kim et al., 2014; 

Ziaie Moayed et al., 2016). A minimum W / Dmax of 10 is still considered not large enough to 

provide reliable test results (Deiminiat et al., 2022). As a consequence, regular direct shear test 

setups are not applicable for mine waste rock that typically ranges from clay to large boulders of 

several meters in diameter (Fakhimi et al., 2011; Gupta, 2016). Direct shear devices are therefore 

redesigned and extended to test the shear strength of granular material and their applications are 

listed in Table 2.6. 
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Table 2.6:  Maximum particle diameters and specimen sizes for direct shear tests 

Material Specimen size 

(mm) 

Dmax 

(mm) 

Shear rate 

(mm/min) 

Vertical 

stress (kPa) 

Reference 

Soil–rock 

mixture 

600 × 600 × 400  300 6 - 8 - Xu et al. 

(2011) 

Accumulation 

Soil 

500 × 500 × 400 20 - 60 0.5 100 - 250 Wang et al. 

(2013) 

Granular 300 × 300  15.9 0.0001 - 10 98 - 294  Kim et al. 

(2014) 

Waste rock 300 × 300 × 200 20 0.09 100 - 300 Alias et al. 

(2014) 

Sand 300 × 300 × 154 - - 109 - 218  Ziaie Moayed 

et al. (2016) 

Rockfill 800 × 800 × 650 100 - 125 - 250 - 2090 Andjelkovic et 

al. (2018) 

Waste rock 720 × 720 × 720 100   Linero et al. 

(2020) 

Waste rock 300 × 300 × 180 6 1.5 50 - 150 Deiminiat et al. 

(2022) 

 

2.2.6.2 Triaxial tests  

Triaxial tests, such as consolidated undrained (CU) triaxial test (ASTM, 2011b) and consolidated 

drained (CD) triaxial test (ASTM, 2011c), are also commonly used methods to determine the 

shear strength of coarse materials (Hawley et al., 2017). The sample-size ratio (d/Dmax), defined 

as the ratio of the specimen diameter (d) to the maximum particle size (Dmax), is usually 

recommended to be larger than 6 (ASTM, 2011b; Fox et al., 2011). A sample-size ratio of 5 is 

also recommended to eliminate the effect of shear strength overestimation (McLemore et al., 

2009). Many large-scale tests are therefore conducted to overcome the limitation of oversize 

particles, and typical applications are presented in Table 2.7.  
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Table 2.7:  Maximum particle diameters and specimen sizes used for triaxial tests. D: diameter; H: 

height of specimens. 

Material Dmax 

(mm) 

Shape Specimen size 

(mm) 

Reference 

Rockfill 180 Cylinder 1130 (D) × 2500 (H) Marsal (1967) 

Rockfill 152 Cylinder 915 (D) × 2286 (H) Marachi (1969); Marschi 

et al. (1972) 

Rockfill 25.4 - 38.1 Cylinder 300 (D) × 600 (H) Indraratna et al. (1993) 

Waste rock 200 Cylinder 1000 (D) × 2000 (H) Linero et al. (2007) 

Granular soil 10 Square 120 × 120 × 60 Shi et al. (2010) 

Accumulation 

Soil 

10 Cylinder 100 (D) × 200 (H) Wang et al. (2013) 

gravel 

material 

40 Square 230 ×230 × 500 Lenart et al. (2014) 

Rockfill 40/160 Cylinder 250 (D) × 375 (H); 

1000 (D) × 1500 (H) 

Ovalle et al. (2014) 

 

2.2.6.3 Other failure criteria 

Experimental results also show that the strength envelopes of geomaterials are usually 

characteristically nonlinear (Charles et al., 1980; Indraratna et al., 1993). The non-linearity model 

is therefore proposed for cohesionless materials showing a non-linear relationship between the 

normal and shear stresses (De Mello, 1977): 

 

τP = k1σn
k2                                                           (2.5) 
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Where: τP: the peak shear stress (kPa); σn: the normal stress (kPa); k1 and k2: Characteristic 

parameters. 

Parameters k1 and k2 are obtained by curve fitting. These fitted parameters don’t exhibit clear 

physical significance but are dependent on the stress unit, which may vary for different 

applications (Indraratna et al., 1993; Haselsteiner et al., 2017). The larger values of parameters a 

and b can be attributed to the higher stress range (e.g., σn = 5 MPa) (De Mello, 1977). 

Barton proposed the following equation to determine the effective friction angle of waste rock 

(Barton, 1982):  

 

φ′ = Rʹ ∙ log(S σn
′⁄ ) + φb                                              (2.6) 

 

Where Rʹ waste rock equivalent roughness (-); S: waste rock equivalent strength (kPa), 

respectively; σn
′ : the effective normal stress (kPa); φb: the basic friction angle (°).  

The equivalent strength S depends on the characteristic diameter D50 and the uniaxial 

compressive strength (UCS) of rock mass. The equivalent roughness R depends on the after-

compaction porosity n of the waste rock, as well as on the origin, roundedness, and smoothness 

of the waste particles. φb  can be obtained from tilt tests on waste rock. The details on the 

determination of these parameters can be found in Barton model (1982). The peak friction angles 

determined using direct shear tests could be 2° to 8° greater than those measured with triaxial 

tests (Wu et al., 2008; Asadzadeh et al., 2009). 

2.3 Waste rock segregation 

In the process of waste rock segregation during the construction of waste rock piles using various 

construction methods, fine particles can move through the voids between larger particles and sink 

down towards lower layers, while larger particles move faster and further in the upper layer with 

relatively higher velocity driven by gravity (Dolgunin et al., 1995; Cheng et al., 2019). 

Stratification then develops as inclined fine-grained and coarse-grained layers formed along the 

external pile surface (Fala et al., 2005). Stratification also occurs at the surface of benches where 
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waste rock can be crushed and compacted by the regular circulation of heavy equipment during 

construction, thus creating less permeable horizontal layers (Anterrieu et al., 2010; Aubertin, 

2013; Broda et al., 2017). Segregation and stratification then lead to high degree of spatial 

variations of waste rock within piles, i.e., a high degree of heterogeneity (Fala et al., 2012; 

Lahmira et al., 2017; Maknoon et al., 2021).  

Waste rock segregation can directly affect the spatial distribution of geotechnical and 

hydrogeological properties including porosity, density, volumetric water content, and shear 

strength of waste rock, thus increasing the risk for localized water flow and geotechnical 

instabilities (Lahmira et al., 2017; Appels et al., 2018; Pedretti et al., 2020). Matrix water flow 

mainly occurs in fine-grained layers because of a higher water retention capacity, while 

preferential water flow is mostly concentrated in the coarse-grained layers because of a larger 

porosity (Peregoedova et al., 2014; Amos et al., 2015; Martin et al., 2017). Waste rock shear 

strength also varies within waste rock pile because the particle size and compaction degree of 

waste rock highly determine the magnitude of the structural component of strength, which affects 

the shear resistance in much the same way as interlocking effect between particles (Barton, 1982; 

Frossard et al., 2012). Oxygen may flow through large voids and reach reactive wastes, and large 

water fluxes bring risks to the geochemical stability of waste rock piles in terms of acid mine 

drainage (AMD) and contaminated neutral drainage (CND) (Aubertin et al., 2008; Pedretti et al., 

2020; St-Arnault et al., 2020).  

These spatial variations of hydro-geotechnical and geochemical properties, induced by 

segregation, bring challenges to the disposal safety regarding the structure stability and 

construction safety. Thus, understanding and controlling segregation can be beneficial to the 

waste rock disposal. 

2.3.1 Segregation mechanisms 

Segregation during granular flow can be commonly observed in different fields such as debris 

flow (Takahashi et al., 1992), landsides (Shen et al., 2016a; Cheng et al., 2019), heap leaching 

pile construction (Zhang et al., 2017), disposal of waste rock (and rockfill) in waste rock pile and 

dam constructions (Fala et al., 2005; Asmaei et al., 2018). In all these cases particle segregation is 

controlled by a number of different mechanisms and these mechanisms are listed in table 2.8. The 
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mechanisms such as rolling, sieving effect and percolation are mainly discussed (Drahun et al., 

1983; de Silva et al., 2000; Sutherland, 2003). 

(1) Rolling effect 

Rolling effect is considered one of the dominant mechanisms in governing the segregation in 

heap formation (Figure 2.5a) (Drahun et al., 1983; Benito et al., 2014; Asachi et al., 2018). 

Larger particles have a greater capability of rolling over obstacles when they roll down along an 

inclined surface (Sutherland, 2003). As a consequence, larger particles tend to move further to the 

bottom of inclined slopes while smaller particles remain closer to the top, therefore leading to 

particle segregation. Rolling effect is highly related to particle sphericity and rounded particles 

will more easily roll along inclined slopes than flat particles (Roskilly et al., 2010; Shimosaka et 

al., 2013). Irregular particles, such as waste rock and rockfill, will be subject to interlocking 

among the particles and prevent them from free flowing (Tang et al., 2007; Fan et al., 2017). 

(2) Sieving effect 

Sieving effect (Figure 2.5b) is considered another dominant mechanism controlling the 

segregation in waste rock pile, allowing smaller particles to flow through a sliding layer 

composed of larger particles (Kenney et al., 1993; Sutherland, 2003; Tang et al., 2004). Sieving 

segregation occurs when a graded material (e.g., waste rock) flows along the inclined slope, 

resulting in a continuous opening and closing of variously sized pore spaces (Sutherland, 2003). 

Then, smaller particles sink down through the voids between larger particles when particles flow 

toward the bottom of the inclined slope. Sieving effect is significant when large particles 

represent a high proportion of the material and form a moving layer (de Silva et al., 2000). This is 

typically the case for waste rock in the field where particles larger than 10 cm can account for 80% 

of the total mass (Corazao Gallegos, 2007) 

(3) Percolation 

Percolation allows smaller particles to move through the voids between larger particles because 

of vibrations (Jain et al., 2013; Khola et al., 2016; Tirapelle et al., 2021). Some factors including 

size ratio, shape and surface roughness change the packing and interlocking state, and therefore 

affect the percolation phenomenon (Stephens et al., 1978a, 1978b; Tang et al., 2007; Khola et al., 

2016). Percolation exhibits similar behaviour to sieving effect, but is usually distinguished 
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because it results from vibrations, instead of requiring a moving layer in sieving effect. However, 

precisely distinguishing percolation and sieving during waste rock disposal can be tedious as they 

may happen together and present similar flow behaviour (Tang et al., 2005). Segregation induced 

by percolation and sieving also results in stratification during waste rock disposal (Fan et al., 

2012).  

 

 

Figure 2.5: The dominant segregation mechanisms in granular flow. (a): Rolling segregation 

where larger particles move further because of greater momentum. (b): Sieving effect with 

smaller particles also sink down through the voids between larger particles when particles flow 

toward the bottom of the inclined slope. (Adapted from Sutherland, 2003) 
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Table 2.8: The mechanisms of segregation. 

Mechanism Description Application  Effect on waste 

rock 

segregation 

References 

Rolling Larger particles have a 

greater capability of rolling 

over obstacles when rolling 

down along an inclined 

surface. 

Heap; 

WRP 

Dominant  Drahun et al., 

(1983); Benito 

et al., (2014) 

Sieving Low proportion of smaller 

particles can pass through the 

voids between particles. 

Heap; 

WRP 

Dominant  Sutherland 

(2003); Fan et 

al., (2011) 

Percolation Smaller particles move 

through the void between 

larger particles induced by 

vibration. 

Hopper; 

Silo; 

WRP 

Important  Hashim et al. 

(2008); Khola 

et al., (2016) 

Impact Impact, either between 

particles or between particle 

and boundary, alter the flow 

paths of particles.  

Silo; 

Heap; 

WRP 

Important Mosby et al. 

(1996); Jiang 

et al., (2018) 

Inertial effect 

 

Larger particles will 

discharge further away from 

the end of the inclined chute 

than smaller particles. 

Silo; 

Heap; 

WRP; 

Chutes 

Limited (occur 

during end-

dumping from 

the truck) 

de Silva et al. 

(2000); Fung 

et al., (2003) 

Agglomeration Fine particles are 

agglomerated, and flow 

bound together because of the 

presence of water. 

Not specified.  

Material 

containing fine 

particles and water  

Limited Sutherland 

(2003); Tang 

et al., (2004) 

Concentration-

driven 

displacement 

Fine particles move more 

actively than larger particles 

and therefore tend to 

concentrate in some local 

areas.  

drum mixers; 

rotary kilns; 

pharmaceutical 

industry 

Limited (only 

when large 

proportion of 

fines occurred) 

Kuo et al. 

(2016); Santos 

et al., (2016b) 

Repose angle 

effect 

Repose angle effect occurs 

when different materials are 

dumped sequentially on a 

heap. Materials with a 

repose angle smaller than 

the slope can roll down to 

the bottom of the heap, 

while materials with a 

greater repose angle will 

tend to remain close to the 

deposition point. 

Heap; 

WRP (possible) 

Limited (only 

when materials 

have different 

densities) 

de Silva et al. 

(2000); 

Sutherland, 

(2003) 
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Table 2.8 (continued):  The mechanisms of segregation. WRP: waste rock pile. 

Mechanism Description Application  Effect on waste 

rock 

segregation 

References 

Embedding particles inertia causes 

larger or denser particles to 

penetrate a layer on the 

surface of the material at the 

apex of a heap, and become 

embedded there. 

Heap  Limited 

(stockpiling 

processes under 

a high pouring 

rate) 

Mosby et al. 

(1996); 

Ketterhagen 

et al. (2008) 

Air current Finer particles tend to move 

to the side of the silo driven 

by air flow, leaving larger 

proportion of coarser 

particles in the center. 

Silo Not relevant 

(application in 

underground 

backfilling is not 

clear) 

Zigan et al. 

(2007); Zigan 

et al. (2008) 

Fluidization Fine particles become 

aerated during the filling 

process and larger particles 

pass through the aerated fine 

layers. 

Silo Not relevant 

(application in 

underground 

backfilling is not 

clear) 

Feng et al. 

(2007); 

Engblom et 

al. (2012) 

Displacement Larger particles tend to 

move upward under low 

frequency and high 

amplitude vibrations, and 

move downwards under 

high frequency and low 

amplitude vibrations. 

Not specified.  

Graded 

material under 

vibration 

Not relevant Huerta et al. 

(2004); 

Kudrolli 

(2004) 

Push-away The material with a lower 

density can be pushed aside 

when the denser material 

falls on it. Size effect is not 

considered. 

Heap Not considered 

(the relative 

density (GS) is 

assumed the 

same for the 

same mine) 

Tanaka 

(1971); Félix 

et al. (2004). 

 

In summary, many mechanisms affect the segregation in granular flow in nature, but only limited 

mechanisms play an important role on waste rock segregation during disposal, such as sieving, 

rolling, percolation and impact. These mechanisms usually lead to segregation synchronously. 

Some mechanisms including inertial effect, repose angle effect, agglomeration, concentration-

driven displacement and embedding sometimes occur under some specific conditions. Other 
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mechanisms including air current, fluidization, displacement and push-away are neglected in 

waste rock segregation. 

2.3.2 Factors affecting segregation 

Segregation is significantly influenced by waste rock physical properties, construction methods, 

and some environmental conditions such as rainfall. These factors affecting segregation are 

described in Table 2.9. Among these factors, particle size distribution, construction methods and 

bench height (or pile size) are mainly discussed for waste rock segregation during disposal. 

Waste rock physical properties are usually assumed the same for a certain mine site, except the 

effect of waste rock PSD, which usually covers a wide size span and shows a high degree of 

uncertainty. The coefficient of uniformity CU and the coefficient of curvature CC can be used to 

evaluate the segregation potential (Asmaei et al., 2018). For example, a greater CU (or CC) tends 

to induce a higher segregation potential. However, CU is sometimes considered not reliable to 

evaluate segregation because particles coarser than D60 are actually more prone to segregation 

(Messerklinger et al., 2011). Consequently, modified coefficients of uniformity, i.e., 

hʹʹ = D90 / D15 and hʹ = D90 / D60 are proposed to more realistically evaluate particle size 

distribution in terms of segregation risk (Burenkova, 1993). Therefore, Ch (= hʹʹ / hʹ2 = 

(D60)
2 / (D90 × D15)) is also proposed as an indicator to evaluate the segregation potential of 

granular material with wide particle size distributions (Langroudi et al., 2015). A higher Ch (or 

hʹʹ) indicates a higher segregation potential (Burenkova, 1993). 

Laboratory experiment reports the bottom of the slope contains about 40% of the maximum 

particles with push-dumping method and 75% with end-dumping method (Nichol, 1986). Waste 

rock piles are usually constructed using benches of a recommended maximum height of 25 m 

with the objective to reduce segregation and increase the physical stability of the slopes 

(Anterrieu et al., 2010; Aubertin, 2013; Dawood et al., 2013). Segregation tends indeed to 

increase with the slope length of the waste rock pile (Nichol, 1986). However, no report is found 

to quantitatively analyze the effect of construction method and bench height on waste rock 

segregation in the field. 
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Table 2.9: Summary of the influence factors affecting granular segregation. 

Influence factors Description Consequence References 

Physical 

properties 
• Particle size 

distribution (CU, CC) 

• The proportion of 

coarse particles 

• Particle shape 

• Particle specific 

gravity (GS) 

• Higher CU and CC indicated 

higher segregation potential. 

• Interlocking effect of irregular 

particles with different 

elongation and roundness. 

• Different GS may cause 

segregation controlled by push-

away, embedding, and repose 

angle effect. 

Stephens et al. 

(1978a); 

Massol-

Chaudeur et al. 

(2002); Tang et 

al. (2007); 

Khola et al. 

(2016); Fan et 

al. (2017); 

Asachi et al. 

(2018) 

Construction 

methods 
• End-dumping and 

push-dumping method 

• Bench height of 

waste rock pile 

• Different initial energy during 

waste rock disposal with 

different construction methods. 

• Segregation tends to increase 

with the slope length of the 

waste rock pile. 

Nichol (1986); 

Anterrieu et al. 

(2010); Aubertin 

(2013); Dawood 

et al. (2013) 

Environmental 

conditions 
• Rainfall 

• Water content 

• Vibration  

• Agglomeration segregation and 

concentration-driven 

displacement segregation may 

occur with the presence of water. 

• Displacement segregation and 

percolation segregation may 

occur under vibration. 

Tang et al. 

(2004); Hashim 

et al. (2008). 

 

2.3.3 Segregation characterization 

Quantitative characterization of waste rock segregation provides the basis to analyze the 

hydrological properties (e.g., water flow) and geotechnical properties (e.g., shear strength) within 

heterogeneous waste rock piles. The segregation of waste rock in the field can be difficult to 

characterize because of the following reasons: 

• Waste rock piles are usually in large dimensions and constructed with benches with slope 

angles around 35° to 40°, making waste rock piles complicated for investigation. So, 
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access to the steep slopes of waste rock piles can be dangerous (Burnley, 1993; Williams 

et al., 2008). 

• The surface layer of the slope is normally in loose state because the waste rock is dumped 

freely and no compaction is conducted on the slope surface. Also, waste rock piles are 

usually subjected to rainfall, tending to reduce to the geotechnical stability of loose-

dumped waste rock slopes (Xu et al., 2017; Zevgolis, 2018).  

• Waste rock particles usually exhibit irregular shapes and the maximum particle diameter 

can reach 2 m, making it complicated to precisely determine the size and mass of large 

waste rock particles (Fines et al., 2003; Zhang et al., 2017; Dwumfour et al., 2020). 

Image analysis provides an efficient alternative to overcome the limitations above. The details of 

image analysis can be found in section 2.2.1. The segregation of granular materials is usually 

characterized based on the particle size distribution using characteristic diameters such as D10, 

D50, D80 (Blight, 2010; Zhang et al., 2017), and segregation degree (χ) (Kenney et al., 1993). 

(1) Segregation characterization based on characteristic diameters  

Characteristic diameters D10, D50, D80 in different segregated zones can be used to characterize 

the segregation of waste rock in the field (Zhang et al., 2017). The increase of these characteristic 

diameters indicates a trend that particles become coarser. The absolute values of D10, D50, D80 

vary with mine sites and no typical ranges can be specified. The segregation can also be 

evaluated using D50 with considering the spatial variation of particles with different sizes (Béket 

Dalcé et al., 2019). 

The relative particle sizes such as D50 / D50 (max), defined as the ratio of D50 at any distance 

away from the deposition point to the maximum D50 of the total material (Blight, 2010). This 

index is originally used to characterize the segregation in a tailing storage facility filled with 

slurried tailings. D50 / D50 (max) ranges between 0 and 1, and indicates coarser material with 

higher D50 / D50 (max). Relative particle size can clearly exhibit the segregation state of the 

material at any position of the investigated piles. The relative particle size works on the basis of 

the continuously graded material so that characteristic diameters can be extracted. 
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(1) Segregation characterization based on the PSD curve 

Segregation degree from Kenney (1993)  

Logarithmic mean particle size (logd, calculated using equation 2.7) provides an approximation 

of the area to describe the geometry of the entire distribution curve (Kenney et al., 1993). For 

example, logdFQ represents the shaded green area for PSD curve FQ in Figure 2.6. 

 

                                               log d = ∑ (Pi − Pi−1)n
i=1 log √Di ∙ Di−1                                      (2.7) 

 

Where Di and Di−1 (mm): consecutive particle sizes with corresponding passing Pi and Pi−1. 

Segregation index (SI) is then used to quantify the extent of segregation in a soil mass based on 

the logarithmic mean particle size (Kenney et al., 1993): 

 

SI = log (dC dF⁄ ) = log dC − log dF                                       (2.8) 

 

Where log dC and log dF (-): the logarithmic mean particle size of the coarse zone and fine zone 

of the segregated material. The segregated coarse and fine zones are selected depending on the 

specific applications (Sutherland, 2003). For example, the top section represents the fine zone 

and bottom section represents the coarse zone in Figure 2.6. 

Relative segregation index (RSI) is defined as the ratio of the segregation index (SItest) of the 

segregated material to the segregation index calculated for perfect segregation state (SIP ) 

(Kenney et al., 1993): 

 

                                                      RSI =
SItest

SIP  
=

log dC−log dF

log dCQ−log dFQ
                                                (2.9) 
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Where  log dFQ  and log dCQ  (-): the logarithmic mean particle size of the finest quartile and 

coarsest quartile, which are defined under a perfect segregation state. 

Perfect segregation is defined as a state occurred when the finest zone (finest quartile) contains 

only particles smaller than D25 of the original gradation, and the coarsest zone (coarsest quartile) 

contains only particles larger than D75 of the original gradation (Westland, 1988; Kenney et al., 

1993). The PSD curve of the coarsest quartile (CQ in Figure 2.6) is established by removing 

particles smaller than D75 of the original gradation, which is calculated as PCQ = 4P0 − 300, 

where P0 is the passing percentage at the original gradation (curve O in Figure 2.6). The PSD 

curve of the finest quartile (FQ in Figure 2.6) is established by removing particles larger than D25 

of the original gradation, which is calculated as PFQ = 4P0 . 

 

 

Figure 2.6: Segregated gradation curves. F and C represent the finest zone and coarsest zone (see 

Figure 2.7), which are segregated from the original gradation curve (curve O). Curves FQ and 

CQ represent the finest quartile and coarsest quartile, respectively. The green shaded area 

represents the logarithmic mean particle size of PSD curve FQ. (Adapted from Asmaei et al., 

2018). 
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Figure 2.7: Conceptual illustration of the segregation characterization when the segregated waste 

rock is divided into top, middle and bottom sections. The fine and coarse zones are defined 

according to the research need (e.g., h1 = h2 = h3). 

 

The relative segregation index (RSI; Milligan, 2003) can range from 0, indicating no segregation, 

to a theoretical upper limit of 1.0, indicating perfect segregation (only contain particles larger 

than D75 of the original material before segregation). RSI is considered applicable to characterize 

the segregation of the continuous graded material (Milligan, 2003; Sutherland, 2003). RSI has 

been applied to characterize the segregation of cohesionless soils (Asmaei et al., 2018). One 

limitation in RSI is that only the fine zone and coarse zone are used to characterize the 

segregation degree of the whole segregated material. The segregation state in other sections such 

as the middle section in Figure 2.7 cannot be considered. 

Segregation degree from Sutherland (2003)  

The relative segregation index (RSI; Kenney et al., 1993) has been developed by Sutherland 

(2003) to overcome the constraints on the minimum particle sizes that are difficult to accurately 

determined using image analysis. A new segregation index, coarsening index (CI), is proposed to 

distinguish from segregation index (SI) in Kenney et al. (1993). Coarsening index plays the same 

rule to SI, and can quantify the extend of the segregation in a soil mass. 

The coarsening degree, also called segregation degree in this study, can be calculated according 

to the approach presented in Figure 2.8. The coarsening degree acts as the same rule to RSI 
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except that the finest quartile is replaced by the original material in coarsening degree 

(Sutherland et al., 2003). CI is found generally higher than RSI but the trend of CI and RSI is 

proved virtually the same (Sutherland, 2003). Coarsening degree only uses the segregated 

material in the coarse zone to characterize the segregation. Similar to RSI, CI can range from 0.0, 

indicating no segregation, to a theoretical upper limit of 1.0, indicating perfect segregation (only 

contain particles larger than D75 of the original material before segregation). CI is also applicable 

to characterize the segregation of the continuous graded material such as waste rock (Sutherland 

et al., 2003). 

 

 

Figure 2.8: Steps to determine the coarsening degree of continuous graded soil. Logd0, logdCQ, 

and logdtest can be calculated in the same way to Kenney (1993). 

 

2.3.4 Segregation evaluation 

2.3.4.1 Experiments 

There is no recognized standard to evaluate granular material segregation using experiments, 

which are usually designed for different research purposes, such as segregation in chute flow tests 

(Zhang et al., 2004; Idelsohn et al., 2006; Bhattacharya et al., 2014), rotating drum tests (Ristow, 
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1994; Govender, 2016; Liao et al., 2021), silo / hopper tests (Ketterhagen et al., 2007; Engblom 

et al., 2012), flume tests (Asmaei et al., 2018; Cheng et al., 2019), and some self-designed 

segregation tests (Nichol, 1986; Combarros et al., 2014). 

The rotating drum is used in different processes such as mixing in the pharmaceutical industry 

and wood debarking in the papermaking industry (Seiden et al., 2011). Silo and hopper tests 

involve filling of bulk solids into confined vessels, where the solids segregated under the effect of 

particle size, density and discharge rate (Zigan et al., 2008). Segregation in the drum test and 

silo / hopper tests develops in vessels, which is different to waste rock segregation that is 

developed in a manner of the free surface segregation (Drahun et al., 1983; Huang et al., 2021). 

But the segregation in the silo and hopper also involves percolation and rolling mechanisms 

(Engblom et al., 2012), and the relevant research is also expected to provide implications to 

analyze the mechanisms in waste rock segregation.  

Both chute flows and flume tests are designed to allow continuous flows of granular material in 

inclined channels. The chute and flume flow mainly involves free surface flow (Dolgunin et al., 

1995). These experiments mainly analyze influence factors such as particle size, shape, and 

density. Results indicate that the particle size is the most deterministic factor, while particle shape 

seems to have less influence on segregation (Combarros et al., 2014). The results from such 

studies can be applied to other systems such as rockfill and waste rock disposal on the inclined 

surface (Khakhar et al., 1999; Cheng et al., 2019).  

Limited experiment has been conducted to investigate waste rock segregation during disposal. 

Experiments conducted by Nichol (1986) study the effect of construction methods (end-dumping 

and push-dumping method) and the slope length (1 m and 2 m) on waste rock segregation. The 

experiments are conducted with a maximum particle diameter of 19 mm. The results indicate 

waste rock disposal using end-dumping method creates similar segregation for the short and long 

slopes. However, these experiments are cownducted in small scales with limited amount of waste 

rock, which is far from the reality where every hundreds of tons of waste rock will be dumped 

with the maximum particle diameter reached 2 m (Zhang et al., 2017). 
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2.3.4.2 Numerical simulation 

Numerical simulations can be an efficient way to overcome the limitations in experiments and 

extend to analyze the granular flow in large scales. Numerical simulations of granular flow 

mainly consist of two methods: continuum modelling methods (Gingold et al., 1977; Lucy, 1977; 

Idelsohn et al., 2004) and discrete element method (Cundall et al., 1979). 

(1) Continuum modelling methods 

Continuum modelling method simulates the granular material as a continuous media and the flow 

behaviour is predicted by fundamental laws of physics in terms of mass, momentum and energy 

(Larsson, 2019). A constitutive model is required to obtain the relationship between stress and 

strain. Continuum modelling methods mainly include smoothed particle hydrodynamics (SPH) 

method (Gingold et al., 1977; Lucy, 1977), material point method (MPM) (Sulsky et al., 1994), 

and particle finite element method (PFEM) (Idelsohn et al., 2004). The main feature of these 

methods is listed in Table 2.10.  

SPH can simulate waste rock flow, and the information of each particle such as its motion, mass, 

velocity, and position can be monitored (Cao et al., 2021). Fei et al., (2017) indicates that MPM 

can well simulate the segregation in granular flow of binary material using 7200 material points 

with material parameters (e.g., E-modulus, friction coefficient) assigned for each particle. 

However, currently only limited numbers of particles can be simulated with SPH and MPM, and 

the calculation pressure is still a challenge when these methods are used to simulate waste rock at 

field scales. Although PFEM can well simulate multi-fluid flows such ass heterogeneous fluid 

flows, no literature indicates its possibility to simulate waste rock segregation (Idelsohn et al., 

2006). 
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Table 2.10: Features of the main continuum modelling methods. SPH: smoothed particle 

hydrodynamics method; MPM: material point method; PFEM: particle finite element method. 

Methods Description Advantage Disadvantage References 

SPH 
• Lagrangian mesh-free 

method 

• Computational domain 

is represented by particles 

• No direct connectivity 

between particles 

 

• Well deal with the 

interface, free surface, 

and large deformation. 

• No mesh distortion. 

• Tensile instability. 

• Difficulties to handle 

boundary conditions. 

• a homogeneous and 

smooth particle 

distribution is required 

to ensure stable and 

reliable results. 

Gingold et 

al. (1977); 

Lucy 

(1977); 

Cao et al. 

(2021) 

MPM 
• Mesh-based particle 

method 

• Lagrangian-Eulerian 

description of motion. 

• The state variables are 

traced on Lagrangian 

material points 

• Well model the column 

collapse of granular 

material and silo 

discharge. 

• Allow for mesh 

distortion and follow the 

evolution of free 

surfaces. 

• Handle large 

deformations in large-

scale failure problems 

• Flexibility in tracking 

evolution of densities, 

velocities, and stress 

fields for different 

mechanical states of 

granular materials. 

• Each particle has to 

be assigned a fixed 

mass, which requires 

the number of 

particles kept constant 

during the simulation. 

• The particle 

distribution may 

become irregular and 

limit the simulation 

accuracy. 

Sulsky et 

al. (1994); 

Bandara et 

al. (2016); 

Fei et al. 

(2017) 

PFEM 
• Mesh-based method. 

• A Lagrangian motion is 

used for the nodes in a 

finite element mesh. 

• Particles define the 

computational domain 

• Nodes are considered as 

free particles, allowing 

particles to separate from 

the domain. 

• Particles are projected 

onto the mesh for 

calculation. 

• Calculate fluid 

mechanics including 

heterogeneous flows 

• Particles have no fixed 

mass. 

• Unclear application 

for rock mechanics. 

• Constitutive models 

dealing with 

hydromechanical 

coupling problems 

with large 

deformation are still 

needed. 

Idelsohn et 

al. (2004); 

Idelsohn et 

al. (2006); 

Monforte 

et al. 

(2017); 

Cremonesi 

et al. 

(2020) 
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(2) Discrete element method 

Discrete element method (DEM) simulates the motion of granular material as spheres or non-

sphere particles by calculating the stress and deformation of contacts, which are generated when 

particles interact with each other or with boundary walls (Cundall et al., 1979; Zhu et al., 2008; 

Jiang et al., 2019). DEM has been widely used to simulate the flow behaviour of granular 

materials including rockfill (Jiang et al., 2018; Manso et al., 2018), soil-rock mixture (Xu et al., 

2016) and waste rock (Thoeni et al., 2019; Zhu et al., 2019). The DEM model consists of bodies 

and contacts, and bodies consist of walls, balls, irregular shaped particles (e.g., clumps, rigid 

blocks). The details of bodies and contacts, and the main parameters for model calibration are 

discussed below. 

• Wall  

A wall is composed of facets and can move, translate and rotate with an assigned velocity, but do 

not obey the motion equations because no mass can be assigned to walls (Itasca, 2019). Walls are 

used to apply boundary conditions, interacting with particles (i.e., balls, clumps, and rigid blocks) 

to simulate supporting and functional structures (Potyondy, 2015). For example, walls can be 

used to simulate the haul trucks which contains waste rock particles for disposal. Also walls can 

simulate the shear box in direct shear tests (Xu et al., 2016). 

• Ball / clump / rigid block 

Balls, clumps and rigid blocks are the main entities to simulate solid particles (Figure 2.9). Balls 

are preferred to simulate granular material (e.g., waste rock, gravels and rockfill) because 

contacts between balls are easier to detect so that the simulation can be speeded up (Ding et al., 

2013; Jiang et al., 2018). However, the bulk friction of balls is usually too low to simulate the 

friction properties of crushed rock (Coetzee, 2016). The main methods to increase the bulk 

friction include incorporating rolling resistance (Roessler et al., 2019) and using irregular 

particles (Zhang et al., 2020). Clumps and rigid blocks can also simulate the irregular particles of 

granular material. However, accurately modelling the irregular shapes is challenging because it is 

impractical to reproduce most real particles in practice (Annabattula et al., 2012). In addition, 

simulations suffer great calculation pressure when large amounts of waste rock at field scale are 

simulated using irregular shapes (Katterfeld et al., 2017). Some reports the simulation time using 
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clumps is 30 times of that using sphere particles when one second of hopper discharge is 

simulated (Coetzee, 2016). 

 

 

Figure 2.9: Basic entities in forms of balls, clumps and rigid blocks generated with PFC3D 

(Itasca, 2019). A ball is a rigid sphere with a specified radius. A clump is a rigid collection of 

rigid balls acting as one object. A rigid block can be generated with closed, convex and manifold 

polyhedral. Particles are colored according to their sizes (from blue with a diameter of 8 mm to 

red with a diameter of 38 mm). 

 

• Contact models 

Distinct particle interacts with other particles or walls at contact points, in which the particle 

interaction laws are embodied to calculate the force and deformation (Di Renzo et al., 2004; Shen 

et al., 2016b). The particle-interaction laws are referred to as contact models, and each contact 

can be assigned a single contact model (Itasca, 2019). The basic contact model in DEM is a linear 

contact model, and some different models such as rolling resistance linear model and Hertz-

Mindlin model are widely developed to simulate the granular material. 

Linear model 

The contact force in linear model is composed of a linear force and a dashpot force that act in 

parallel (Figure 2.10). The linear force provides linear elastic frictional behaviour, while the 

dashpot force provides viscous behaviour (Itasca, 2019). The linear force is produced by linear 
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springs with normal and shear stiffnesses, kn and ks. Slip is accommodated by imposing a 

Coulomb limit on the shear force using the friction coefficient, μ. The dashpot force is produced 

by dashpots with viscosity given in terms of the normal and shear critical-damping ratios, βn and 

βs, which control the energy dissipation during particle collision. Linear model can simulate the 

flow of granular material, but the simulation generates too dispersive flow compared with 

experiments when sphere particles are modelled (Teufelsbauer et al., 2009). This is attributed to 

the disadvantage of the linear model that the relative rotation is not considered (Itasca, 2019). So 

a simple linear model cannot simulate the rolling effect in the flow of irregular material such as in 

waste rock disposal.  

 

 

Figure 2.10:  Conceptual contact model of the linear model. Linear model consists of two parts: 

linear spring (related to kn, ks, and µ) and dashpots (related to βn and βs). These parameters 

govern the development of force and deformation at the contact. (Adapted from Ai et al., 2011) 

 

Rolling resistance linear (rrlinear) model 

Rolling resistance linear model (Figure 2.11) can indirectly consider particle shape effect as the 

rolling resistance also arises from the effect of non-spherical particles (Jiang et al., 2005). Rolling 

resistance coefficient (μr) is then introduced to represent the resistance to the movement of 

particles rolling on a surface (Iwashita et al., 1998). The rolling resistance moment (M) will be 

first incremented in rolling resistance linear model with the accumulated relative rotation of the 
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contacting pieces at the contact point (Ai et al., 2011). The updated rolling resistance moment can 

be expressed as (Itasca, 2019):  

 

M′ = M − kr∆θ                                                               (2.10) 

 

Where M′: the updated rolling resistance moment (N⋅m); ∆θ: the relative rotation increment (-); 

kr: the rolling resistance stiffness (N⋅m), which can be calculated by: 

 

kr = ksR2                                                                  (2.11) 

 

Where: ks: the shear stiffness of the spring at the contact (N/m). R: the effective radius at the 

contact (m). 

The contact effective radius R can be calculated by the radii of contact balls: 

 

 
1

R
=

1

R1
+

1

R2
                                                                   (2.12) 

 

Where R1 and R2: the radii of the two contacted balls (m). R2 = ∞ if ball 1 contacts with walls 

(facets). 

Rolling slip then starts when the rolling resistance moment (M) exceeds the limiting torque and 

this rolling resistance moment can be expressed as (Ai et al., 2011): 

 

M = μrRFn
l                                                                   (2.13) 

 

Where μr: the rolling resistance coefficient (-); Fn
l : the normal linear force (N). 
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Figure 2.11: Interpretation of rolling resistance linear model. Normal and shear stiffness kn and 

ks, and friction coefficient µ control the linear force; normal and shear critical-damping ratios βn 

and βs control the dashpot force; rolling resistance stiffness kr controls the rolling moment (see 

text for more details) (adapted from Ai et al., 2011). 

 

Rolling resistance mechanism provides multi-functions that can indirectly account for shape 

effects, slipping, plastic deformation, viscous hysteresis, and surface adhesion (Ai et al., 2011). 

Rrlinear model provides the function governing the rolling effect of particles, and can be used to 

consider particle shape effect when sphere particles are used for granular simulations (Iwashita et 

al., 1998; Ai et al., 2011). Therefore, the contact mechanism of rrlinear model is particularly 

adapted to simulate waste rock disposal using spheres. 

Hertz-mindlin model 

Hertz-mindlin model consists of a non-linear formulation based on Hertz's theory in the normal 

direction and the Mindlin's no-slip model in the tangential direction (Tsuji et al., 1992). Hertz-

mindlin model has been widely used to simulate the behaviour of granular material such as shear 

strength tests of rockfill (Landry et al., 2006) and the flow behaviour of rockfill (Jiang et al., 

2019). However, this model is usually computationally expensive to simulate large amounts of 

particles (e.g., waste rock disposal, rockfill dam construction) because of the smaller time step 

kn βn

βs

ks
µ

Ball 1

Ball 2

kr

Force spring

Moment spring

Dash pot

Slider

R1
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required as compared to the linear-spring-dashpot model such as linear model and rolling 

resistance linear model (Navarro et al., 2013; Coetzee, 2016). So, simulations of the field waste 

rock disposal may be very challenging when Hertz-mindlin model is used. 

• Main parameters of rolling resistance linear model 

These contact models govern the behaviour of particles by defining a set of input parameters that 

controls different mechanisms such as sliding, rolling, and viscosity (Di Renzo et al., 2004; Shen 

et al., 2016b). The main challenge to apply contact models for waste rock disposal simulations is 

the determination of input parameters (Paulick et al., 2015; Al-Hashemi et al., 2018). Different 

contact models may include different parameters, such as the rolling resistance coefficient in 

rrlinear model (Ai et al., 2011). Although the calibrated parameters might be model dependent, 

some parameters such as friction coefficient, rolling resistance coefficient, contact damp, and 

elastic modulus, are fundamental but important in governing the flow behaviour of simulated 

waste rock (Coetzee, 2016, 2020). 

Friction coefficient and rolling resistance Coefficient 

Friction coefficient (µ) describes the contact forces of two sliding surfaces and is calculated by 

the ratio of the tangential force to the normal force of the two contact surfaces (Just et al., 2013). 

Rolling resistance coefficient (µr) is usually used to consider the shape effect when spheres are 

used to simulate irregular particles (Iwashita et al., 1998; Coetzee, 2016; Roessler et al., 2019). µ 

and µr are considered the most critical parameters governing the flow behaviour of granular 

material such as waste rock and rockfill (Just et al., 2013; Santos et al., 2016a). Both µ and µr, 

with values ranged between 0 and 1, are usually calibrated synergistically using experimental 

tests such as repose angle tests, shear strength tests (Fu et al., 2011; Combarros et al., 2014). 

Repose angle tests and shear strength tests gave an indication of the material flowability and were 

directly related to the intrinsic properties (e.g., friction and rolling) of granular particles (Belheine 

et al., 2009; Al-Hashemi et al., 2018).  

Contact damp 

Particle flow code 3D (PFC3D, Itasca, 2019) provides two damp models for energy dissipation: 

local damp and viscous damp (Itasca, 2019). Viscous damping can be applied at the contacts 

through a viscous dashpot in the normal and the tangential direction by specifying the critical 
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damping ratio (βn and βs) (Mao et al., 2004). Viscous damp is more preferred for dynamic 

simulations (Besinger et al., 1995). Viscous dissipates a small amount of energy but reduces the 

timestep which is less than optimal for simulation. Local damp can be applied to the governing 

equation of motion at local level to establish equilibrium and it is efficient to simulate quasi-static 

deformation (Coetzee, 2016). A damping force is added to the motion equation when local damp 

is applied (Itasca, 2019): 

 

                                                    Fd = −α|Ft|sign(v)                                                     (2.14) 

 

Where Fd: the damping force vector applied to the particle (N), Ft: the generalized force acting on 

the particle, together including the action of gravity force (N), v: the particle velocity vector; α: 

local damp (-). 

Drop tests are usually used to determine the contact damp of granular materials such as waste 

rock (Wang et al., 2015). Drop tests measure the rebound height of granular particles (waste rock, 

rockfill, gravels) when they freely fall down from a certain height (Chung et al., 2008; Barrios et 

al., 2013). Local damp usually ranges between 0.15 and 0.7 for different granular materials 

(Sadek et al., 2014; Simons et al., 2015; Yan et al., 2015).  

Elastic modulus / stiffness 

Elastic modulus between 106 and 1010 Pa is usually recommended for hard rock when the DEM 

model is used to simulate strength properties such as UCS test and shear strength tests (Landry et 

al., 2006; Coetzee et al., 2009). Increasing the effective modulus from 0.15 to 2 MPa can lead to 

a four-time increase of the shear stress contact force (Landry et al., 2006; Paulick et al., 2015). 

However, the repose angle changed by only 1° when the elastic modulus decreased from 1010 Pa 

to 105 Pa (Combarros et al., 2014). It was also reported that reducing the particle stiffness by a 

factor of 100 ~ 1000 from the measured value had no significant influence on the flow pattern 

(e.g., particle velocity, dispersion) (Xu et al., 2002; Chung et al., 2008).  
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2.4 Knowledge frontiers 

In summary, waste rock disposal using end-dumping and push-dumping methods generally 

causes segregation and stratification, resulting in heterogeneous distribution of waste rock in 

terms of particle size distribution and compactness, and increasing risks for both geochemical and 

geotechnical instabilities (Morin et al., 1991; Herasymuik et al., 2006; Lahmira et al., 2016). 

End-dumping usually is considered to generates more segregation than push-dumping method, 

and a longer slope tends to produce more segregation (Nichol, 1986). However, the effect of 

construction method and bench height on segregation has not yet been investigated at field scale. 

One reason is that waste rock characterization at field scale is very challenging because access to 

the steep and loose slopes of waste rock piles can be dangerous and the determination of the sizes 

and mass of large irregular waste rock particles can be complicated (Williams et al., 2008; 

Zevgolis, 2018; Dwumfour et al., 2020). In this project, waste rock segregation at Canadian 

Malartic mine was firstly characterized in the field using image analysis. Discrete element 

method (DEM) was then used to reproduce waste rock flow behaviour during disposal (model 

calibration and validation) and to evaluate segregation under different operational factors such as 

construction method and bench height. The details of the methodological approaches used in this 

study were organized in chapter 3 and results are presented and discussed in chapters 4 to 7. 
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CHAPTER 3    METHODOLOGY 

The effect of waste rock disposal on the heterogeneous properties of waste rock pile was 

characterized at various scales including field observation, experimental tests and discrete 

element simulations. The basic properties of waste rock were characterized in the laboratory. 

Waste rock segregation and lateral heterogeneity were characterized in the field by analyzing 

waste rock PSD along the slope of waste rock pile at Canadian Malartic mine using image 

analysis. Simulations were conducted using particle flow code 3D (PFC3D, Itasca, 2019) to 

investigate the effect of waste rock disposal on segregation. 

3.1 Characterization of waste rock properties 

The waste rock used in this study was sampled from Canadian Malartic mine and transported to 

the laboratory for testing. Canadian Malartic mine is an open-pit mine located within the 

Municipality of Malartic, approximately 25 km west of Val-d’Or and 80 km east of Rouyn-

Noranda in Quebec, Canada. The latest mine production schedule plans to feed the mill from the 

open pits and stockpiles at a nominal rate of 57,000 tons per day (Lehouiller et al., 2020). An 

estimated total of 450 Mt of waste is placed on the waste rock pile, at an in-situ compacted 

density of 1.96 t/m3, representing a storage volume of 230 Mm3. The waste rock pile is 

constructed in 10 m benches with 11.5 m terraces between benches for an overall slope angle of 

21.8°. The slope angle of each bench is around 37° (Gervais et al., 2014). The total height of the 

waste rock pile reaches 100 m in most sections (Lehouiller et al., 2020). 

A field waste rock PSD curve (G0 in Figure 3.1) at Canadian Malartic mine was obtained by 

combining manual field measurements for large particles (> 90 mm), sieving analysis for 

intermediate particles (0.075 mm < D < 90 mm), and hydrometer tests for fine particles 

(< 0.075 mm) (Essayad, 2021). The maximum particle size (Dmax) of this PSD curve was 

254 mm, but blocks up to 2 m were observed in the field. The characterized CU and CC of PSD 

G0 were 39 and 1.8, respectively. 
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Figure 3.1: The field PSD curve characterized at Canadian Malartic mine. 

 

3.1.1 Specific gravity 

The specific gravity (GS) of waste rock was measured using ASTM C127 (ASTM, 2015) for the 

fractions larger than 4.75 mm, and using water pycnometer method (ASTM, 2016a) for fractions 

larger than 4.75 mm. The specific gravity of waste rock smaller than 50 mm was tested in the 

laboratory. 3 waste rock specimens were prepared using scalping technique by removing waste 

rock particles larger than 50 mm from PSD curve G0 (Figure 3.1). Scalping technique is a widely 

used technique to prepare specimens of various fractions, which allows to change the particle size 

distribution of waste rock with different minimum and maximum particle diameters 

(Bagherzadeh-Khalkhali et al., 2009; Deiminiat et al., 2020). 

The average GS of the tested waste rock was 2.758 for the fractions ranged between 5 mm and 

50 mm, and 2.755 for the fractions ranged between 0 and 5 mm (see details in Appendix A). The 

absorption of tested waste rock was 0.34%. These values ranged between the values in the 

literature (Gamache-Rochette, 2004; Essayad, 2021) 
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3.1.2 Characterization of waste rock shapes 

The shapes of waste rock particles were described in terms of the circularity (= 4πA / P2) and 

elongation (= b / a) in the laboratory. P represents the perimeter of the projected area of the 

particle; A represents the projected particle area; Values a and b represent the long axis and 

medial axis. The details of the shape descriptors can be found in section 2.2.2. 

Around 12.2 kg waste rock, containing 2224 particles with diameters ranged between 8 mm and 

38 mm, were analyzed to characterize particle shapes using image analysis (Figure 3.2). Waste 

rock circularity mainly ranged between 0.6 and 0.8, with the maximum frequency of 0.4 for the 

circularity of 0.7. The elongation mainly ranged between 0.5 and 0.8, with the maximum 

frequency of 0.3 for the elongation of 0.7. The values of characterized circularity and elongation 

of waste rock are included in the ranges mentioned in the literature  (Linero et al., 2017; Ovalle et 

al., 2020). 

 

 

Figure 3.2: Characterization of waste rock shapes in the laboratory using (a) circularity and (b) 

elongation. The results were obtained using image analysis based on the 2224 particles between 

8 mm and 38 mm diameter. 
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3.2 Evaluation of waste rock segregation 

3.2.1 Sample preparation 

Around one ton of waste rock, transported from Canadian Malartic mine, was air dried in the 

laboratory and then sieved between 0.075 mm and 100 mm (ASTM D6913). The sieved waste 

rock was stored within buckets by fractions. PSD curve Lab0 was scalped from PSD curve G0 

(Figures 3.1 and 3.3) and used for repose angle and segregation tests. Particles smaller than 8 mm 

were removed to reduce the calculation time because the number of contacts will significantly 

increase when more smaller particles are generated in PFC3D (see details in chapter 5). Particles 

larger than 89 mm were also removed because of the operational limitations in the laboratory. 

The characterized CU and CC of PSD Lab0 were 3.5 and 0.9, respectively. 

 

 

Figure 3.3: Particle size distribution curves of waste rock used for repose angle and segregation 

tests. G0 was the field PSD curve characterized at Canadian Malartic mine. PSD curve Lab0 was 

scalped from G0 and used for sample preparation in repose angle tests and segregation tests.  
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3.2.2 Laboratory repose angle tests 

Repose angle tests were used to calibrate the PFC3D model. Around 75 kg of waste rock were 

sampled for each specimen in the laboratory according to Lab0 (Figure 3.3). Waste rock was then 

placed in a 60 cm high and 35 cm diameter bucket, which was placed on the ground 

(Figure 3.4a). The bucket was quickly (< 1 s) lifted vertically so the waste rock formed a conic 

pile on the ground (Figure 3.4a). The repose angle of the pile (θ, Figure 3.4a) was determined by 

measuring the pile radius (R) and the pile height (H) using a ruler with a precision of 0.1 cm. The 

radius was defined as the distance from the center to the edge of the pile where no particles 

overlapped (although some individual particles could have moved outside this radius). Four 

values of the radius (R1 – R4, Figure 3.4b) were measured in four directions and four repose 

angles were obtained for each test. The test was repeated 10 times to ensure the repeatability of 

the measurement. Repose angle tests results are presented in Chapter 5. 

 

 

Figure 3.4: Laboratory repose angle tests. (a): Repose angle tests setup. R: radius of the cone in 

one direction, H: height of the pile, θ: repose angle (θ = arctan(H/R)). (b): Radii (R1 – R4) in four 

directions of the tested waste rock cone. 
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3.2.3 Laboratory segregation tests 

Segregation tests were designed for this study to validate the calibrated model. Waste rock 

specimens were prepared according to the same PSD curve used for repose angle tests (PSD Lab0 

in Figure 3.3). Around 20 kg of waste rock were filled in a 30 cm high and 27 cm diameter 

bucket. The bucket was lifted to the top of a 1 m high vertical wall and then inclined around 60° 

(Figure 3.5a). The bucket was inclined around 60° between the bucket and the horizontal 

direction so that it was easier to control waste rock dumping (Figure 3.5a). Waste rock then fell 

along the wall when the bottom cap was removed, and ten buckets of waste rock were dumped 

progressively. A semi-cone was finally created, and segregation was observed from the top to the 

bottom of the cone (Figure 3.5b). The cone was divided into 6 sections (Figure 3.5a) and the 

waste rock in each section was sieved using a large-scale sieving machine. The mass of each size 

fraction was measured with a precision of 1 g, and the PSD curve in each section was finally 

determined. In total, segregation tests were repeated five times. The characteristic diameters (e.g., 

D10, D50, D80) and segregation degree of waste rock from the top to the bottom of the slope were 

compared. These results are presented in Chapter 5. 

 

 

Figure 3.5: Laboratory segregation test setup. (a): Sectional characterization. The pile was 

equally divided into three horizontal sections and three vertical sections. (b): The segregation 

tests with ten buckets of waste rock dumped.  
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3.2.4 Field characterization of waste rock segregation using image 

analysis 

3.2.4.1 Digital image acquisition 

Image analysis was carried out on the waste rock pile of Canadian Malartic mine. A total of 

87 imags were taken using a camera installed on a drone flying parallelly to the slope of the 

waste rock pile. The camera was oriented orthogonally to the slope to limit lateral distortion. A 

1400 m long and 10 m high section slope was photographed with a resolution of 

5280 × 2970 pixels for each image (one example is presented in Figure 3.6). The pixel 

conversion factor was 1.15 cm. Finally, a total of 42 independent photos (i.e., with no overlap) 

covering each around 30 m wide and 10 m high zone were selected for image analysis, 

considering the quality of the image in terms of the brightness and resolution.  

 

 

Figure 3.6: Original photo of the slope of waste rock pile at Canadian Malartic mine. The size 

reference (0.5 m × 0.5 m) was used for all the photos in the following image analysis. 

Size reference
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3.2.4.2 Image processing 

Selected images were analyzed using ImageJ to determine particle shapes and sizes. However, 

original images could not directly be processed because of the difficulty to differentiate particles 

and voids and therefore required to be processed using multiple sequential steps such as pre-

processing (Figure 3.7a), binary conversion (Figure 3.7b), processes on binary image 

(Figure 3.7c), and particle analysis (Figure 3.7d). Figure 3.7 is used as an example to describe the 

different processing steps. The detailed processing steps are presented in Chapter 4. 

 

 

Figure 3.7: Processes of image analysis for waste rock. (a): Original waste rock on the slope 

surface. (b): Pre-processing to increase the brightness and contract of the image. (c): Binary 

conversion. Black colour represented waste rock particles. (d): Final image after processing with 

functions such as Fill Holes to improve the image quality (see text in chapter 4 for details). 
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3.2.4.3 Determination of particle shape factor and diameter 

The ellipsoid shape model (see details in section 2.2.1) was applied to determine waste rock PSD 

curve based on particle shape and size. Particle volume was converted from the particle area in 

the binary image, which only displayed the long and medial axes. A calibrated shape factor λ 

(λ = 0.53) was introduced to determine the volumes of particles in the field image analysis. 

Particle diameter, in the sense of PSD analyses, typically corresponds to the size of the square 

sieve aperture and can be smaller than the medial axis. Therefore, an equivalent particle diameter 

(De) was introduced and determined based on the medial and short axes of waste rock. More 

details in determining the volume and diameter can be found in Chapter 4. 

3.2.4.4 Waste rock segregation characterization in Canadian Malartic mine 

Each of the 42 images was divided into 6 vertical sections (Figure 3.8) and PSD curves of each 

section were determined based on the ellipsoid model using a shape factor λ = 0.53 (details in 

section 4.2.3). The PSD curve of the original waste rock (before deposition and segregation) was 

determined from the image analysis of the entire slope in each image. The characteristic 

diameters such as D10, D50, and D95, CU and CC of each PSD curve were then determined. 

Relative particle diameter D10 / D10ʹ (also D50 / D50ʹ, D95 / D95ʹ), defined as the ratio of D10 in each 

section to D10ʹ of the original PSD curve in each image, was compared to investigate the 

segregation properties. The details about these segregation indices can be found in Chapter 4. 

Statistical analysis was conducted using Gauss distribution model. The mean and standard 

deviation of the passing percentage were obtained for each section and for the whole slope. Then, 

the mean and median PSD curves, and PSD curves with passing percentage less than one 

standard deviation (σ) of the mean (68% of the data set), and two standard deviations of the mean 

(95% of the data set) were obtained for each section. The results are presented in Chapter 4. 
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Figure 3.8: (a) Sectional binary images of waste rock with the slope divided into 6 sections (S1 –

 S6). (b) Characterization of the 6 sections along the slope. x / L [-]: the position of each section 

with x [L] the horizontal distance of the section center to the deposition point and L [L] the 

horizontal length of the slope. h [L]: bench height. 

 

3.3 Simulations of waste rock disposal 

The flow behaviour of waste rock during disposal was simulated using PFC3D. The main target 

of the discrete element simulations was to investigate waste rock segregation during disposal 

under various influence factors (e.g., construction methods, bench heights). The simulation 

models first required to be calibrated and validated to make sure simulations could provide 

reliable results for large-scale investigations. 

3.3.1 Waste rock materials 

Waste rock used for laboratory scale simulations was the same to laboratory tests (Lab0 in Figure 

3.3). Field scale simulations were conducted based on the field conditions of Canadian Malartic 

mine and Quebrada Blanca mine (details are presented in Chapter 5). The original waste rock 

PSD curve of Canadian Malartic mine was obtained by field observations in this study (the 
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results are presented in Chapter 4). The original waste rock PSD curve of Quebrada Blanca mine 

was obtained from the literature (Zhang et al., 2017). Waste rock materials used for field scale 

simulations were then scalped from Canadian Malartic mine with diameters comprised between 

0.1 m and 1.5 m (CM0 in Figure 3.9), and from Quebrada Blanca mine with diameters comprised 

between 0.1 m and 2.66 m (QB0 in Figure 3.9). The particle density was set to 2760 kg/m3 

(measured using ASTM C127, 2015) in this study. 

 

 

Figure 3.9: Waste rock PSD curves used for simulations. PSD curve Lab0 was used for 

laboratory scale simulations. PSD curves CM0 and QB0 represented PSD curves from Canadian 

Malartic mine and Quebrada Blanca mine, and were used for field scale simulations. These PSD 

curves were scalped based on their field PSD curves. 

 

3.3.2 Calibration and validation of numerical simulations 

Waste rock was simulated as spheres of various diameters with rolling resistance linear (rrlinear) 

model (model verification can be find in Appendix D). A rolling resistance coefficient was 

introduced in rrlinear model to indirectly account for the shape effect. The calibration mainly 

focused on the parameters including friction coefficient (µ) and rolling resistance coefficient (µr). 



62 

 

 

3.3.2.1 Laboratory scale calibration and validation 

The same process was simulated to reproduce the repose angle tests (Figure 3.10). Input 

parameters such as friction coefficient (µ) and rolling resistance coefficient (µr) were calibrated 

with µ ranging between 0.1 and 0.4 and µr ranging between 0.1 and 0.4. Each pair of µ and µr was 

simulated 10 times with 10 different random seeds in PFC3D to account for PSD variability and 

evaluate model repeatability. The details of the simulation process are presented in Chapter 5. 

 

 

Figure 3.10: Simulated repose angle tests. (a): Simulated repose angle test in the same scale to the 

laboratory test. (b): The radii (R1ʹ – R4ʹ) in four directions of the simulated waste rock cone. 

Particles were colored in the simulation according to their size (from blue with a diameter of 

8 mm to red with a diameter of 89 mm). 

 

Segregation tests were simulated with calibrated µ and µr to validate the simulation model 

(Figure 3.11). The simulations of segregation tests were conducted in the same way to laboratory 

segregation. Simulation results were compared with the laboratory results to check the 

effectiveness of the calibrated model. The detailed simulation procedures and results are 

presented in Chapter 5. 
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Figure 3.11: Simulation models of segregation tests. One vertical wall and one horizontal wall in 

yellow colour were built as back wall and ground. One cylinder wall was generated from one 

meter high with the same dimension of the laboratory bucket (Ø 0.27 m × 0.3 m). 

 

3.3.2.2 Field scale calibration and validation 

The results from laboratory calibration and validation indicated that the simulation models 

calibrated using repose angle tests can reproduce well waste rock segregation (See details in 

Chapter 5). So, this calibration method was also used to calibrate and validate the field scale 

models. Waste rock from two different mine sites (Canadian Malartic and Quebrada Blanca 

mines) were used to calibrate the model using the natural repose angles measured in the field. 

• Case 1: waste rock pile in Canadian Malartic mine (CM0 in Figure 3.9) was 

characterized by an average repose angle of 37° in the field (Gervais et al., 2014). 
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• Case 2: waste rock pile in Quebrada Blanca mine (QB0 in Figure 3.9) was characterized 

by repose angles between 30° and 40°, with a reference repose angle of 37° for the model 

calibration in this study (Zhang et al., 2017).  

Simulated field repose angle tests (Figure 3.12) were conducted following the similar approach to 

laboratory tests described above. A base layer covered with one-meter diameter fixed balls (grey 

balls in Figure 3.12) to simulate waste rock surface so that dumped waste rock could directly 

interact with the existing waste rock. These grey balls were assigned the same properties as the 

waste rock particles dumped at the surface of the model. Simulated waste rock particles were 

dumped from a larger cylinder (30 m high and 9 m diameter) in a similar way to laboratory scale 

repose angle test simulations. The friction coefficient (µ) and rolling resistance coefficient (µr) 

both ranging between 0.2 and 0.8 were mainly calibrated for the field model. Each pair of µ and 

µr was simulated five times with different random seeds. 

 

 

Figure 3.12: Field repose angle test simulations. (a): Simulated initial state of waste rock before 

lifting the cylinder. (b): Simulated waste rock cone. This simulation model for Quebrada Blanca 

mine was exhibited as an example. Particles are colored based on their radii. The same setup was 

set for Canadian Malartic mine except the original PSD CM0 was used for waste rock generation. 

 

The calibrated models were validated by reproducing waste rock segregation at Canadian 

Malartic mine and Quebrada Blanca mine. A basic field-scale simulation model was built for 

waste rock disposal (Figure 3.13). The support walls (in yellow color in Figure 3.13) represented 
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the ground and physical boundaries of the models. An inclined wall was generated to represent an 

existing waste rock slope with a slope angle of 45°. The support walls were covered by a base 

layer made of fixed 1 m diameter balls (grey balls in Figure 3.13) to simulate waste rock surface 

so that dumped waste rock could directly interact with existing waste rock particles. Waste rock 

was dumped from the top edge of the bench slope. For model validations, the bench height (h in 

Figure 3.13) was 10 m for Canadian Malartic mine and 20 m for Quebrada Blanca mine. The 

simulated waste rock PSD curves from the top to the bottom of the slope were obtained and 

compared with the corresponding measured PSD curves. The details of model validations are 

presented in Chapter 5. This basic model setup was also used for the simulations in the next 

section (section 3.3.3). 

 

 

Figure 3.13: Simulation model for waste rock disposal. h [L]: bench height. Base layer was 

composed of 1 m diameter balls (in grey). Dumped waste rock particles were colored depending 

on their diameters (from 0.1 m in blue to 2.66 m in red). 

 

3.3.3 Investigation of waste rock segregation under different influence 

factors 

Numerical models were built to evaluate waste rock segregation and heterogeneity using end-

dumping and push dumping methods. The effect of operational influence factors was analyzed 
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based on these two construction methods. Waste rock from Quebrada Blanca mine was mainly 

used for these simulations (Canadian Malartic waste rock was used only to investigate the effect 

of waste rock PSD). 

(1) Simulation of end-dumping method 

End-dumping method was simulated by dumping waste rock directly from the top of the bench 

(Figure 3.14a). The effect of bench height, mine truck payload, waste rock PSD and lateral 

disposal was investigated based on end-dumping method simulations. 

Four different bench heights were simulated, i.e., 10 m (case A1), 15 m (case A2), 20 m 

(case A3), and 25 m (case A4) (Table 3.1). Waste rock was dumped until the slope was 

completely covered (along the y-axis), which represented a total of 4, 16, 30, and 66 dumps of 

waste rock for bench heights of 10 m, 15 m, 20 m and 25 m, respectively. 

Another payload of 600 t of waste rock (case B1) was simulated to investigate the effect of mine 

truck payload on segregation. Every 600 t of waste rock was dumped from top of a 10 m high 

bench. Other settings were the same to case A1. 

The effect of waste rock PSD was also investigated by dumping Canadian Malartic waste rock 

(case C1), with all the other parameters similar to case A1 (Table 3.1). 

The effect of lateral disposal on waste rock segregation was investigated by dumping around 

300 t of waste rock sequentially from three points on a 10 m high bench using end-dumping 

method (Figure 3.14b). The details of these settings are presented in Chapter 6. 

(2) Simulation of push-dumping method 

Push-dumping method was simulated by pushing waste rock on the top edge of the 10 m high 

bench (Figure 3.14c). At the beginning of the simulations, the front wall (green wall in 

Figure 3.14c) was deleted, and the box was moved toward the slope with a certain speed 

(between 0.1 m/s – case C1 and 0.6 m/s – case C6) to push the waste rock in the slope. The 

details are presented in Chapter 6. 
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Figure 3.14: Simulations of waste rock disposal using (a) end-dumping method, (b) lateral 

disposal and (c) push-dumping method. (a) end-dumping and (c) push dumping methods dumped 

waste rock from one single point on the top of the slope. (b) Lateral disposal dumped waste rock 

sequentially from points 1, 2 and 3 with dump spacing (S) of 4 m, 8 m and 12 m. h [L] represents 

the bench height and varies between 10 and 25 m depending on the cases. Dumped waste rock 

particles are colored depending on their diameters (from 0.1 m in blue to 2.66 m in red). 
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Table 3.1: Summary of parametric simulation cases. QB0 and CM0: PSD of waste rock from 

Quebrada Blanca mine and Canadian Malartic mine, respectively. N/A: not applicable. Each case 

was simulated 5 times with various random seeds. 

Case 
Pile height 

(m) 
PSD 

Push velocity 

(m/s) 

Payload 

(tonnes) 

Construction 

method 

Number of 

dumps 

A1 10 

QB0 N/A 300 End-dumping 

4 

A2 15 16 

A3 20 30 

A4 25 66 

B1 10 QB0 N/A 600 End-dumping 4 

C1 10 CM0 N/A 300 End-dumping 4 

D1 

10 QB0 

0.1 

300 Push-dumping 4 

D2 0.2 

D3 0.3 

D4 0.4 

D5 0.5 

D6 0.6 

 

The methodological approach mainly included laboratory experiments, field observation and 

numerical simulations (Figure 3.15), and the details are presented in Chapter 4 to Chapter 6. The 

slopes in all the cases were equally divided into 6 sections in vertical direction. The PSD curve, 

typical characteristics diameters (D10, D50, and D90) and segregation degree (χ) in each section 

were obtained and compared for segregation analysis. The results obtained from these parametric 

analyses are expected to investigate waste rock segregation and heterogeneity under various 

operational conditions and propose recommendations to better control segregation and improve 

mine waste disposal strategy. 
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Figure 3.15: Summary of the research methodology. 
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Abstract: Large amounts of waste rock are produced during mining operation and often disposed 

of in waste rock piles. Segregation usually occurs during waste rock disposal which can bring 

challenges to the safety of mining operations. However, segregation characterization is difficult 

because of the large dimensions of waste rock piles which can sometimes exceed hundreds of 

meters in height. In this study, images of waste rock pile were captured using a drone and 

analyzed using image analysis to characterize segregation along the slope of a waste rock pile. 

Images covered a 1400 m wide and 10 m high section of the pile. Ellipsoid model was used to 

characterize the irregular shapes of waste rock particles and a calibrated shape factor (λ = 0.53) 

was applied to determine the particle diameters. The particle size distribution (PSD) curves in 

different sections along the slope were obtained and the segregation degree and characteristic 

diameters (e.g., D10, D50, D80, D95) were quantitatively compared. Results showed that the 

increase of relative particle diameters and segregation degree indicated significant segregation 

along the vertical direction of waste rock pile. High variations of PSD curves along the lateral 

direction indicated significant lateral heterogeneity. Segregation and lateral heterogeneity could 

result in high variations (one to two orders of magnitude difference) of the saturated hydraulic 

conductivity of waste rock in the field. 

 

Keywords: Waste rock segregation; Lateral heterogeneity; Image analysis 
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4.1 Introduction 

Large amounts of waste rock are generated in mining operations and then disposed of in large 

piles that can exceed hundreds of metres in height and several square kilometers in area 

(Mclemore et al., 2009; Aubertin, 2013; Bar et al., 2020). The particle size distribution (PSD) of 

waste rock ranges from clayey particles to metre-sized blocks (Morin et al., 1991; James et al., 

2013). Waste rock piles are usually constructed in benches which are typically between 10 m and 

25 m high. Waste rock is repeatedly dumped down the slopes by haul trucks with either end-

dumping method or push-dump method (Aubertin, 2013; Amos et al., 2015; Hajizadeh Namaghi 

et al., 2015).  

These construction methods usually lead to significant segregation: larger (i.e., heavier with more 

momentum) particles tend to move down the slope and create a coarse zone at the base of the 

benches, while finer particles are more easily blocked and tend to remain closer to the crest and 

the deposition point (Herasymuik et al., 2006; Van Staden et al., 2018). Segregation is a 

complicated process involving different mechanisms such as inertial segregation (Goyal et al., 

2006), sieving effect (Mosby et al., 1996) and percolation (Khola et al., 2016). Segregation is 

also affected by material properties such as the original PSD particle shape and roughness 

(Alizadeh et al.,2017). Continuous traffic of construction equipment can also create compacted 

layers of crushed material at the surface of the benches (Fala et al., 2005; Bao et al., 2020; 

Maknoon et al., 2021). Fine and coarse-grained inclined layers therefore alternate in the pile 

profile as the waste rock pile advances (Azam et al., 2007; Anterrieu et al., 2010).  

Consequently, waste rock piles are highly heterogeneous structures (Anterrieu et al., 2010; 

Lahmira et al., 2016; Van Staden et al., 2019). These heterogeneities can directly affect the 

spatial distribution of geotechnical and hydrogeological properties (e.g., shear strength, hydraulic 

conductivity) and cause preferential flow, thus increasing the risk for both geochemical and 

geotechnical instabilities (Lahmira et al., 2016; Martin et al., 2019; Bréard Lanoix et al., 2020).  

Much effort was therefore put to characterize particle size distribution of waste rock in piles but 

also rockfill in dams, both in the field (Essayad, 2021; Wilson et al., 2022) and in the laboratory 

(Shepherd, 1989; Ayres et al., 2006; Gupta, 2016). Most of the research, however, focused on 

small scales with particles usually smaller than 0.5 m (Cash, 2014; Barsi, 2017). Sieve analysis 
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(ASTM D6913) for the coarse fractions (> 0.075 mm), combined with wet sieving (ASTM C117) 

and hydrometer tests (ASTM D7928) for fine fractions (< 0.075 mm), are indeed traditionally the 

most used approaches to characterize the PSD of waste rock (and other mine wastes) (Bao et al., 

2020; Hao and Pabst, 2022; Essayad, 2021).  

Sieve analysis can be accurate to determine the PSD of samples, but limited sieve sizes and the 

practical difficulties to obtain and transport large samples may affect the representativeness of the 

samples, which may not reflect the whole particle sizes in field conditions (Hawley et al., 2017). 

Sampling and field characterization along the slope of a waste rock pile is also dangerous because 

of the large dimensions of the pile, the instability of the blocks and the steep slopes (Raymond et 

al., 2021). Characterizing segregation of waste rock at large scale therefore remains a challenge. 

Recently, using a drone, combined with image analysis, was proposed to determine waste rock 

PSD in the field (Bhatia et al., 1990; Fernlund, 2005; Dipova, 2017). Image analysis is widely 

applied in different industries and research areas including particle mixing in rotary drums (Liu et 

al., 2015), soil crack analysis (An et al., 2020; Zhang et al., 2021; Meng et al., 2022), rock 

fragmentation (Andriani et al., 2002; Lawal, 2021) and mining engineering (Al-Thyabat et al., 

2006; Ko et al, 2011). The approach usually consists in automatically extracting particle 

information such as particle shape, area and axis lengths, but the main challenge for applications 

to waste rock characterization is to determine 3D characteristics from 2D images (Fernlund et al., 

2007; Lee et al., 2007; Zhang et al., 2012). 

In this study, waste rock segregation was investigated using image analysis. A total of 87 drone 

images, covering a 1400 m wide and 10 m high bench, were taken on the waste rock pile of 

Canadian Malartic mine, a surface gold mine located in Quebec, Canada. 42 images were 

selected to analyze the waste rock in these images. Segregation of waste rock was characterized 

based on segregation degree and characteristic diameters including D10 to D95. The lateral 

heterogeneity of waste rock was also investigated by analyzing the variability of the PSD curves 

and characteristic diameters (i.e., D10, D50 and D95) along the lateral direction of the slope. 
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4.2 Methodology 

4.2.1 Digital image acquisition 

The study was carried out on the waste rock pile of Canadian Malartic mine, a gold mine located 

in Abitibi-Témiscamingue, Quebec, Canada. The storage capacity of the waste rock pile is 

estimated to a total of 450 Mt corresponding to a volume of 230 Mm3 (Lehouiller et al., 2020). 

The waste rock pile is constructed with 10 m benches for a total height of 100 m (Lehouiller et 

al., 2020). The waste rock pile is constructed in 10 m benches with 11.5 m terraces between 

benches for an overall slope angle of 21.8°. The slope angle of each bench is around 37° (Gervais 

et al., 2014). A total of 87 photos were taken using a camera installed on a drone flying parallelly 

to the slope of the pile. The camera was oriented orthogonally to the slope to avoid lateral 

distortion. The drone moved horizontally along the bench and with a constant elevation so that 

the images were taken with the same size scale. An accumulated around 4000 m long slope was 

photographed with a resolution of 5280 × 2970 pixels for each image. A 0.5 m × 0.5 m reference 

target was placed on the slope surface for size calibration. The pixel conversion factor was 

1.2 cm. The top and bottom edges of each bench (i.e., compacted zones between benches) could 

be observed on each image and clearly delimited the investigated slope. Finally, a total of 42 

independent photos (i.e., with no overlap) covering each around 30 m wide and 10 m high zone 

were selected for analysis based on the quality, brightness and resolutions of the images. 

4.2.2 Image processing 

Waste rock particles were analyzed using ImageJ, an open-source program for image processing 

(Abràmoff et al., 2004; Ferreira, et al., 2012). Original images (Figure 4.1a) could not directly be 

processed for particle size distribution because of the difficulty to differentiate particles and 

voids. Indeed, waste rock exhibited colour differences because of differences in mineral 

composition and shades. Images were therefore processed using multiple sequential steps 

including pre-processing, binary conversion, processes on binary image and particle analysis. 

These different steps are briefly presented and illustrated below. 
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Pre-processing: the original RGB colour images were first pre-processed using filtering, colour 

adjustment, brightness, and contrast adjustments to increase the brightness and enhance particle 

boundaries (Figure 4.1b).  

Binary conversion: pre-processed images were converted to 8-bit grayscale images in which the 

gray level of the image ranged between 0 and 255 (0 representing black colour and 255 

representing white colour). Thresholding was conducted to set lower and upper gray levels to 

distinguish particles from the background (Figure 4.1c). The black areas represented waste rock 

particles in binary images. The white areas represented voids between particles, as well as 

particles below 2 cm diameter which were not considered in the analysis (more details below). 

Processes on binary image: Binary images usually exhibited different defects, such as grains 

from the background of the image, or blurry boundaries between particles (Figure 4.1d). 

Functional processes included in ImageJ, such as Erode, Dilate, Open, Close, Fill Holes, were 

used to remove this noise and make the transition between particles clearer. For example, two 

particles in contact might be detected as one particle in binary conversion process, so Erode 

function was used to remove pixels from the particle edges and separate the two particles. Dilate 

provided the opposite function to Erode by adding pixels so that the edge of the particles could 

be more precisely determined. Open function smoothed objects and removed isolated pixels 

which were smaller than 1.2 cm and not considered in this study. Close, followed by Erode, 

performed a dilation operation to smooth particles and fill small holes by adding pixels. Fill 

Holes was similar to function Erode and was used to fill small holes inside particles.  

Particle analysis: Processed binary images were finally used to extract particle information 

including surface area, shape and axis lengths. The area of every individual particle was 

estimated from its pixels. The minimum detectable area in ImageJ was 25 cm2 (corresponding 

approximately to a diameter of 2 cm) and smaller particles were ignored to reduce the influence 

of noise and resolution. Ellipses were used to fit particles in binary images and the primary and 

secondary axes of ellipses were obtained. ImageJ provided a list of each individual particle 

information including its area and primary and secondary axes lengths.  
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Figure 4.1: Processes of image analysis for waste rock along the slope. (a): Original waste rock 

on the slope surface of waste rock pile. (b): Pre-processing to increase the brightness and contract 

of the image. (c): Binary conversion. Black colour represented waste rock particles. (d): Final 

image after processing with functions such as Open, Erode and Fill Holes to improve the image 

quality (see text for details). 

 

4.2.3 Particle shape and diameter 

The mass and diameter of particles are the two main properties used to determine the PSD curve. 

The mass of each waste rock particle was calculated by estimating its volume multiplied by its 

specific gravity (Gs = 2760 kg/m3 based on laboratory measurements following ASTM C127-15, 
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2015). However, particle volume can be difficult to estimate from 2D images and various shape 

models, such as the sphere model (Zhang, et al., 2017) and ellipsoid model (Podczeck, 1997), are 

therefore typically used to convert 2D areas to 3D volumes. Ellipsoid model was successfully 

used in previous studies to determine the PSD curve of coarse-grained materials using image 

analysis (Kumara, et al., 2012; Dipova, 2017), and was therefore also used in this study.  

An ellipsoid particle is represented by a long (a; Figure 4.2a), a medial (b; Figure 4.2a and b) and 

a short axis (c; Figure 4.2b). The volume (V) of an ellipsoid is then calculated as (Kumara et al., 

2012): 

 

                                                       𝑉 =
4𝜋

3
×

𝑎

2
×

𝑏

2
×

𝑐

2
                                                          (4.1) 

 

Particle diameter, in the sense of PSD analyses, typically corresponds to the size of the square 

sieve aperture (d in Figure 4.2b) and can be smaller than the medial axis (b in Figure 4.2). In 

other words, waste rock retained in a specific sieve is often slightly larger than its diameter (d). 

Therefore, an equivalent particle diameter (De = d) was introduced and was calculated based on 

the medial (b) and short axes (c) of waste rock in images (Kumara et al., 2011; Dipova, 2017). 

The detailed derivation process can be found in Ohm et al (2013). The equivalent particle 

diameter (De) can be expressed as: 

 

                                                         De = √(b2 + c2)/2                                                    (4.2) 

 

Where De: equivalent particle diameter (mm); b and c: medial and short axis (mm). 
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Figure 4.2: Dimensions of the ellipsoid model. (a): The projected area of a particle in image 

analysis; (b): Particle passing through a square sieve. Lengths a and b are the primary (long) 

and secondary (medial) axes of the ellipsoid determined in image analysis. Length c represents 

the short axis of the best fitted ellipsoid. Length d is the square sieve aperture in sieve analysis. 

 

Lengths a and b were obtained directly from image analysis (see above), but length c was hidden 

in the out of plane dimension. A shape factor λ (= c / b) was introduced (Podczeck, 1997; Đuriš et 

al., 2016). Particles from the same source are considered to exhibit constant shape characteristics, 

i.e., λ is constant and independent of particle size (Mora et al., 1998; Dipova, et al., 2017).  

The shape factor 𝛼 for the investigated waste rock was therefore calibrated in the laboratory by 

comparing sieve analysis and image analysis conducted on samples collected from the same pile 

at Canadian Malartic mine. Sieve analysis was first conducted to determine the diameter and 

weight of various waste rock fractions (ASTM D6913). Five fractions ranging between 8 mm and 

38 mm were prepared, spread on a black geotextile (no contacts) and photographed (Figure 4.3). 

Images were taken vertically at a distance of approximately 1 m and a 0.3 m long ruler was used 

for size calibration (pixel conversion factor was 0.17 mm). The projected area of each particle 

was analyzed, and the long (a) and medial (b) axis were determined with the best fitting ellipsoid 

model, following the same procedure as describe above for field image analysis. 

The mass (M) of each waste rock fraction was first measured in the laboratory using a balance. 

The mass of every particle was calculated by multiplying its volume estimated using the ellipsoid 

model (equation 4.1) by its specific gravity. The short axis c in the ellipsoid model was expressed 
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as αb. The mass of each waste rock fraction was then estimated by summing the mass of all the 

particles, and as a function of the shape factor λ. Thus, λ in each fraction could be calculated 

using equation 4.3. The average shape factor of the five fractions was 0.53 (Figure 4.3), and was 

used to estimate the short axis c of waste rock particles in the field. 

 

                                                                λ = M

β×∑
4π
3

×
ai
2

×
bi
2

×
bi
2

n
i=1

                                                     (4.3) 

 

Where M: the mass of one waste rock fraction measured using a balance in the laboratory (g); β: 

the density of waste rock particles (kg/m3). 

 

 

Figure 4.3: Determination of the shape factors with different size fractions. (a): Original images 

of waste rock with size reference (0.3 m long). (b): Binary images used for image analysis. The 

mass (M) of each fraction was measured using a balance in the laboratory. 
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4.2.4 Segregation characterization 

Each of the 42 images was divided into 6 vertical sections (Figure 4.4a) and PSD curves of each 

section were determined based on the ellipsoid model using a shape factor  = 0.53. The PSD 

curve of the original waste rock (before the deposition) was determined from the image analysis 

of the entire slope in each image. This so called original PSD curve was used to evaluate the 

waste rock segregation along the slope in each image. The characteristic diameters D10, D15, D30, 

D50, D60, D80, D95 (i.e., the particle diameters corresponding to 10%, 15%, 30%, 50%, 60%, 80%, 

95% passing, respectively), the coefficient of uniformity CU (CU = D60 / D10) and the coefficient 

of curvature CC (CC = (D30)
2 / (D10 × D60)) of each PSD curve were determined.  

Statistical analyses were conducted using Gauss distribution model. The mean and standard 

deviation of the passing percentage were obtained for each section and for the whole slope. The 

mean and median PSD curves, and the PSD curves with passing percentage less than one 

standard deviation (σ) of the mean (68% of the data set), and PSD curves with passing percentage 

less than two standard deviations of the mean (95% of the data set) were obtained for each 

section. 

The segregation degree of waste rock (χ) in each section was determined as: 

 

                                           χ =
log dtested−log d0

log dCQ−log d0
                                                      (4.4) 

 

Where log d0: the logarithmic mean particle size of the original material before disposal, d was in 

cm in this study; log dtested: the logarithmic mean particle size of waste rock in the local sections 

(i.e., sections 1 – 6); log dCQ: the logarithmic mean particle size of coarsest quartile. The coarsest 

quartile represented the fraction of particles larger than the diameter D75 of the original gradation 

(Westland, 1988; Kenney et al., 1993). Logarithmic mean particle size (log d) is often considered 

a representative parameter for delineating the PSD curve, and is calculated as (Kenney et al., 

1993): 
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                                             log d = ∑ (Pi − Pi−1)n
i=1 log √Di ∙ Di−1                                          (4.5) 

 

Where Di and Di−1 [L]: consecutive particle diameters corresponding to passing Pi and Pi−1.  

Relative particle diameter D10 / D10ʹ (also D50 / D50ʹ, D95 / D95ʹ) was defined as the ratio between 

D10 in each section and D10ʹ in the original PSD curve in each image. Relative particle diameters 

and the segregation degree in the 6 sections were used to characterize the segregation along the 

waste rock slope. The center of each section along the slope was characterized in Figure 4.4b. 

 

 

Figure 4.4: (a) Sectional binary images of waste rock with the slope divided into 6 sections (S1 –

 S6). (b) Characterization of the 6 sections along the slope. x / L [-] represents the position of 

each section with x [L] the horizontal distance of the section center to the deposition point and L 

[L] the horizontal length of the slope. h [L] represents the height of the bench. 

 

4.3 Results 

4.3.1 Segregation along the slope 

A total of 42 original PSD curves were obtained from the 42 images. The maximum particle 

diameter was 180 cm among the 42 images. The original waste rock in each image was 
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characterized by D10ʹ, D50ʹ, D80ʹ and D95ʹ (Figure 4.5b). The maximum and minimum D95ʹ were 

175 cm and 69 cm, with a mean and median of 123 cm and 126 cm. The maximum and minimum 

D10ʹ were 19 cm and 12 cm, with the same mean and median of 15 cm. The mean and median 

PSD curves were obtained from the 42 original PSD curves (Figure 4.5a). The median and mean 

PSD curves exhibited the same CU (= 3.4) and CC (= 1.04). Difference between mean and median 

PSD curves mainly concentrated around particles larger than 130 cm, which only accounted for 

4% of the total waste rock. Particles larger than 100 cm accounted for 10% of the total waste rock 

and fractions between 19 cm and 80 cm accounted for around 68%. Waste rock with diameters 

ranging between D40 – D80 exhibited the highest level of variability, with standard deviation 

around 10%, but otherwise results were similar (standard deviation < 8%). 

Significant segregation was observed from the top to the bottom of the slope i.e., from section 1 

to section 6 (Figure 4.5, c – f). For example, D10 / D10ʹ increased from 0.58 ± 0.13 in section 1 

(top section, x / L = 0.08) to 1.66 ± 0.23 in section 6 (bottom section, x / L = 0.92), i.e., an 

increase by 186%. D50 / D50ʹ increased from 0.58 ± 0.18 in section 1 to 1.56 ± 0.23 in section 6, 

i.e., an increase by 168%. Similar trend was also observed from D80 / D80ʹ and D95 / D95ʹ, which 

increased by about 149% and 95%, respectively, from section 1 to section 6. The increase rate of 

relative particle diameters decreased from 1.26 for D10 / D10ʹ to 0.55 for D95 / D95ʹ, thus indicating 

that smaller particles were more sensitive to segregation (Figure 4.5, c – f).  

Segregation degree (χ) of waste rock along the slope also indicated significant segregation. 

Segregation degree was – 0.77 ± 0.39 in section 1 and increased to – 0.29 ± 0.21 in section 4 

(x / L = 0.58), indicating that waste rock in section 1 was significantly finer (+ 166%) than in 

section 4 (Figure 4.6). Also, the segregation degree was smaller than 0 when x / L < 0.7 thus 

confirming that waste rock was finer than the original PSD in the top two third of the slope. The 

segregation degree in section 6 was significantly greater and around + 0.4 ± 0.14 and waste rock 

in the bottom of the slope was coarser than the original waste rock, but also coarser than waste 

rock in sections 1 to 5. Finally, the standard deviation of the segregation degree decreased from 

0.39 in section 1 to 0.14 in section 6. Waste rock in the top sections was, indeed, significantly 

finer than the original waste rock and a few additional or fewer large particles would therefore 

strongly affect the PSD curve. 
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Figure 4.5: Segregation characteristics of waste rock in the 6 sections of the slope. (a): Measured 

median and mean PSD curves of the whole slope. (b): Measured characteristic diameters of the 

original PSD curves. The mean and median were obtained from the 42 PSDs. Measured (c) 

D10 / D10ʹ, (d) D50 / D50ʹ, (e) D80 / D80ʹ and (f) D95 / D95ʹ as functions of the section positions. 

Relative particle diameter D10 / D10ʹ (also D50 / D50ʹ, D95 / D95ʹ) was defined as the ratio between 

D10 in each section and D10ʹ of the original PSD curve in each image. x / L [-] represents the 

position of each section with x [L] the horizontal distance of the section center to the deposition 

point and L [L] the horizontal length of the slope. Error bars represent standard deviation.  
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Figure 4.6: Segregation degree along the slope. Particles were finer than the original (i.e., X < 0; 

blue dashed line) when x / L < 0.7 and coarser than the original (i.e., X > 0) when x / L > 0.7. 

Error bars represent standard deviation. 

 

4.3.2 Lateral heterogeneity 

The 42 PSD curves analyzed above represented the PSD of waste rock along a lateral distance of 

1400 m and along a same bench of the waste rock pile. As mentioned above, there was no 

overlap between the PSD curves so the data set was used to evaluate the lateral variability. It was 

assumed, based on information received from the mine, that the geology of the rock was sensibly 

similar and that the deposition method was the same (i.e., end dumping in that case).  

PSD curves of waste rock exhibited high lateral variability, especially for sections 1 and 6. For 

example, the maximum standard deviation (σ) of the passing percentage was around 17% for a 

particle diameter of 40 cm in section 1 and 18% for a particle diameter of 80 cm in section 6. 

This indicated that in practice, particles ranging between 40 cm and 80 cm exhibited the highest 
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variability along the lateral direction and therefore brought uncertainties to the hydrogeotechnical 

properties (e.g., porosity, hydraulic conductivity) which are highly related to waste rock PSD. 

The highest variability in sections 2 – 5 occurred at particle diameters varied between 40 cm and 

60 cm, with the maximum standard deviation (σ) of the passing percentage around 10%. The 

maximum diameter (Dmax) in the top section varied between 30 cm and 130 cm (Figure 4.7a). 

Similar variations of Dmax in sections 2 – 6 were also observed, ranging between 80 cm and 

180 cm (Figure 4.7, b – f).  

The distributions of D10, D50 and D80 and CU in each section were exhibited using the relative 

frequency (f) (Figures 4.8 and 4.9). The maximum frequency (fm) decreased from D10 to D80, 

indicating that the lateral variation increased with particle diameters. For example, diameter D10 

in section 1 varied between 5 cm and 15 cm, with a maximum frequency fm = 0.8 for a particle 

diameter of 8 cm. Diameter D50 was between 15 cm and 25 cm, with fm = 0.36 for a particle 

diameter of 23 cm. Finally, diameter D80 distributed along a wider range comprised between 

30 cm and 55 cm, with fm = 0.29 for a particle diameter of 33 cm. CU mainly varied between 2.4 

and 5 in the 6 sections and exhibited higher CU in section 1 with fm = 0.29 for a CU of 3 

(Figure 4.9).  

Similar results were also observed in other sections, both close to the top (finer zones) and the 

bottom (coarser zones) of the slope (Figures 4.8). For example, diameter D50 in section 1 was 

concentrated between 18 cm (f = 0.31) and 23 cm (f = 0.36), while D50 in section 6 was between 

43 cm and 68 cm (f = 0.45). Diameter D80 in section 6 exhibited much higher variations than that 

in section 1 with a maximum frequency of fm = 0.1, indicating that larger waste rock particles 

tended to distribute more variably at the bottom of the slope. 
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Figure 4.7: Lateral variabilities of waste rock PSD curves along the slope from (a) section 1 to (f) 

section 6. 68% envelope (dotted line) represented PSD curves with passing percentage less than 

one standard deviation (σ) around the mean. 95% envelope (dashed line) represented PSD curves 

with passing percentage less than two standard deviations of the mean.  
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Figure 4.8: Lateral variabilities of characteristic diameters D10, D50, D80 along the slope from (a) 

section 1 to (f) section 6. The distributions of D10, D50, D80 were analyzed based on the 42 PSD 

curves which covered a horizontal length of 1400 m. 
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Figure 4.9: Lateral variabilities of CU in the 6 sections. The distribution of CU in each section was 

analyzed based on the 42 PSD curves which covered a horizontal length of 1400 m. 

 

4.4 Result analysis and discussion 

4.4.1 Segregation and lateral heterogeneity in a waste rock pile 

The results of the waste rock pile image analysis presented above indicated a significant vertical 

segregation along the slope of the 10 m high bench, with a segregation degree increasing from 

− 0.77 ± 0.39 in section 1 (top) to + 0.4 ± 0.14 in section 6 (bottom). Maximum particle size and 

characteristic diameters also tended to increase from section 1 to section 6. For example, D50 

increased from 24 cm ± 95 cm in section 1 to 66 cm ± 18 cm in section 6 (an increase by 168%). 

Similarly, other waste rock piles with different heights also exhibited segregation. For example, 

diameter D50 at 15 m high waste rock pile (Chi, 2010) increased from 21 cm in the top section to 

41 cm in the bottom section, i.e., an increase by about 95%, Also, diameter D50 at an around 20 m 
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high waste rock pile (Zhang et al., 2017) was 40 cm in the top section and 143 cm in the bottom 

section, i.e., an increase by about 258%. 

High variations of PSD curves and characteristic diameters of waste rock along the lateral 

direction indicated significant heterogeneity in the studied pile. For example, diameter D50 of the 

original material (before the deposition) varied between 33 cm and 63 cm along the 1400 m of 

the investigated bench, with a maximum frequency of only 0.24. Similar results were also 

observed from other waste rock piles. For example, diameter D50 of the original waste rock 

(before the deposition) varied between 6 cm and 36 cm along the lateral direction of the 15 m 

high waste rock pile at Diavik mine (Chi, 2010; Barsi, 2017). Such lateral heterogeneity is mainly 

attributed to lithological and mineralogical characteristics of the host rock, as well as blast pattern 

and energy which affect rock fragmentation degree (Raymond et al., 2021; Kinyua et al., 2022). 

Vertical and lateral heterogeneity is therefore particularly critical when determining and 

simulating waste rock piles geotechnical, hydrogeological, and geochemical behaviour (St-

Arnault et al., 2020; Vriens et al., 2019). For example, the difference of friction angle in different 

locations of a pile could exceed 14° because of spatial variations of particle sizes (Zevgolis, 

2018; Rahmani et al., 2021) and local wetting front velocities can vary over four orders of 

magnitude (Nichol et al., 2005; Webb et al., 2008). The following sections therefore discuss 

various approaches to predict and account for segregation and heterogeneity in large-scale waste 

rock piles. 

4.4.2 Prediction of segregation and segregation degree 

The uniformity coefficient CU (= D60 / D10) is often considered a practical and easy-to-use 

criterion to estimate possible segregation of a coarse material, and a greater CU (usually CU > 3) 

is generally deemed to indicate a higher segregation risk (Langroudi et al., 2015). However, this 

study has shown that such criterion should be considered carefully and may sometimes 

underestimate the segregation risk. Indeed, CU of the original waste rock in this study was 

sometimes as small as 2.8, but segregation was still significant with segregation degrees around –

 1.53 in section 1 and 0.34 in section 6. One of the reasons for the poor fit of the CU criterion is 

that particles coarser than D60 are more prone to segregate (Sherard et al., 1984). For example, 

waste rock particles larger than 150 cm (while D60 = 50 cm) were all accumulated in the bottom 
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section of the investigated waste rock pile. So, using D60 and D10 may be not always reliable to 

predict segregation in the field. 

Predicting the segregation degree using greater characteristic diameters such as D90 was therefore 

considered, and a ratio D90 / D15 was proposed to better evaluate segregation (Burenkova,1993; 

Asmaei et al., 2018). In this study, D90 / D15 of the original waste rock was between 3.7 and 9.5, 

with an average of 6.7 ± 1.6. The segregation degree was fitted as a function of D90 / D15 with an 

intercept of 0 considering the reality that D90/D15 is always a positive value (> 1) and waste rock 

tends to be homogenous when D90/D15 closes to 1. The segregation degree in section 6 tended to 

indicate a linear relationship with D90 / D15 with a coefficient of determination (R2) greater than 

0.9 (Figure 4.10). The fitted trend indicated that the segregation degree in the coarse zone (e.g., 

Section 6) tended to linearly increase with D90 / D15, and that waste rock tended to be finer in the 

top of the pile (Section 1) with increasing D90 / D15. However, the relation between the 

segregation degree and the ratio D90 / D15 was less clear in the top section of the pile (R2 = 0.74) 

than in the bottom (R2 = 0.92), most probably because large particles can strongly affect the PSD 

curve in this area (similarly to what was observed in Figures 4.5 to 4.7 above). Other researchers 

(Asmaei et al., 2018) also reported that the segregation degree of the whole slope tended to 

increase with the ratio D90 / D15. However, the slope of the fitted linear relation in their study was 

0.29 (R2 = 0.99), that is around 5 times greater than the fitted slope of 0.07 (R2 = 0.92) in this 

study. A possible reason for this difference may be that D90 / D15 in the present study varied in a 

relatively smaller range (i.e., between 3.7 and 9.5) compared to their analysis (i.e., between 13 

and 64). In other words, if the general trend between segregation and D90 / D15 was verified in 

several waste rock piles, the linear relation parameter may depend on waste rock properties. 
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Figure 4.10: Segregation degree as a function of D90 / D15 of the original waste rock in section 1 

and section 6. A segregation degree less than 0 indicates finer material than the original and a 

segregation degree greater than 0 indicates a coarser material than the original. 

 

4.4.3 Correction of particle size distribution for fine particles 

In this study, the uniformity coefficient CU in the 42 waste rock slopes ranged between 2.8 and 

4.1. Similar results were obtained using image analysis in a different mine waste rock pile where 

the CU of the whole slope was around 4.8 (Zhang et al., 2017). However, in practice, waste rock 

CU is typically around 20 or more (Aubertin, 2013). This difference was mainly attributed to the 

fact that particles smaller than 5 cm (i.e., corresponding to around 25 cm2) were not detectable 

using image analysis. This is a general limitation to the technique and similar results were also 

reported for other waste rock piles where the minimum particle diameter that could be detected 

using image analysis was between 1 cm and 20 cm (Chi, 2011; Zhang et al., 2017). 

Fine particles can, however, have a significant impact on hydrogeological (Bao et al., 2020; 

Essayad, 2021), geotechnical (Laverdière et al., 2022) and even geochemical (Neuner et al., 
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2013) properties of waste rock. So, the PSD curve determined using image analysis should often 

be corrected using field and/or laboratory measured PSD curves. These are, however, also 

incomplete and rarely contain particles coarser than 50 cm (Cash, 2014; Barsi, 2017), but there is 

still a rather significant overlap (2 cm to 50 cm) between directly measured and image-based PSD 

curves so they can be combined. 

In this study, around 1000 kg of waste rock were sampled at Canadian Malartic mine for PSD 

analysis (Essayad, 2021). Waste rock particles larger than 10 cm and up to 25.4 cm were directly 

and manually characterized in the field (particles coarser than 25.4 cm were not characterized for 

practical reasons) and waste rock smaller than 10 cm was transported to the laboratory for sieve 

analysis (diameter > 0.075 mm) and hydrometer tests (diameter < 0.075 mm). 

The median PSD curve (Figure 4.5a and Figure 4.11) of the original waste rock obtained from 

image analysis was corrected and combined with measured PSD curve. In the corrected PSD 

curve, the passing percentages of fractions larger than 25.4 cm were kept the same to those in the 

median PSD curve from image analysis. The correction was mainly focused on size fractions 

smaller than 25.4 cm, which accounted for 25% of the median PSD curve of image analysis 

sample. The corrected passing percentage of fractions smaller than 25.4 cm were then calculated 

through multiplying the passing percentage of each diameter in measured PSD curve by 25%. 

These recalculated PSD fractions (smaller than 25.4 cm) were finally combined with the median 

PSD fractions larger than 25.4 cm. A similar correction approach was used to correct PSD curves 

by integrating measured and image analysis obtained PSD curves in other studies (Cash, 2014; 

Zhang et al., 2017). The resulting PSD curve covered particle diameters from 10−4 cm (measured 

in the laboratory) to a maximum diameter of 150 cm (estimated using image analysis). The 

corrected D10 (= 2.9 cm) was 1 / 5 of that in the original median PSD curve determined from 

image analysis only (Figure 4.11), resulting in a CU = 18 (compared to CU = 3.4 from image 

analysis). The correction of field PSD curve was made for the waste rock of the whole slope, and 

this corrected PSD curve was used to characterize waste rock in Canadian Malartic mine. Such 

correction can have a significant impact on the estimation of waste rock properties, but assumes 

that this correction process can be applied in segregated sections although fractions smaller than 

25.4 cm in these segregated sections would be slightly different (see the next section below). 
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Figure 4.11: Correction of waste rock PSD curve at Canadian Malartic mine (in blue) by 

integrating field measured PSD (between 0 and 25.4 cm; black triangles) and image analysis 

(between 25.4 cm and 150 cm; black squares). 

 

4.4.4 Effect of segregation and lateral heterogeneity on waste rock pile 

properties 

4.4.4.1 Effect of segregation and lateral heterogeneity on the estimation of in situ saturated 

hydraulic conductivity 

In practice, vertical segregation and lateral heterogeneity have a direct impact on waste rock 

hydrogeotechnical properties. For example, the variations of saturated hydraulic conductivity 

(ksat) could affect the hydrogeotechnical properties and result in preferential flow within waste 

rock piles (Fala, et al., 2005, 2012). Sometimes, one or two orders of magnitude difference in the 

hydraulic conductivity can make water flow along irregular and diverted paths (Lahmira et al., 

2016, 2017), thus challenging waste rock reclamation. In this study, the effect of segregation and 

lateral heterogeneity on waste rock hydrogeological behaviour was investigated using Kozeny-
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Carman Modified (KCM) model (equation 4.6; Mbonimpa et al., 2002) and Taylor model 

(equation 4.7; Taylor, 1948), which are both regularly used to predict waste rock saturated 

hydraulic conductivity (Peregoedova et al., 2013; Bréard Lanoix et al., 2020; Essayad, 2021). 

KCM model (Mbonimpa et al., 2002): 

 

ksat (
cm

s
) = CG

γ
w

μw

e(3+x)

(1+e)
CU

1/3
D10

2                                                  (4.6) 

 

Where CG: a constant (CG = 0.1 for granular material); γw: unit weight of water (γw = 9.8 kN/m3); 

μ
w

: dynamic viscosity of water (≈ 10-3 N.s/m2 at 20℃); e: void ratio [-]; x: tortuosity factor (x = 

2 for granular material); CU: uniformity coefficient [-]; D10: particle diameter corresponding to 

10% passing (cm). 

Taylor model (Taylor, 1948): 

 

ksat (
cm

s
) = C1

γ
w

μw

e3

(1+e)
D50

1.5                                                     (4.7) 

 

Where C1: a shape factor (C1 = 0.004 is suggested for waste rock by Peregoedova et al. (2013)); 

γ
w

: water unit weight (= 9.8 kN/m3); μ
w

: dynamic viscosity of water (≈ 10-3 N.s/m2 at 20℃); e: 

void ratio [-]; D50: particle diameter corresponding to 50% passing (cm). 

The ratio of waste rock saturated hydraulic conductivity in the bottom section divided by that in 

the top section, i.e., ksat (bottom) / ksat (top), varied between 1.4 and 25.5 with KCM model and 

between 0.9 and 14.3 with Taylor model (Figure 4.12). In other words, waste rock segregation 

during deposition could induce vertical variations of hydraulic conductivity by around one order 

of magnitude in Canadian Malartic waste rock pile. Similar trends were also observed in other 

waste rock piles where the permeability in the bottom section was 3 to 12 times greater than that 

in the top section (Zhang et al., 2017; Chi, 2011). This effect could even be more pronounced 

because of the crushing and compaction of waste rock at the surface of the pile because of the 
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frequent circulation of haul trucks (Fala et al., 2012; Maknoon et al., 2021; Raymond et al., 

2021). 

Lateral heterogeneity of waste rock particle sizes also indicated significant variations of saturated 

hydraulic conductivities. No clear trend was observed for the lateral distribution of ratios 

ksat (bottom) / ksat (top) which were randomly distributed and could exceed 16 (Figure 4.12). Such 

field results are scarce in the literature, but similar lateral variations (up to 25 times) were also 

observed for saturated hydraulic conductivity of waste rock samples measured in the laboratory 

(Cash, 2014). 

These results tend to confirm the representativity of numerical simulations which consider 

heterogeneity by randomly distributing materials with different permeabilities (with one order of 

magnitude difference) within the whole waste rock pile (Lahmira et al., 2016, 2017). However, 

this study has also shown that waste rock sizes exhibited a strong vertical correlation, which 

could be considered to improve the way to simulate segregation in waste rock piles. 

Here, the discussion was conducted in terms of saturated hydraulic conductivity, but the effect of 

segregation on waste rock shear strength (Kim et al., 2014; Zevgolis, 2018) and geochemical 

reactivity (St-Arnault et al., 2020; Seigneur et al., 2021) is expected to be similar. 
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Figure 4.12: Variation of ratio ksat (bottom) / ksat (top) as a function of lateral heterogeneity. 

Waste rock saturated hydraulic conductivity ksat was predicted using KCM (equation 4.6) and 

Taylor (equation 4.7) models.  

 

4.4.4.2 Comparison of original non-segregated and segregated waste rock saturated 

hydraulic conductivity 

The saturated hydraulic conductivity (ksat) is usually determined by characterizing waste rock 

samples (before the deposition, i.e., non-segregated) in the laboratory and as the measured result 

is deemed representative of field waste rock (Abdelghani et al., 2015; Maknoon et al., 2021). 

However, the analyses above indicated that segregation could significantly affect in situ hydraulic 

conductivity. The saturated hydraulic conductivity was predicted using KCM (equation 4.6) and 

Taylor (equation 4.7) models, but this time based on the PSD curves of each section corrected 

using the approach proposed above and including fine particles (i.e., diameter < 5 cm). The void 

ratio e = 0.3 was determined from field measurements at Canadian Malartic mine (Essayad, 

2021). 
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The ratio of waste rock saturated hydraulic conductivity (ksat) in each section divided by the 

saturated hydraulic conductivity of original waste rock, i.e., ksat / ksatʹ, was 0.06 in section 1 

(x / L = 0.08, top of the slope) with KCM model and 0.3 with Taylor model (Figure 4.13). The 

ratio ksat / ksatʹ in section 6 (x / L = 0.92, bottom of the slope) was 38 with KCM model and 1.8 

with Taylor model. The saturated hydraulic conductivity in the middle of the slope 

(x / L = 0.6 ~ 0.8) was similar to that of the original waste rock (ksat / ksatʹ ≈ 1). In other words, 

the saturated hydraulic conductivity of the original unsegregated waste rock could be one order of 

magnitude greater than that in the top of the pile and one order of magnitude smaller than that in 

the bottom of the pile. The saturated hydraulic conductivity of the original waste rock is therefore 

not representative of the waste rock properties in the slope (as also suggest by Wilson et al., 2013 

and Barsi, 2017) and can in practice vary by more than one order of magnitude for a 10 m high 

bench. In practice, the saturated hydraulic conductivity of waste rock tended to be overestimated 

in the top section and underestimated in the bottom section when this correction method was used 

to correct the waste rock from image analysis. 

 

 

Figure 4.13: Variation of ratio ksat / ksatʹ as a function of vertical positions along the slope. Waste 

rock saturated hydraulic conductivity ksat was predicted using KCM (equation 4.6) and Taylor 

(equation 4.7) models.  
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4.4.5 Particle shape effect 

In this study, particle diameters and masses were determined using ellipsoid model, and the short 

axis of the particles was estimated using a shape factor,  = c / b = 0.53. This shape factor was, 

however, measured in the laboratory and assumed constant and independent of the particle 

diameter, while in practice it may decrease with particle diameter (Linero et al., 2017). Even 

though the field shape factor could not be determined because of the lack of data, the influence of 

choosing a constant value was investigated by comparing the shape of around 10 000 particles in 

the field (using image analysis) with the results of the 2 200 particles analyzed in the laboratory 

(see methodology section). 

The ratio b / a of waste rock varied between 0.5 and 0.8 in the laboratory and between 0.4 and 0.8 

in the field (Figure 4.14). The ratio c / a ranged between 0.3 and 0.4 in the laboratory and 

between 0.2 and 0.4 in the field. Although waste rock generally exhibited similar shapes in the 

laboratory and in the field, the distribution of both b / a and c / a tended to be slightly wider in the 

field than in the laboratory. For example, the maximum frequency of b / a was 0.26 in the field, 

i.e., slightly less than the 0.31 measured in the laboratory. One reason for this discrepancy can be 

that significantly more particles were analyzed in the field, thus statistically covering a larger 

variety of shapes. Another reason could be that ratios b / a (Linero et al., 2017) and c / a (Ovalle, 

et al., 2020) both tended to increase with particle diameters. 
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Figure 4.14: Waste rock particle shape ratios (a) b / a and (b) c / a in the laboratory (red) and in 

the field (black). a, b and c are the long, medial and short axis of waste rock particles. The 

comparison is based on the analysis of 2224 particles in the laboratory with diameters between 

0.8 cm and 3.8 cm, and 10 000 particles in the field with diameters larger than 10 cm (assuming a 

constant shape factor c / b). 

 

The ellipsoid model (Figure 4.2) is usually considered efficient to estimate the dimensions of 

granular particles, but, as mentioned above, the estimation of the short axis can be difficult. Other 

models such as sphere model and Feret’s diameter model were therefore also used in this study to 

determine waste rock PSD. Sphere model (Figure 4.15a) is easy to apply when the specimen 

comprises a large number of particles (Shanthi et al., 2014; Zhang et al., 2017). Measured particle 

area (A) from image analysis is converted to an equivalent particle diameter (De,  De = 2 × 

√A / π), which is then used to calculate sphere volumes and determine their mass (Li et al., 

2005). Feret’s diameter model (Figure 4.15b) is also an ellipsoid-based shape model except that 

the long and medial axes are defined by maximum (Fmax, the longest distance between any two 

points along the particle boundary) and minimum (Fmin, the minimum caliper diameter of the 

particle) Feret’s diameters (Ferreira et al., 2012; Hamzeloo et al., 2014). The equivalent particle 

diameter is then calculated as De = Fmin  √2⁄ . 
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Figure 4.15: Shape characterization using (a) sphere model and (b) Feret’s diameter model. De 

represents the equivalent particle diameter; Fmax and Fmin represent the maximum and minimum 

Feret’s diameters. 

 

Among these three models, the PSD curve obtained using the ellipsoid model was the closest to 

the PSD curve measured using sieve analysis in the laboratory (Figure 4.16a). At field scale 

(Figure 4.16b), Feret’s diameter model results were similar to ellipsoid model. However, PSD 

obtained using sphere model was always coarser than that using ellipsoid model and Feret’s 

diameter model both in the laboratory and in the field (Figure 4.16). The main reason is that 

waste rock particles are mostly elongated and using a sphere therefore tends to overestimate the 

diameter under the same equivalent projected area. From the comparison above, ellipsoid model 

is considered the best to estimate waste rock shapes in general, but Feret’s diameter model can 

also give good results in the field. 
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Figure 4.16: PSD curves of waste rock in the (a) laboratory and (b) field using sphere, ellipsoid 

and Feret’s diameter models in image analysis. The PSD curve determined with sieve analysis in 

the laboratory was used for comparison. 

 

4.4.6 Discussion 

Image analysis was used in this study to quantify both segregation and lateral heterogeneity in a 

waste rock pile. Despite its numerous advantages (e.g., easy operation, low cost, high efficiency), 

image analysis also has a few limitations, and several assumptions were made to interpret the 

results. First, the boundary of every single particle was detected based on pixel intensity 

differences between the particles and the background. However, pixel intensity is sensitive to 

image brightness and resolution (Ferreira et al., 2012; Đuriš et al., 2016; Zhang et al., 2017), and 

detection of particle boundaries may be difficult if pixel intensity is not contrasted enough, 

resulting in an overestimation particle diameter. Secondly, different colours within the same 

particle (for example because of different mineral composition) or brightness (because of shades), 

may lead the image processing code to distinguish several smaller particles where there is just on 

(Azzali et al., 2011). Particle overlap would hide parts of the particles and also result in 

underestimation of these particle (Zhang, 2016). Also, the pixel conversion factor was 1.2 cm in 

this study, and particles smaller than 2 cm could not be detected, even though they represented 

(based on direct PSD measurement) about 8% of the entire PSD curve. Neglecting fine particles 

could have a significant impact on the estimation of waste rock hydrogeotechnical properties 

(Chapuis, 2012). Higher resolution cameras are therefore recommended to improve the precision 
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of particle detection. Today’s cameras usually have a resolution between 0.7 and 10 cm / pixel 

(Chabot et al., 2016; Inzerillo et al., 2022), but some specific cameras such as infrared thermal 

cameras (which can be installed on a drone) can reach 0.27 cm / pixel (Westfeld et al., 2015; Di 

Felice et al., 2018). Other remote sensing techniques such as LiDAR could also be an alternative 

option with a resolution of around 3 cm / pixel (Collin et al., 2018; Li et al., 2020). 

This study focused on the segregation and lateral heterogeneity on the surface of a waste rock 

pile. However, internal heterogeneity can also be significant because of the presence of the 

alternance of inclined fine and coarse-grained layers (Anterrieu et al., 2010; Bao et al., 2020). 

Such internal structure is, however, difficult to characterize using only image analysis and would 

require additional investigation methods such as geophysical methods (Anterrieu et al., 2010; 

Azzali et al., 2011; Dimech et al., 2019) and trench excavation (Stockwell et al., 2006; Boekhout 

et al., 2015). In addition, lateral heterogeneity was characterized along the slope of a field waste 

rock pile, but no clear trend could be observed along the lateral direction. More field observations 

are expected to investigate the possible prediction of lateral heterogeneity. 

Finally, this study was carried out only for a 10 m bench of waste rock pile at Canadian Malartic 

mine which exhibits similar mineral composition. Even though comparison with literature has 

shown similar trends in other waste rock piles, segregation analyses on more waste rock piles are 

recommended to confirm the field observations and contribute to further understand 

heterogeneity of waste rock piles. 

4.5 Conclusions 

In this study, waste rock segregation and lateral heterogeneity were characterized using image 

analysis on drone pictures obtained from Canadian Malartic mine, a surface gold mine located in 

Quebec, Canada. A total of 42 drone images, covering an area with 1400 m wide and 10 m high 

(one bench), were analyzed. Ellipsoid model was used to represent the irregular shapes and a 

calibrated shape factor of 0.53 was applied to determine waste rock diameters and masses. The 

bench slope was divided into 6 sections in the vertical direction and the PSD curve in each 

section was determined. A total of 252 PSD curves were analyzed to quantify waste rock 

segregation and heterogeneity. The segregation degree and the characteristic diameters from the 
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top to the bottom section of the slope were obtained and quantitatively compared. Most important 

findings can be summarized as follows: 

(1) The increase of relative particle diameters and segregation degree indicated significant 

segregation along the slope of waste rock pile. Segregation degree increased from 

− 0.77 ± 0.39 in the top (finer zone) to + 0.4 ± 0.14 in the bottom (coarser zone). The strong 

vertical correlation of waste rock sizes characterized in this study could improve the way to 

simulate segregation in waste rock piles. 

(2) Significant lateral heterogeneity was characterized by investigating the lateral distribution of 

waste rock particles. The maximum diameters varied between 30 cm and 130 cm in the top 

section and between 80 cm and 180 cm in the bottom section. The maximum frequency of 

characteristic diameters D50 and D80 were always smaller than 0.4. 

(3) Segregation and lateral heterogeneity resulted in high variations (one to two orders of 

magnitude difference) of the saturated hydraulic conductivity and more generally of the 

geotechnical properties of waste rock in the field. The saturated hydraulic conductivity in the 

bottom section was up to 26 times than that in the top section. 

(4) Image analysis with ellipsoid model is an efficient method to characterize waste rock 

segregation and lateral heterogeneity in large-scale waste rock piles. A calibrated constant 

shape factor  = 0.53 can well estimate the short axis of waste rock particles in this study. 

The image resolution constrained particle detection precision, and fine particles (e.g. < 5 cm) 

were therefore underestimated in image analysis. 

This research should provide a reference to quantitatively characterize waste rock segregation 

and lateral heterogeneity in the field and provide the basis to investigate segregation in numerical 

simulations in future works. 
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Abstract: Large volumes of waste rock are produced during mining operations and are often 

disposed of in large piles on the surface. Segregation caused by particle sizes and deposition 

methods usually leads to heterogenous internal structures, increasing the risk for 

hydrogeotechnical and geochemical instabilities. Disposal optimization could improve the 

geotechnical stability of piles but are difficult to test at field scale. Discrete element methods are 

therefore used to investigate waste rock flow behaviour. The main challenge is, however, their 

calibration and extrapolation to field scale. A new calibration process was proposed and tested in 

this study based on laboratory repose angle tests and field natural repose angles. Calibrated 

models were then used to reproduce waste rock segregation, which was compared with laboratory 

and field measurements. Results indicated that numerical models calibrated using repose angle 

tests were able to reproduce waste rock segregation, and friction and rolling resistance 

coefficients were scale dependent. 

 

Keywords: Waste rock segregation; Discrete element method (DEM); Model calibration; Model 

upscaling. 
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5.1 Introduction 

Large volumes of waste rock are produced during mining activities, and are commonly disposed 

of in large piles that can exceed hundreds of meters in height and several square kilometers in 

area (Blight, 2010; McLemore et al., 2009; Aubertin, 2013; Bar et al., 2020). The particle size 

distribution (PSD) of waste rock is widely graded ranging from clayey particles to cobbles, 

boulders and meter-sized blocks (Morin et al., 1991; James et al., 2013). This widely ranged 

gradation usually leads to complex internal structure within waste rock piles during disposal 

(Molson et al., 2005; Anterrieu et al., 2010; Lahmira et al., 2016).  

Waste rock piles are usually constructed with different methods mainly including end-dumping 

method, push-dumping method, free dumping method and drag-line spoiling method, which are 

selected depending on the topography, cost and transportation equipment (McLemore et al., 2009; 

Morin et al., 1991). End-dumping and push-dumping methods are mostly used because of their 

lower cost and higher efficiency compared to other methods (Burnley, 1993; Maknoon, 2016; 

Hawley, 2017).  

Deposition of waste rock using end-dumping or push-dumping methods generally causes 

segregation: coarse blocks tend to move downward to the toe of the pile while fine particles 

remain closer to the deposition point and the crest of the pile (Nichol, 1986; Herasymuik et al., 

2006). There are several mechanisms controlling segregation, such as rolling, sieving, 

percolation, and repose angle effects (Mosby et al., 1996; Jain et al., 2013). These mechanisms 

and their mutual influence mainly depend on the construction method and particle sizes (Jain et 

al., 2013; Džiugys et al., 2009; Zhou et al., 2016). In a waste rock pile, segregation is mainly 

related to rolling and sieving effects (Iverson, 1997; Cheng et al., 2019). Fine particles can indeed 

move through the voids between larger particles and sink down to the lower layer, while larger 

particles move faster and further in the upper layer with relatively higher velocity driven by 

gravity and fluid dynamics (Cheng et al., 2019; Dolgunin et al., 1995). The spatial variations of 

waste rock properties within piles can therefore present a high degree of heterogeneity. 

Consequently, the hydraulic conductivity may vary by several orders of magnitude, resulting in 

high degree variabilities of the water flow and water retention capacity within waste rock piles 

(Lahmira et al., 2017; Raymond et al., 2021; Maknoon et al., 2021). Large water fluxes favored 
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by the high permeability of waste rock may contribute to a rapid transport of contaminated water 

to the environment, bringing risks to the geochemical stability of waste rock piles in terms of acid 

mine drainage (AMD) (Broda et al., 2014; St-Arnault et al., 2020). But the heterogeneous 

structure of waste rock pile is complex to characterize in the field because of the difficulty to 

investigate large particles in steep slopes (Aubertin, 2013; Bar et al., 2020; Amos et al., 2015). 

Discrete element method (DEM) provides an efficient way to overcome such limitations and to 

quantify the segregation of granular material by simulating simultaneously different mechanisms 

including rolling, sieving and percolation (Cheng et al., 2019; Su et al., 2019; Combarros et al., 

2014; Cundall et al., 1979). DEM has been widely used to simulate granular behaviour subjected 

to large deformations and free boundaries in simulating granular material including rockfill 

(Jiang et al., 2018), soil-rock mixture (Fan et al., 2014; Xu et al., 2016) and waste rock (Thoeni et 

al., 2019; Zhu et al., 2019). The main challenges for the field application of DEM include the 

heavy calculation pressure, the representativity of simulated particles and the determination of 

input parameters (Ai et al., 2011; Roessler et al., 2019; Coetzee, 2016; Coetzee, 2020). The heavy 

calculation pressure is induced by the extremely large number of contacts, which significantly 

increase with the number of particles (Ferellec et al., 2008; Saeed et al., 2019). In practice, 

accounting for every particle involved and in particular for fine particles is computationally 

impractical (Thakur et al., 2016). An efficient way to maintain the representative of the model 

and speed up the calculation is therefore to remove the small particles in DEM simulations 

(Crosta et al., 2007; Utili et al., 2015). Using spheres to represent individual particles is also 

efficient to decrease the number of contacts, thus accelerating the calculations compared to 

irregular shapes (Su et al., 2019; Grima et al., 2011). But the representativeness of spheres to 

simulate irregular particles (such as waste rock blocks) is uncertain because spheres usually 

provide lower friction when compared to real granular material (Coetzee, 2016; Li et al., 2013). 

Incorporating a rolling resistance coefficient in DEM model can provide rolling effect so that the 

shape effect can indirectly be considered during particle flow (Ai et al., 2011; Iwashita et al., 

1998). The input parameters in the DEM model, such as the friction coefficient and rolling 

resistance coefficient, need therefore to be calibrated using laboratory experiments or field tests 

so that the model can provide reliable results.  



117 

 

 

Different experimental approaches are used to calibrate numerical simulations such as rotating 

cylinders (Escotet-Espinoza et al., 2018), shear flows (Guo et al., 2012), repose angle tests 

(Frankowski et al., 2013) and self-designed experiments (Combarros et al., 2014). These 

calibration methods are mostly conducted at the laboratory scale with limited particle sizes and 

volumes (Roessler et al., 2019; Rackl et al., 2017). However, the representativeness of the 

calibration on laboratory experiments for field applications remains controversial considering the 

extremely large-scale difference and the particle volumes and sizes in the field. Although scaling 

down the system size or scaling up the size of particles can be used to somewhat overcome the 

scale effect (Feng et al., 2007; Bierwisch et al., 2009; Mio et al., 2009), the input parameters for 

large-scale simulations still need to be reinvestigated to make sure simulations provide reliable 

results, especially for the simulation of segregation during waste rock disposal in the field.  

The objective of this study is therefore to propose, test and validate an easy and efficient method 

to calibrate numerical models to reliably simulate waste rock flow behaviour and characterize 

segregation during deposition. This new approach is based on the measurement of the repose 

angle, either in the laboratory using repose angle tests developed specifically for this purpose, 

and in the field using the natural repose angle measured on waste rock piles. Calibrated models 

are then used to reproduce waste rock segregation by comparing simulated segregation properties 

(e.g., characteristic diameters, segregation degree) with laboratory and field measurements. The 

sensitivity of the repose angle and segregation to input parameters is also assessed. 

5.2 Methodology 

5.2.1 Numerical simulation model 

In this study, the flow behaviour of waste rock was simulated using Particle Flow Code 3D 

(PFC3D; Itasca, 2019). Waste rock was simulated as spheres of various diameters and using the 

rolling resistance linear (rrlinear) model which could account for the shape effect (Ai et al., 2011; 

Iwashita et al., 1998). Rolling resistance linear (often abbreviated as rrlinear) model (Figure 5.1) 

is a linear-based model except that the internal moment is implemented (Iwashita et al., 1998). 

The contact force in rrlinear model is composed of a linear force and a dashpot force that act in 

parallel and interact with one another (Ai et al., 2011). 
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The linear force, controlling linear elastic (no-tension) frictional behavior, is represented by 

linear springs with normal and shear stiffnesses, kn and ks (Itasca, 2019). The shear slider (slip) is 

accommodated by imposing a Coulomb limit on the shear force using the friction coefficient, μ. 

This friction coefficient describes the contact forces of two sliding surfaces and is calculated 

from the ratio of the tangential force to the normal force at contact surface (Just et al., 2013). 

The dashpot force, controlling viscous behavior, is represented by dashpots with viscosity given 

in terms of the normal and shear critical-damping ratios, βn and βs (Itasca, 2019). No viscous 

behaviour was considered in this study (a typical simplification for waste rock, which is often 

considered cohesionless) and the dashpot force was therefore also neglected (i.e., βn = βs = 0).  

Rolling resistance linear model (Figure 5.1) can indirectly consider particle shape effect as the 

rolling resistance also arises from the effect of non-spherical particles (Jiang et al., 2005). Rolling 

resistance coefficient (μr) is then introduced to represent the resistance to the movement of 

particles rolling on a surface (Iwashita et al., 1998). The rolling resistance moment (M) will be 

first incremented in rrlinear model with the accumulated relative rotation of the contacting pieces 

at the contact point (Ai et al., 2011). The updated rolling resistance moment can be expressed as 

(Itasca, 2019):  

 

M′ = M − kr∆θ                                                               (5.1) 

 

Where M′: the updated rolling resistance moment (N⋅m); ∆θ: the relative rotation increment (-); 

kr: the rolling resistance stiffness (N⋅m), which can be calculated by: 

 

kr = ksR2                                                                  (5.2) 

 

Where: ks: the shear stiffness of the spring at the contact (N/m). R: the effective radius at the 

contact (m). 

The contact effective radius R can be calculated by the radii of contact balls: 
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Where R1 and R2: the radii of the two contacted balls (m). R2 = ∞ if ball 1 contacts with walls 

(facets). 

Rolling slip then starts when the rolling resistance moment (M) exceeds the limiting torque and 

this rolling resistance moment can be expressed as (Ai et al., 2011): 

 

M = μrRFn
l                                                                   (5.4) 

 

Where μr: the rolling resistance coefficient (-); Fn
l : the normal linear force (N). 

 

 

Figure 5.1: Interpretation of rolling resistance linear model. Normal and shear stiffness kn and ks, 

and friction coefficient µ control the linear force; normal and shear critical-damping ratios βn and 

βs control the dashpot force; rolling resistance stiffness kr controls the rolling moment (see text 

for more details) (adapted from (Ai et al., 2011)). 
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Local damp (α) was applied to account for energy dissipation following particle impacts. Drop 

tests were conducted in the laboratory, where waste rock particles with a diameter of 0.1 m were 

dropped from an elevation of one meter. The test was repeated 20 times and the rebound height 

of waste rock (recorded using a camera) varied between 0.05 m and 0.2 m, with an average of 

around 0.1 m. The drop tests were then simulated using PFC3D and a local damp α = 0.4 was 

found the most suitable to match the measured rebound height and was applied in the rest of the 

simulations presented below.  

The effective modulus (E) was set to 1 × 106 Pa to maintain the system within the rigid limit 

while optimizing the calculation speed (Itasca, 2019); also see “Results analysis and discussion” 

section). The timestep (Δt) was determined automatically in PFC3D using the critical timestep, 

which was calculated based on the stiffnesses and masses of particles in the model (Itasca, 2019). 

The stiffness ratio k*(= kn / ks) was set to 2.5 as recommended by others (Itasca, 2019; Li et al., 

2019). The friction coefficient (µ) and rolling resistance coefficient (µr) were considered the main 

parameters governing the flow behaviour of waste rock (Just et al., 2013; Santos et al., 2016) and 

were calibrated based on laboratory-scale and field measurements (see below). The main input 

parameters for model calibration were summarized in Table 5.1. 
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Table 5.1: Input parameters used for model calibrations. 

Parameters Laboratory model Field model 

Particle density, β (kg/m3) 2760 2760 

Particle number, N 30 000 135 000 

Timestep, Δt (s) [5 ×10 -5 ; 1 × 10-3] [5 ×10 -5 ; 1 × 10-3] 

Friction coefficient, µ [0.1 ; 0.4] [0.2 ; 0.8] 

Rolling resistance coefficient, µr [0.1 ; 0.4] [0.2 ; 0.8] 

Local damp, α 0.4 0.4 

Effective modulus, E (Pa) 1 × 106 1 × 106 

Stiffness ratio, k* 2.5 2.5 

Normal critical damping ratio, βn  0 0 

Shear critical damping ratio, βs 0 0 

 

5.2.2 Calibration and validation of numerical models at laboratory scale 

5.2.2.1 Sample preparation 

Waste rock (around 1 t) was sampled from Canadian Malartic mine, an open-pit mine located in 

Abitibi-Témiscamingue, Quebec, Canada. The storage capacity of the waste rock pile is 

estimated to a total of 450 Mt corresponding to a volume of 230 Mm3 (Lehouiller et al., 2020). 

The waste rock pile in Canadian Malartic mine was constructed with 10 m benches for a total 

height of around 100 m (Lehouiller et al., 2020). 

Sampled waste rock was sent to the laboratory in barrels, where it was sieved (ASTM C136, 

2019), homogenized (ASTM D6323-19, 2019) and characterized. Particles smaller than 8 mm 

were removed to reduce the calculation time because the number of contacts will significantly 

increase when more smaller particles are generated in PFC3D. Particles larger than 89 mm were 

also removed because of the operational limitations in the laboratory. The resulting PSD curve 
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(Lab0 in Figure 5.2) ranged from 8 mm to 89 mm and was considered the original gradation for 

repose angle and segregation tests (Figure 5.2). A total of 10 laboratory segregation tests were 

conducted and showed a good reproducibility (standard deviation < 4%). The coefficient of 

uniformity CU (= D60 / D10) and the coefficient of curvature CC (= (D30)
2 / (D10 × D60)) were 3.5 

and 0.9, respectively (Dx corresponding to x% passing). The specific gravity of the tested waste 

rock was around 2760 kg/m3 (ASTM C127, 2015). 

 

 

Figure 5.2: PSD curves for waste rocks used in laboratory tests (Lab0) and simulations (Sim0). 

Error bars indicate standard deviation. CM0 and QB0 were used for field simulations and 

correspond to Canadian Malartic and Quebrada Blanca mine sites, respectively. 

 

5.2.2.2 Laboratory calibration - repose angle tests 

Repose angle test is an easy and quick method with good repeatability (Frankowski et al., 2013; 

Richter et al., 2020) which can give an indication of the material flowability and is directly 

related to the intrinsic properties of particles such as the friction and rolling properties (Roessler 

et al., 2019; Al-Hashemi et al., 2018). Even though these tests do not reproduce exactly the way 
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waste rock is disposed of in the field (especially because of the limited waste rock amount and 

initial energy), they allow to back calculate material intrinsic properties (Zhou et al., 2022; 

Coetzee et al., 2010). 

Around 75 kg of waste rock were placed in a 60 cm high and 35 cm diameter bucket, which was 

placed on the ground (Figure 5.3a). The bucket was quickly (< 1 s) lifted vertically so the waste 

rock formed a conic pile on the ground (Figure 5.3a). The repose angle of the pile (θ, Figure 5.3a) 

was determined by measuring the pile radius (R) and the pile height (H) using a ruler with a 

precision of 0.1 cm. The radius was defined as the distance from the center to the edge of the pile 

where no particles overlapped (although some individual particles could have moved outside this 

radius). Four values of the radius (R1 – R4, Figure 5.3b) were measured in four directions and 

four repose angles were obtained for each test. The test was repeated 10 times to ensure the 

repeatability of the measurement. 

Numerical models were built to precisely simulate the repose angle tests (Figure 5.3, c and d). 

The same bucket dimension (Ø 35 cm × 60 cm) was built in PFC3D using wall elements. The 

same mass of waste rock as in the laboratory tests were generated using sphere particles. The 

target PSD curve was first input in PFC3D by defining the passing percentage of each size 

fraction in PSD curve Lab0 (Figure 5.2). The total target mass of waste rock particles was then 

obtained in the specified volume (i.e., bucket) by automatically generating particles with 

specified diameters representing each size fraction according to its mass proportion in the PSD 

curve. The simulated bucket was lifted with a velocity of 0.5 m/s (similar to that in the 

laboratory) and the simulations were stopped when all the particles stopped moving. The 

maximum height (Hʹ, Figure 5.3c) of the simulated pile was estimated. Four radii (R1ʹ – R4ʹ, 

Figure 5.3d) were determined in the four directions of the simulated pile in the same way as in 

the laboratory. Four simulated repose angles were obtained for each simulation, and the 

simulations were repeated 10 times. 

Preliminary simulations showed that laboratory repose angles were more sensitive to friction and 

rolling resistance coefficients than field repose angles. For example, increasing µ from 0.4 to 0.6 

increased the field repose angle by around 2° and the laboratory repose angle by around 4°. 

Consequently, an interval of 0.2 was chosen for field calibration and a smaller interval of 0.1 was 

selected for laboratory calibration. Friction coefficient (µ) and rolling resistance coefficient (µr) 
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were then calibrated with µ ranging between 0.1 – 0.4 and µr ranging between 0.1 – 0.4, with an 

interval of 0.1. Each pair of µ and µr was simulated 10 times with 10 different random seeds to 

account for PSD variability and evaluate model repeatability. Each simulation case was assigned 

a specified random seed ranging from 10001 to 10010. Different random seeds could change the 

initial relative positions of particles in a specific volume (i.e., different initial particles packing 

states) without significantly changing the accuracy of waste rock PSD (Itasca, 2019). The PSD 

curves of the generated waste rock with the ten random seeds were verified each time and the 

average PSD Sim0 (Figure 5.2) of the simulated waste rock indicated a good agreement with the 

laboratory PSD (Lab0 in Figure 5.2). 

 

 

Figure 5.3: Repose angle tests for (a – b) experiments and (c – d) simulations. Particles in the 

simulations are colored based on their radii (smaller particles in blue and coarser particles in red). 
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5.2.2.3 Laboratory validation - segregation tests 

Segregation tests were designed in this study to validate the calibrated model. Waste rock 

specimens were prepared according to the same PSD curve as used for repose angle tests (Lab0 

in Figure 5.2). Around 20 kg of waste rock were filled in a 30 cm high and 27 cm diameter 

bucket. The bucket was lifted to the top of a 1 m high vertical wall and then inclined around 60° 

(Figure 5.4a). Ten buckets of waste rock were dumped sequentially. A semi-cone was formed, 

and segregation could be observed (Figure 5.4a). The cone was divided into 6 sections 

(Figure 5.4a) and the PSD curves of each section were measured using sieve analysis (ASTM 

C136, 2019). Segregation tests were repeated five times. 

Segregation was evaluated by estimating the variation of the characteristic diameters (i.e., D10, 

D50 and D80), and determining the segregation degree (χ) in each section (Sutherland et al., 2003): 

 

                                                  χ =
log dtested−log d0

log dCQ−log d0
                                                          (5.5) 

 

Where log d0: the logarithmic mean particle size of the original waste rock before disposal, d was 

in mm in this study; log dtested : the logarithmic mean particle size of waste rock in the local 

section, and log dCQ  the logarithmic mean particle size of the coarsest quartile. The coarsest 

quartile represents the fraction of particles larger than the diameter D75 of the original gradation 

(Westland, 1988). The logarithmic mean particle size is often considered a representative 

parameter for delineating the PSD curve, and can be calculated as (Kenney et al., 1993): 

 

                                      log d = ∑ (Pi − Pi−1)n
i=1 log √Di ∙ Di−1                                          (5.6) 

 

Where DI and Di−1 [L]: consecutive particle diameters corresponding to passing Pi and Pi−1.  

Simulated segregation tests (Figure 5.4b) were conducted using friction and rolling resistance 

coefficients calibrated on repose angle tests (see previous section). Vertical and horizontal walls 

were simulated as supporting structures representing back wall and ground surface in laboratory 
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segregation tests. A cylinder shape was generated in the model with the same dimensions as the 

laboratory bucket (Ø 0.27 m × 0.3 m). The same waste rock mass (around 20 kg) was generated 

within the cylinder using spherical particles and the same PSD as waste rock in the laboratory. 

The bottom wall of the cylinder was removed at the beginning of the simulations so that waste 

rock could fall along the vertical wall, similarly to what was observed in the laboratory. The next 

bucket of waste rock was dumped when the previous waste rock particles stopped moving and a 

total of ten buckets of waste rock were dumped in one simulation. Simulations were repeated five 

times with different random seeds. The characteristic diameters (e.g., D10, D50, D80) and 

segregation degree of the simulated waste rock from the top to the bottom sections (Figure 5.4a) 

were compared with the laboratory results. 

 

 

Figure 5.4: Segregation test in the (a) laboratory and (b) simulation. The pile was equally divided 

into three horizontal and three vertical sections. 
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5.2.3 Calibration and validation of numerical models at field scale 

5.2.3.1 Field calibration – Repose angle tests 

The same calibration approach, using repose angle, was also applied for simulating segregation in 

waste rock piles at field scale. Two waste rock piles were considered: Case 1: waste rock pile in 

Canadian Malartic mine was characterized by a repose angle of 37° ± 3° (Gervais et al., 2014); 

Case 2: waste rock pile in Quebrada Blanca mine was characterized by repose angles between 

30° and 40°, with a reference repose angle of 37° ± 3° for the model calibration (Zhang et al., 

2017). 

The maximum particle diameter was 1.5 m at Canadian Malartic mine and 2.66 m in Quebrada 

Blanca mine (Figure 5.2). Particles smaller than 0.1 m accounted for less than 4.5% of the field 

PSD curves and were assumed to have a negligible effect on the flow behaviour in this study, so 

they were removed to decrease the particle number generated in PFC3D model and accelerate 

calculation speed. PSD curves QB0 and CM0 (Figure 5.2) were used to generate particles in 

simulations and used as original gradations for segregation degree calculation. 

Simulated field repose angle tests (Figure 5.5) were conducted following a similar approach to 

laboratory tests described above. A wall was first generated as support structure and boundary to 

the model, and covered with one-meter diameter fixed balls (grey balls in Figure 5.5) to simulate 

waste rock surface so that dumped waste rock could directly interact with the existing waste rock. 

These grey balls were assigned the same properties (including contact model parameters; 

Table 5.1) as the waste rock particles dumped at the surface of the model. A larger cylinder (30 m 

high and 9 m diameter) was generated, filled with around 2500 t of waste rock, and placed on the 

base layer (Figure 5.5a). The cylinder was then rapidly lifted up, and a conic pile was formed. 

The repose angle was obtained by measuring the cone slope (Figure 5.5b). 

The friction coefficient (µ) and rolling resistance coefficient (µr), both ranging between 0.2 and 

0.8 with an interval of 0.2 for each parameter, were then calibrated to match the repose angle 

measured in the field for both Canadian Malartic and Quebrada Blanca mines. Other parameters, 

such as local damp, specific gravity, and effective modulus, were the same as in the laboratory 

model for Canadian Malartic mine. Considering their limited effect on segregation (Coetzee, 
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2020), these parameters were set the same for Quebrada Blanca mine. Simulations were repeated 

5 times for each pair of µ and µr. 

 

 

Figure 5.5: Field repose angle test simulations. Simulated (a) initial state and (b) waste rock cone 

after lifting the cylinder. Particles are colored based on their radii. 

 

5.2.3.2 Field validation – Segregation investigation 

Field segregation simulations were conducted following field disposal conditions with bench 

height of 10 m for Canadian Malartic mine and 20 m for Quebrada Blanca mine. However, 

despite the simplifications mentioned above (e.g., using balls instead of real shape particles or 

removing particles smaller than 0.1 m), simulations still contained 7 × 104 balls (with 3 × 105 

contacts) and could take a very long time (up to several days). Simulating a whole waste rock pile 

was therefore not realistically feasible, and the following approach was proposed to simulate a 

simple yet realistic and flexible initial condition for field scale waste rock piles. An inclined wall 

was initially generated to simulate an already existing waste rock slope (from previous dumps) 

and reduce calculation time. The initial slope angle was slightly greater than the repose angle to 

prevent any influence on the results. This initial slope did not significantly affect the final result 

but contributed to decrease the number of dumps (and therefore the time required for the 

simulations) to reach this final state observed in the field. Similar to the function of the base layer 

in field repose angle test, a base layer was created with one-meter fixed balls (grey balls in 
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Figure 5.6) on the surface of the slope and the ground. The base layer was large enough to make 

sure all the waste rock particles finally stopped on it.  

Waste rock was dumped from the top of the slope using end-dumping method. The end-dumping 

method was simulated in the models by dumping waste rock from an 8 m (width) × 8 m (length) 

× 4 m (height) box inclined by an angle of 45° to match the maximum lifting angle of haul trucks 

in practice. The vertical distance between the bottom of the box (i.e., haul truck) and the waste 

rock pile surface was 1.5 m, that is very similar to the 1 to 2 m observed in practice (Gervais et 

al., 2014). Around 300 t of waste rock were generated within the cubic box and dumped by 

deleting the bottom wall of the box (green wall in Figure 5.6). Waste rock could then fall out of 

the box and move along the slope, creating a new slope. The same dumping process was repeated 

for the next dump (after waste rock particles in the previous dump stopped moving). A total of 

3 dumps (for Canadian Malartic mine) and 30 dumps (for Quebrada Blanca mine) were simulated 

and simulations were repeated five times for each case with different random seeds. 

The simulated PSD curves, grading characteristic diameters (e.g., D10, D50, and D80) and 

segregation degree (χ) were then determined for each section of the slope and compared with 

field measurements. These sections were set in the same way to the field measurements. The field 

observation results of Canadian Malartic mine in chapter 4 were used for comparison. The slope 

of a 10 m high bench was vertically divided into 3 sections (i.e., top, middle and bottom sections) 

for Canadian Malartic mine. The 20 m high pile at Quebrada Blanca mine was divided into 

9 sections in the literature (Zhang et al., 2017), but five sections were selected for comparison in 

this study: sections 1 to 5 corresponded to distances of 6 m, 14 m, 22 m, 30 m, and 34 m to the 

pile top along the slope. 

In summary, the proposed calibration method consists in material characterization, model 

calibration and validation by reproducing waste rock repose angle and segregation (Figure 5.7). 

The main calibrated parameters are the friction coefficient (μ) and the rolling friction coefficient 

(μr) which are adjusted to match the measured repose angle (either from repose angle tests in the 

laboratory or natural repose angle in the field). Several pairs of μ and μr can provide the target 

repose angle but taking μ equal to μr is recommended to well reproduce waste rock flow 

behaviour. Calibrated models can then be used to simulate waste rock segregation at both 

laboratory and field scales. This calibration method is only valid for material with a given PSD. 
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Figure 5.6: Simulation of waste rock disposal for Quebrada Blanca mine using end-dumping 

method. The same conditions were used for Canadian Malartic mine except the bench height was 

10 m. 

 

 

Figure 5.7: Approach proposed to calibrate numerical simulations. 
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5.3 Results 

5.3.1 Repose angle and segregation of waste rock at laboratory scale 

5.3.1.1 Measured and simulated repose angle at laboratory scale 

Ten repose angle tests were carried out in the laboratory using waste rock from Canadian 

Malartic mine with a maximum particle diameter of 89 mm (Figure 5.2). The repose angle was 

measured 4 times for each test with a precision of 0.1°. Measured minimum and maximum 

repose angles were 23.8° and 28°, respectively, with an average of 25.4° ± 1.5° (see details in 

Appendix B). 

The repose angle of tested waste rock was simulated using PFC3D for various friction 

coefficients (µ) and rolling resistance coefficients (µr) and compared with laboratory results. 

Each simulation was repeated ten times with various random seeds (see above for details), but 

simulated repose angles were usually very close with a standard deviation of 1.3° in average and 

which never exceeded 2.1°. Simulated repose angle was very sensitive to the choice of friction 

and rolling resistance coefficients. However, several pairs of parameters could lead to the same 

repose angle, so a contour map was developed, based on 160 simulations carried out for 16 pairs 

of friction and rolling resistance coefficients varying between 0.1 and 0.4 (Figure 5.8). The 

repose angle from each pair was an average of 10 values and the rest of the map was obtained by 

linear interpolation. 

Previous research has shown that taking μ equal to μr was usually giving a good approximation of 

real flow behaviour of cohesionless material (Aela et al., 2022; Roessler et al., 2018). The same 

approach was therefore used in this study to determine μ = μr = 0.2 and calibrate the model on the 

repose angle test results. Simulations with calibrated friction and rolling resistance coefficients 

were repeated ten times with different random seeds and the average simulated repose angle was 

25.2° ± 1.5°, which was very close to the average measured repose angle of 25.4° ± 1.5° (green 

line in Figure 5.8). The repose angle of 25.4° measured in the laboratory test was shown in green 

colour. Calibrated model therefore provided good agreement with laboratory results, despite the 

natural variability of waste rock particle sizes. 
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Figure 5.8: Contour of repose angles as a function of friction coefficient (µ) and rolling resistance 

coefficient µr for waste rock in the laboratory. The green line indicates the pairs of µ and µr 

matching the measured repose angle of 25.4°. The blue line indicates the 1:1 line (i.e., µ = µr).  

 

5.3.1.2 Measured and simulated segregation at laboratory scale 

Segregation at laboratory scale was evaluated by comparing the PSD curves in the top (section 1 
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segregation test was repeated 5 times and the resulting PSD curves for each section were very 

close, thus indicating good repeatability (see details in Appendix C). Standard deviation of 
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observed during laboratory tests, with a large number of coarse particles moving down to the 

bottom section of the slope, while finer particles tended to accumulate closer to the top. As a 

consequence, the proportion of particles with diameters smaller than a given value tended to 

increase from the top to the bottom of the slope (Figures 5.9 and 5.10). For example, measured 

D50 increased from 26.3 mm ± 4 mm in the top section to 59 mm ± 4.1 mm in the bottom section, 

16.0°

20.0°

23.9°

25.4°
26.9°

30.0°

32.0°

34.0°

0.1 0.2 0.3 0.4
0.1

0.2

0.3

0.4

0.202

R
o
ll

in
g

 r
es

is
ta

n
ce

 c
o
ef

fi
ci

en
t 

(-
)

Friction coefficient (-)

0.202



133 

 

 

increasing by about 125% (Figure 5.10). Measured D10 also increased from 12 mm ± 1 mm in the 

top section to 15.2 mm ± 1.1 mm in the bottom section, increasing by about 27%. 

Segregation degree (equation 5.5) was − 0.02 in the top section (indicating that the material was 

finer than the original waste rock), 0.18 in the middle section and 0.35 in the bottom section (i.e., 

material in the bottom section was significantly coarser than original waste rock) (Figure 5.10d). 

The standard deviation of the segregation degree was smaller than 0.07 in the middle and bottom 

sections, but was slightly greater (i.e., 0.14) in the top section. 

 

 

Figure 5.9: PSD curves of (a) top section, (b) middle section, and (c) bottom section measured in 

laboratory segregation tests. (d): Simulated and measured mean PSD curves for each section. The 

original PSD curve (black line) is shown for comparison. Error bars indicate standard deviation. 
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Segregation tests in the laboratory were simulated using PFC3D. The simulated PSD curves in 

the top, middle and bottom of the slope generally matched well the measured PSD curves 

(Figure 5.9d). As a reminder, material properties (and in particular friction and rolling resistance 

coefficients) were directly obtained from the calibration of repose angle tests, and applied to the 

segregation test models. The simulated characteristic diameters increased from the top to the 

bottom section, in a similar manner than laboratory results (Figure 5.10, a – c). For example, the 

simulated D50 was 55.4 mm ± 5.9 mm in the bottom section, which was very close to the 

measured 59 mm ± 4.1 mm. In general, the difference between simulated and measured D50 was 

smaller than 3.7 mm in the three sections. The difference between simulated and measured D10 

was always smaller than 1.9 mm in the three sections. The simulated segregation degree in the 

top section was − 0.07 ± 0.06, which was relatively close to the value obtained in the laboratory 

(− 0.02 ± 0.14) and also indicated that the material in the top section was finer than the original 

waste rock (Figure 5.10d). Simulated segregation degree in the middle and bottom sections was 

0.16 ± 0.08 and 0.33 ± 0.04, respectively, both showing very good agreement (i.e., less than 0.05 

difference) with the laboratory tested results (0.18 ± 0.07 and 0.35 ± 0.06, respectively). 

Overall, simulated segregation tests with parameters calibrated on repose angle tests showed a 

good agreement with the experimental segregation results, indicating that repose angle tests could 

be used to calibrate the simulation models for field waste rock segregation investigation, at least 

at laboratory scale. 
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Figure 5.10: Measured and simulated (a – c) characteristic diameters (D10, D50, D80) and (d) 

segregation degree in the top, middle and bottom sections of waste rock slope from laboratory 

segregation tests. Error bars indicate the standard deviation. 
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Calibration indicated that μ = μr = 0.44 for Canadian Malartic waste rock and μ = μr = 0.47 for 

Quebrada Blanca waste rock. Calibrated repose angle simulations were then repeated ten times 

for each case to validate the precision of the calibration. The average simulated repose angle was 

37.4° ± 1.6° for Canadian Malartic mine and 37.3° ± 1.2° for Quebrada Blanca mine. The 

difference between simulated repose angles and reference natural repose angle being smaller than 

0.4°, i.e., less than 1%, calibrated models were deemed to reproduce well repose angle observed 

in the field. 

 

 

Figure 5.11: Contour of repose angles as a function of µ and µr for waste rock in the field. The 

green line indicates the pairs of µ and µr matching the field natural repose angle of 37°. The blue 

line indicates the 1:1 line (i.e., µ = µr).  
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− 0.58 ± 0.27 in the top section, − 0.26 ± 0.17 in the middle section and 0.27 ± 0.12 in the bottom 

section. Also, the measured D50 increased from 0.26 m ± 0.09 m in the top section to 

0.56 m ± 0.14 m in the bottom section, increasing by about 113%. 

The simulated PSD curves in each section indicated good repeatability, and the maximum 

standard deviation of the passing percentage was less than 2.9% (Figure 5.12). The simulated 

PSD curve generally matched well the measured PSD curve in each section (Figure 5.12), thus 

showing similar apparent particle segregation from the top to the bottom of the pile (Figure 5.13, 

a – c). For example, the simulated D50 increased from 0.3 m ± 0.01 m in the top section to 

0.58 m ± 0.01 m in the bottom section, i.e., an increase by about 96%. The difference between 

simulated and measured D50 was therefore smaller than 0.03 m in the three sections 

(Figure 5.13b). The difference between simulated and measured D10 was always smaller than 

0.03 m (Figure 5.13a). The simulated segregation degree in the top section was − 0.43 ± 0.04, 

and slightly greater than the measured − 0.58 ± 0.27 (Figure 5.13d), showing that the simulations 

somewhat underestimated the quantity of fines close to the crest. The segregation degree in the 

middle and bottom sections were − 0.31 ± 0.04 and 0.31 ± 0.02, respectively, showing good 

agreements (i.e., less than 0.05 difference) with the field measurements (− 0.26 ± 0.17 and 

0.27 ± 0.12, respectively) 
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Figure 5.12: Simulated and measured PSD curves of (a) top section, (b) middle section, (c) 

bottom section, and (d) simulated and measured PSD mean curves for each section in Canadian 

Malartic mine waste rock pile. Error bars indicate standard deviation. 
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Figure 5.13: Measured and simulated (a – c) characteristic diameters (D10, D50, D80), and (d) 

segregation degree in the top, middle and bottom sections of the slope of a waste rock pile at 

Canadian Malartic mine. Error bars indicate standard deviation. 
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smaller than 0.19 m (10%) in sections 2 – 4, but slightly greater (up to 0.5 m) in section 1 (top). 

Similar results were obtained for D10. 

 

 

Figure 5.14: Gradation characterization of waste rock along the slope in Quebrada Blanca mine. 

(a – e): The PSD curves from section 1 (top) to section 5 (bottom). (f): Simulated (in blue) and 

measured (in black) D80, D50 and D10 in the 5 sections. Error bars indicate standard deviation. 
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5.4 Results analysis and discussion 

A new calibration method was proposed and tested to simulate the flow behaviour of waste rock 

using PFC3D. Usually, calibrating discrete element models to simulate waste rock (or more 

generally rockfill material) can be difficult because of the large volumes considered and the 

material irregular shapes (Coetzee, 2020). In this study, however, models were calibrated to 

reproduce repose angle measured in the laboratory and in the field by adjusting both friction 

coefficient (µ) and rolling resistance coefficient (µr). Calibrated parameters were then used to 

simulate segregation and models showed very good agreement with laboratory and field 

measurements. The method was also verified for two relatively different types of waste rocks. 

This new calibration approach is relatively simple because it only requires measuring the natural 

repose angle. Also, only two parameters were adjusted during the calibration process, namely the 

friction coefficient (µ) and the rolling resistance coefficient (µr), which limits the number of 

parameters to test. Results showed, however, that these two coefficients varied with the PSD and 

in particular with the maximum particle diameter (as the repose angle does). In other words, 

laboratory tests cannot be used to determine the friction and rolling resistance coefficient for field 

applications, and they need to be calibrated specifically for each case. Nevertheless, laboratory 

and field simulations have shown that the proposed calibration method was applicable both at 

small and large scales. 

However, the calibration approach proposed here also implied some hypotheses regarding the 

choice of µ, µr, local damp and effective modulus, and their effect on the repose angle and 

segregation are discussed in more details below. 

5.4.1 Effect of friction coefficient and rolling resistance coefficient 

Calibration mainly focused on the determination of friction coefficient (µ) and rolling resistance 

coefficient (µr), which are considered the main parameters governing the flow behaviour of 

simulated waste rock (and coarse particles in general; (Ucgul et al., 2014). These two parameters 

could contribute to give sphere particles a similar behaviour to elongated particles (Coetzee, 

2020), which would otherwise be too demanding to simulate in terms of calculation time 

(Katterfeld et al., 2017). However, calibrating one measurement (repose angle) using two 
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parameters (friction and rolling resistance coefficients) results in an infinity of solutions (). The 

approach proposed in this study suggested to choose two coefficients that were equal, as also 

recommended by Roessler et al. (Roessler et al., 2018). In fact, the friction coefficient and rolling 

resistance coefficient are not completely independent (Derakhshani et al., 2015). For example, 

choosing a low friction coefficient (e.g., µ < 0.2) significantly constrains the model which can 

become more or less independent of the rolling resistance coefficient. However, under a higher 

friction coefficient around 0.3 to 0.4, the repose angle significantly increased by 7° when rolling 

resistance coefficient increased from 0.1 to 0.4. Previous research showed similar results, and in 

particular that the repose angle was insensitive to the change of the rolling resistance coefficient 

when the friction coefficient was smaller than the rolling resistance coefficient (i.e., µ < µr) 

(Wensrich et al., 2012; Yan et al., 2015). Such observations may indicate that the calibration 

process could be reduced to the determination of only one parameter. However, this may be 

unrealistic because DEM simulations are controlled by different parameters that account for 

different mechanisms such as rolling resistance coefficient for rolling effect, especially when 

spheres are used to simulate irregular particles (Coetzee, 2016; Rackl et al., 2017; Cleary et al., 

2002). This study therefore proposed to choose μ = μr which corresponds more or less to the 

range of values where the models are the most sensitive to the input parameters. 

Parameters µ = µr = 0.2 were calibrated for waste rock with a maximum particle diameter of 

89 mm in the laboratory, and µ = µr = 0.44 for waste rock with a maximum particle diameter of 

1.5 m in the field, although the waste rock was from the same mine (Canadian Malartic mine). In 

other words, calibrated parameters are scale dependent and cannot be directly extrapolated. This 

could be explained by the fact that increasing rolling resistance coefficient can increase resistance 

force to the rotational motion of spheres, which can then consume more kinetic energy and stop 

the rotation faster, resulting in a higher pile with steeper slopes (Katterfeld et al., 2017; Yan et al., 

2015), and that this phenomenon is not linearly linked with particle maximum diameter. 

Similarly, friction coefficient governs the translational motion of particles, and a higher friction 

coefficient can tolerate more elastic deformation in the tangential direction and increase contact 

stability (Cleary et al., 2002). As a consequence, greater particle sizes induce a decrease of the 

total sliding friction force and rolling torque and therefore a decrease of the repose angle (Ucgul 

et al., 2014; Yan et al., 2015). In other words, larger particle sizes require higher friction 
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coefficient and rolling resistance coefficient to maintain a steeper slope angle. Based on the 

results presented in this study, a relationship between the friction coefficient (µ), the rolling 

resistance coefficient (µr) and the maximum particle size (Dmax) was investigated. However, it 

was not possible to determine if the relation was linear or exponential because of the significant 

gap between maximum particle diameter in the laboratory (Dmax = 89 mm) and in the field 

(Dmax > 1 m). More studies on materials with intermediate particle size are therefore 

recommended to propose a predictive function for the friction and rolling resistance coefficients. 

Another typical risk of model calibration is to over-constrain the simulations which then always 

provide the same results, independently of the input parameters (Crouzal et al., 2021). This was 

investigated by testing the effect of other friction and rolling resistance coefficients on 

segregation simulation results. These simulations were conducted using a maximum rolling 

resistance coefficient of 0.4 (case L1) for the laboratory and 0.8 (case F1) for the field, and a 

maximum friction coefficient of 0.3 (case L2) for the laboratory and 0.8 (case F2) for the field 

(Figure 5.15). Although cases L1 and L2 matched the measured repose angle (i.e., 25.4°), the 

segregation didn’t match well the segregations measured in the laboratory (Figure 5.15a). For 

example, the segregation degree with a high rolling resistance coefficient 0.4 (L1) was 0.29 in the 

middle section of the pile, which was 62% greater than the measured value of 0.18. Also, the 

segregation degree with a high friction coefficient 0.3 (L2) in the middle section was 75% 

smaller than the measurement. In other words, segregation simulations at laboratory scale were 

highly sensitive to friction and rolling resistance coefficients. However, for the field cases, a high 

rolling resistance coefficient (= 0.8; case F1) or a high friction coefficient (= 0.8; case F2) 

resulting in a repose angle of 37° still produced similar results to the segregation observed in the 

field (Figure 5.15b). For example, for the two cases F1 and F2, the maximum difference between 

the simulated and measured segregation degree was 0.1 (about 17%), which was smaller than one 

standard deviation. These results indicated that field segregation simulations were not very 

sensitive to friction coefficient and rolling resistance coefficients as long as the repose angle was 

correctly simulated. They also confirmed that the friction and rolling resistance coefficients 

calibrated at laboratory scale could not be directly applied to field-scale models. 
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Figure 5.15: Segregation degree with different pairs of µ and µr in (a) laboratory and (b) field 

models for Canadian Malartic mine. θ indicates the repose angle. Error bars indicate standard 

deviation. 

 

5.4.2 Effect of local damp 

The local damp (α = 0.4) in this study was calibrated using laboratory drop tests (see above). Its 

value is generally comprised between 0.15 and 0.7 (Yan et al., 2015; Sadek et al., 2014; Simons 
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et al., 2015). However, laboratory calibration was based on only small diameter waste rock 

particles, so the effect of local damp was investigated for 10 m high bench by varying its value 

between 0.2 and 0.8. The simulations were conducted using the calibrated friction and rolling 

resistance coefficients (µ = µr = 0.44), with all the other parameters remaining the same as in the 

models presented above. The resulting repose angles ranged between 36.6° and 37.8° with a 

maximum standard deviation of 3.2° (Figure 5.16a), indicating little effect of local damp on 

repose angles. In fact, previous research also indicated that local damp (α = [0.1 ; 0.8]) had little 

effect on the repose angle of granular material (Kashizadeh et al., 2020). 

A local damp 0.2 produced similar segregation (i.e., − 0.59 ± 0.03) in the top section than 

measurements but significantly less segregation in the bottom section where the segregation 

degree was 44% smaller than the measured value of 0.27 ± 0.12 (Figure 5.16b). However, local 

damp between 0.4 and 0.8 produced similar segregation degree along the entire slope, and no 

significant differences were observed in the top nor the bottom sections. For example, 

segregation degrees were around 0.3 in the bottom section for all simulations, independently on 

the local damp value. These results indicated that a local damp smaller than 0.2 could lead to an 

underestimation of segregation, while local damp greater than 0.4 and 0.8 have limited effect on 

the simulations in this study. Although no similar research on the effect of local damp on 

segregation was reported in the literature, some indicated that local damp had little effect on the 

flow behaviour of coarse materials (Just et al., 2013; Santos et al., 2016). 
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Figure 5.16: Effect of local damp on (a) repose angle and (b) segregation degree of waste rock at 

Canadian Malartic mine. Each case was repeated 5 times with different random seeds. Error bars 

indicate standard deviation. 

 

5.4.3 Effect of Young’s modulus 

DEM simulations are particularly demanding in terms of calculation power, and some of the 

simulations presented above took over 200 hours to converge. One of the reasons for that, is that 
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numerical time steps are inversely proportional to the square root of the material Young’s 

modulus (Chen et al., 2017). Young’s modulus of 108 to 1010 Pa is usually recommended to 

represent hard rock particles when the DEM model is used to simulate strength properties such as 

UCS test and shear strength tests (Landry et al., 2006; Coetzee et al., 2009) and a value of 

1×106 Pa was chosen in this study. However, Young’s modulus seems to have little effect on the 

simulated repose angle which changes by only 1° when it decreases from 1010 Pa to 105 Pa 

(Combarros et al., 2014; Zhou et al., 2001). It was also reported that reducing the particle 

stiffness by a factor 100 to 1000 from the measured value had no significant influence on the 

flow patterns (Chung et al., 2008; Xu et al., 2002). Decreasing stiffness by one order of 

magnitude could therefore accelerate calculation time by 3 to 10 times without significantly 

altering the results (Tsuji et al., 1993; Renzo et al., 2004), but this was not further investigated in 

this study. 

5.4.4 Discussion 

Using spheres is an operational way for field scale simulation by introducing a rolling resistance 

coefficient to consider the shape effect. It was also demonstrated in this study that spheres can be 

efficiently used for repose angle test and segregation test simulations. Previous research also 

indicated that sphere particles could simulate size segregation in granular flows (Zhou et al., 

2016). However, although the overall collision characteristics of waste rock can be reproduced by 

spheres with acceptable accuracy using a well calibrated local damp (Plassiard et al., 2010; 

Calvetti et al., 2005), field waste rock exhibits complicated collisions which are affected by 

different factors such as irregular shape, particle size and falling height (Bourrier et al., 2008; 

Plassiard et al., 2010). These factors are difficult to evaluate and compare in a system containing 

large amounts of particles, and further investigation on the collision of unique particle on existing 

slope is recommended (Bourrier et al., 2008; Effeindzourou et al., 2017). Using irregular shapes 

(either by using clumps or rigid blocks (Itasca, 2019)) is another alternative to simulate more 

accurately collision and contacts between waste rock particles, but the calculation time would 

significantly increase (up to 30 times; (Coetzee, 2016)) and simulations of large waste rock piles 

could become unrealistic (Favier et al., 1999; Windows-Yule et al., 2016; Coetzee, 2017).  
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Using spheres and removing particles smaller than 5 mm at laboratory scale and 0.1 m at field 

scale were used in this study, which are also widely used methods to efficiently reduce the 

calculation pressure and overcome the limitation of DEM program calculation capacity (Crosta et 

al., 2007; Grima et al., 2011). The calculation time could then be reduced to 35 hours for a 20 m 

high bench when the simulation was run using an 8-core CPU. However, the program ran slowly 

(slower than 1 cycle/s) when the particle number was greater than 0.3 million, and could not run 

by itself when the particle number reached around 1 million. Developing algorithms in software 

and improving PC calculation capacity are expected to optimize the calculation so that much 

more particles can be simulated with reasonable calculation pressure. 

The interactions between friction coefficient and rolling resistance coefficient strongly affected 

waste rock flow behaviour in this study. Other parameter interactions may also have had an 

effect, based on previous research (Yan et al., 2015). For example, the repose angle increases 

with increasing the coefficient of restitution (i.e., contact damp) for low friction coefficients, but 

it slightly decreases with increasing the coefficient of restitution for higher sliding friction 

coefficients (Yan et al., 2015). These interactions between parameters were, however, out of the 

scope of this study and were therefore not deeply analyzed. A more comprehensive parameter 

analysis using sensitivity analysis methods such as principal component analysis (PCA) may 

contribute to identify most significant parameter interactions and evaluate their interaction degree 

(Yan et al., 2015; Wold et al., 1987). 

Also, in practice, waste rock is usually dumped using multiple methods including end-dumping 

method and push-dumping method (Aubertin, 2013; Morin et al., 1991; Tomaschitz et al., 2018). 

Only end-dumping method was simulated in this study and the effect of push-dumping method 

on waste rock segregation should therefore be further investigated. Similarly, waste rock was 

dumped from one fixed point in this study, while in practice dumping progresses laterally as the 

pile is constructed (Lehouiller et al., 2020; Mahmood et al., 2017). Lateral construction was not 

considered in this study but should be included in further application of the approach proposed in 

this research. 
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5.5 Conclusion 

In this study, a new calibration method was proposed and tested with PFC3D to simulate the flow 

behaviour of waste rock during disposal. Repose angle tests were conducted in the laboratory to 

calibrate the model with maximum particle size of 89 mm, and field models were calibrated 

based on the natural repose angle. Calibrated models were then used to investigate segregation 

properties (e.g., characteristic diameters, segregation degree) of waste rock and compared with 

laboratory and field measurements to check the representative of the simulation model. The 

following statements can be made based on the results of this study: 

(1) The main input parameters (i.e., friction coefficient and rolling resistance coefficient) 

calibrated using repose angle tests were able to reproduce well waste rock segregation at 

both laboratory and field scales. 

(2) This simple calibration method was considered applicable to calibrate granular materials 

such as waste rock and rockfill for segregation simulations. 

(3) Friction coefficient (µ) and rolling resistance coefficient (µr) (µ = µr = 0.2) were 

calibrated for waste rock with a maximum particle diameter of 89 mm in the laboratory, 

and µ = µr = 0.44 for waste rock with a maximum particle diameter of 1.5 m in the field, 

indicating that calibrated parameters are scale dependent and cannot be directly 

extrapolated. 

This research should provide the basis to investigate segregation during waste rock disposal in 

the field under different practical influence factors such as construction methods and bench 

heights, to optimize deposition strategies and minimize heterogeneities within the waste rock 

piles. 
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Abstract: Waste rock segregation and heterogeneity can contribute to increase 

hydrogeotechnical and geochemical instability of waste rock piles, but testing and characterizing 

segregation quantitatively in the field is difficult because of the large dimensions of these 

structures. In this study, a discrete element code (PFC3D) was calibrated on two real cases and 

used to simulate the flow behaviour of waste rock during disposal. The effect of the construction 

method and the bench height on particle segregation was investigated, together with the influence 

of various additional factors such as mine truck payloads and push velocities. Segregation degree 

and relative particle diameters of waste rock at different locations in the pile were compared to 

propose practical solutions to reduce segregation and heterogeneity during deposition. Results 

indicated that simulated bench heights and mine truck payloads had limited effect on segregation 

A smaller proportion of large particles in the original waste rock can increase segregation. Lateral 

disposal and increasing the push velocity tended to reduce segregation. 

 

Keywords: Waste rock disposal; Segregation; Discrete element simulation; Construction 

method; Bench height. 
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6.1 Introduction 

Large amounts of waste rock are generated by mining operations (Hudson-Edwards et al., 2011; 

Vriens et al., 2020) and generally stored on the surface in piles or dumps (Anterrieu et al., 2010; 

Aubertin, 2013). Waste rock piles are typically built up by repeatedly dumping waste rock along 

the slope with different construction methods such as end-dumping and push-dumping methods 

(Bishwal et al., 2019; Raymond et al., 2021). Construction methods are selected depending on 

economic and environmental concerns (Bian et al., 2010), topography (Ramani,2012), and haul 

truck fleet (Lucas et al., 2014). 

Waste rock segregation usually leads to complicated heterogeneous structures in waste rock piles 

with significant variations of particle size distribution (Pedretti et al., 2020). The heterogeneous 

distribution of waste rock strongly affects waste rock friction angle, and therefore pile’s 

geotechnical stability (Barton, 1982; Gupta, 2016; Zevgolis, 2018). Segregation can also induce 

significant variations in hydraulic conductivity (sometimes by several orders of magnitude; Cash, 

2014), resulting in the formation of preferential flow paths within waste rock piles (Appels et al., 

2018; Raymond et al., 2021). The presence of such preferential flow path can contribute to 

enhance oxygen and water flux in waste rock piles, therefore accelerating the oxidation of 

reactive minerals and the generation of acid mine drainage (AMD) (Akcil et al., 2006; Bréard 

Lanoix et al., 2017). Large water fluxes favored by the presence of preferential flow paths can 

also increase the transport of contaminated water to the environment, and impact significantly the 

performance of reclamation (Pedretti et al., 2020; St-Arnault et al., 2020). Controlling 

segregation is therefore critical to improve the hydro-geotechnical and geochemical stability of 

waste rock piles.  

Construction method is often considered one of the main causes for waste rock segregation 

(Raymond, et al., 2021). End-dumping method consists in directly dumping waste rock from the 

top of the waste rock pile which then falls along the slope (Raymond et al., 2021). Push-dumping 

method consists in dumping waste rock on the surface of the pile and then push it to the edge 

using dozers (Burnley, 1993; Hawley et al., 2017). Both methods lead to the accumulation of 

coarser particles at the bottom of the pile, while smaller particles tend to remain near the top of 

the slope (Nichol, 1986; Maknoon, 2016). Some field observations have shown that the bottom of 
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the slope can contain around 40% of the total maximum particles when push-dumping method is 

used, and up to 75% with end-dumping method (Nichol, 1986). However, the effect of the 

construction methods on waste rock segregation is complex to quantitatively investigate because 

of various influence factors and natural heterogeneity of waste rock. For example, mine truck 

payloads, which typically range between 150 t and 380 t (Kumar et al., 2014; Soofastaei et al., 

2016) and the speed at which dozers push waste rock may also affect segregation (Tang et al., 

2004).  

Another factor which can strongly influence segregation is the bench height (Tang et al., 2004). 

Some observations report that the higher the pile size, the more significant the segregation (Tang 

et al., 2004; Aubertin et al. 2013). Bench height vary a lot depending on the operational 

constraints such as terrain, topology and geology (Hawley et al., 2017) but also environmental 

concerns (Cepa, 2007). Quantitatively evaluating the effect of the bench height on waste rock 

segregation is also challenging because of the difficulty to access, sample and characterize large 

and highly heterogenous waste rock piles (Raymond et al., 2021). 

The objective of this research was therefore to investigate the effect of construction method and 

bench height, among other influence factors such as waste rock particle size distribution, payload 

and push velocities, on waste rock segregation. Discrete element simulations, using particle flow 

code 3D (PFC3D; Itasca, 2019) were calibrated on real cases and sensitivity analyses were 

conducted. Waste rock segregation along the slope was evaluated based on segregation degree 

and relative particle diameters. Finally, numerical simulation results were used to propose 

recommendations to limit segregation during waste rock disposal. 

6.2 Methodology 

6.2.1 Waste rock materials 

Two types of waste rock were considered in this study: waste rock from Quebrada Blanca mine 

(Zhang et al., 2017b) and waste rock from Canadian Malartic mine (Qiu and Pabst, 2022a).  

Quebrada Blanca mine is located in Tarapacá region in Chile. The operation produces copper 

cathodes using dump leaching, solvent extraction, and electrowinning (Zhang et al., 2017). The 

material itself is not exactly waste rock because it is concentrated enough to produce copper. 
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However, the material properties and the deposition method used to build the heap leach pads are 

very similar to typical waste rock materials and dumps. Also, the ore will become a waste after 

extraction will have been completed. By commodity, material from Quebrada Blanca mine will 

therefore be referred to as waste rock in the following. The dump leach pad is constructed with 

end-dumping method using mine trucks. The dump leach pad is developed in the same way as a 

waste rock pile. The height of the pile is around 20 m with slope angles between 30° and 40° 

(Zhang et al., 2017b). Waste rock from Quebrada Blanca mine is characterized by minimum and 

maximum diameters of 0.1 m and 2.66 m, respectively, with a coefficient of uniformity CU = 4.1 

and a coefficient of curvature CC = 1.1 (Figure 6.1). The specific gravity of waste rock in 

Quebrada Blanca mine is not reported and a specific gravity of 2.76 was assumed in this study.  

Canadian Malartic mine is an open-pit mine located at Abitibi-Témiscamingue, Quebec, Canada. 

The waste rock pile is constructed in 10 m benches with 11.5 m terraces between benches for an 

overall slope angle of 21.8°. The slope angle of each bench is around 37° (Gervais et al., 2014). 

The total height of the waste rock piles reaches 100 m in most sections (Lehouiller et al., 2020). 

Waste rock from Canadian Malartic mine is characterized by a minimum and a maximum 

diameter of 0.1 m and 1.5 m, respectively, with a coefficient of uniformity CU = 2.9 and a 

coefficient of curvature CC = 0.9 (Figure 6.1). The specific gravity of waste rock in Canadian 

Malartic mine is around 2.76 (measured by the authors, using ASTM C127, 2015). 
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Figure 6.1: Waste rock PSD curves of Quebrada Blanca mine (QB0) and Canadian Malartic mine 

(CM0). These PSD curves were scalped based on their measured PSD curves in the field. 

 

6.2.2 Calibration of numerical model 

Discrete element method (DEM; Cundall et al., 1979) is efficient to simulate the flow behaviour 

of granular material and therefore provide a useful alternative to overcome field challenges 

(Combarros et al., 2014; Cheng et al., 2019; Qiu and Pabst, 2022b). DEM can simulate the 

motion of waste rock particles by calculating the stress and deformation of contacts generated 

when particles interact with each other or with boundary walls (Cundall et al, 1979; Jiang et al., 

2020). In DEM models, distinct particles move independently from one another and interact at 

contact points based on assigned contact models (Thakur et al., 2014; Coetzee, 2020). 

In this study, waste rock particles were simulated using spheres. Shape effect was indirectly 

simulated using rolling resistance linear (rrlinear) model (Iwashita et al., 1998; Ai et al., 2011). 

Friction coefficient (µ) and rolling resistance coefficient (µr) were calibrated and validated using 

repose angle tests and segregation tests (more details in Qiu and Pabst, 2022b). Waste rock was 

considered cohesionless granular material so no viscous behaviour was considered and normal 

and shear critical damping ratios were set to 0 (βn = βs = 0). Local damp (α = 0.4), calibrated 
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using drop tests in the laboratory, was applied to simulate energy dissipation. The effective 

modulus E = 1×106 Pa was used to maintain the system within the rigid limit while optimizing 

the calculation speed (Itasca, 2019). Calibrated friction coefficient and rolling resistance 

coefficient were µ = µr = 0.47 for Quebrada Blanca mine, resulting in a repose angle of 

37.3° ± 1.2° (similar to 35° to 40° measured in the field; Zhang et al., 2017b), and calibrated 

friction and rolling resistance coefficients were µ = µr = 0.44 for Canadian Malartic mine, 

resulting in a repose angle of 37.4° ± 1.6° (similar to 37° measured in the field; Gervais et al., 

2014). Parameters used for simulations are summarized in Table 6.1. 

 

Table 6.1: Main parameters used in PFC3D to simulate waste rock segregation during disposal. 

Particle density (β) and local damp (α) were measured in the laboratory. Other parameters were 

determined by model calibration (Qiu and Pabst, 2022b; see text for details). 

Parameters Quebrada Blanca mine  Canadian Malartic mine 

Particle density, β (kg/m3) 2760 2760 

Friction coefficient, µ 0.47 0.44 

Rolling resistance coefficient, µr   0.47 0.44 

Local damp, α 0.4 0.4 

Effective modulus, E (Pa) 1×106 1×106 

Stiffness ratio, k* 2.5 2.5 

Normal critical damping ratio, βn  0 0 

Shear critical damping ratio, βs 0 0 
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6.2.3 Simulations of waste rock segregation during field disposal 

6.2.3.1 General simulation approach 

Field-scale simulation models were built to investigate waste rock segregation during waste rock 

disposal (Figure 6.2). The support walls (in yellow color in Figure 6.2) represented the ground 

and physical boundaries of the models. The length of the support walls in x-axis direction was 

100 m. The length of the support walls in y-axis direction was 40 m for the top surface and 80 m 

for the bottom surface. An inclined wall was generated to represent an existing waste rock slope 

with a slope angle of 45°.This initial slope had no effect on the final results (its angle was greater 

than the natural repose angle of tested waste rock) but contributed to decrease the number of 

dumps and therefore the calculation time required to form a stable slope. The bench height (h in 

Figure 6.2) was adjusted depending on the simulated cases (see next section for more details). 

The support walls were covered by a base layer made of fixed 1 m diameter balls (grey balls in 

Figure 6.2) to simulate waste rock surface so that dumped waste rock could directly interact with 

existing waste rock particles. Waste rock was dumped from the top edge of the bench slope.  

 

 

Figure 6.2: Simulation model for waste rock disposal. h [L] represents the bench height and 

varies between 10 and 25 m depending on the cases. Base layer is composed of 1 m diameter 

balls (in grey; see text for details). Dumped waste rock particles are colored depending on their 

diameters (from 0.1 m in blue to 2.66 m in red). 
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6.2.3.2 Simulations of end-dumping method 

End-dumping method was simulated by dumping waste rock directly from the top of the bench 

(Figure 6.3a). An 8 m (width) × 8 m (length) × 4 m (height) box simulated the mine truck and 

was inclined at 45° to represent the maximum lifting angle of common mine trucks (e.g., CAT 

794AC model; Caterpillar Inc., 2019). The vertical distance between the bottom of the mine truck 

(i.e., the box in Figure 6.3a) and the top of the bench was 1.5 m, which corresponded to the dump 

height of large mine trucks (typically between 1 m and 2 m for CAT 794AC model; Caterpillar 

Inc., 2019). Each waste rock dump (around 300 t) was generated within the simulated box and 

was disposed of by deleting the bottom wall of the box (green wall in Figure 6.3a) so that the 

waste rock could fall and move along the slope.  

Four different bench heights were simulated, i.e., 10 m (case A1), 15 m (case A2), 20 m 

(case A3), and 25 m (case A4) (Table 6.2). Waste rock was dumped until the slope was 

completely covered (along the y-axis), which represented a total of 4, 16, 30, and 66 dumps of 

waste rock for bench heights of 10 m, 15 m, 20 m and 25 m, respectively. In practice, more 

dumps are expected to form a parallel layer with similar segregation as the surface layer in the 

model. 

A 600 t payload (Case B1) was simulated using the same box as described above but with a lower 

initial porosity of 0.4. This porosity was smaller than the initial porosity of 0.65 used in cases A1 

to A4. The initial porosity is used only for particle generation and has no effect on the real 

porosity of the material.  

The effect of waste rock PSD was also investigated by dumping Canadian Malartic waste rock 

(case C1), with all the other parameters similar to case A1 (Table 6.2). 

6.2.3.3 Simulation of push-dumping method 

Push-dumping method was simulated by pushing waste rock on the top edge of the 10 m high 

bench (Figure 6.3b). An 8 m (width)×8 m (length)×4 m (height) box simulated on the surface of 

the bench represented a dozer with an 8 m wide blade (close to CAT D11CD model dozer; 

Caterpillar Inc., 2019). Around 300 t of waste rock were generated for each dump. At the 
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beginning of the simulations, the front wall (green wall in Figure 6.3b) was deleted, and  back 

wall was moved toward the slope with a certain speed (between 0.1 m/s – case C1 and 0.6 m/s – 

case C6) to push the waste rock in the slope. The same process was repeated for each dump.  

 

 

Figure 6.3: Simulation of waste rock disposal using (a) end-dumping method and (b) push-

dumping method. h [L] represents the bench height and varies between 10 and 25 m depending 

on the cases. Dumped waste rock particles are colored depending on their diameters (from 0.1 m 

in blue to 2.66 m in red).  The generated PSD curves in PFC3D are presented in Appendix E. 
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Table 6.2: Summary of parametric simulation cases. QB0 and CM0: PSD of waste rock from 

Quebrada Blanca mine and Canadian Malartic mine, respectively. N/A: not applicable. Each case 

was simulated 5 times with various random seeds. 

Case 

Pile 

height 

(m) 

Payload 

(tonnes) 
PSD 

Push velocity 

(m/s) 

Construction 

method 

Number of 

dumps 

A1 10 

300 QB0 N/A End-dumping 

4 

A2 15 16 

A3 20 30 

A4 25 66 

B1 10 600 QB0 N/A End-dumping 4 

C1 10 300 CM0 N/A End-dumping 4 

D1 

10 300 QB0 

0.1 

Push-dumping 4 

D2 0.2 

D3 0.3 

D4 0.4 

D5 0.5 

D6 0.6 

 

6.2.3.4 Quantification of segregation 

Each simulation used in this study was repeated five times with five different random seeds (e.g., 

10001 to 10005) to check the repeatability of the simulations. Different random seeds can alter 

the initial relative positions of particles in a specific volume (i.e., different initial particles 

packing states) without affecting the PSD of the simulated waste rock (Itasca, 2019). Results 

presented in the following are average values calculated from these five simulations.  

Segregation is usually evaluated by segregation indices such as the relative particle diameter 

(Blight, 2010), coarsening index (Sutherland et al., 2003; Qiu and Pabst, 2022b), relative 

segregation index (Kenney et al., 1993) and modified segregation index (Asmaei., et al., 2018). In 

this study, relative particle diameters (D10 / D10ʹ, D50 / D50ʹ, D95 / D95ʹ) and segregation degree (χ) 
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(Qiu and Pabst, 2022b) were used to characterize waste rock segregation. Relative particle 

diameters were defined as the ratios D10 / D10ʹ (also D50 / D50ʹ, D95 / D95ʹ) where D10 and 

corresponds to 10% passing of the PSD in the slope (after deposition and segregation), and D10ʹ 

corresponds to 10% passing of the original PSD. A negative segregation degree indicates that 

waste rock was finer than the original material and a positive value indicates waste rock was 

coarser than the original material. 

The segregation degree (χ) of waste rock in each section was determined as: 

 

𝜒 =
𝑙𝑜𝑔 𝑑𝑡𝑒𝑠𝑡𝑒𝑑−𝑙𝑜𝑔 𝑑0

𝑙𝑜𝑔 𝑑𝐶𝑄−𝑙𝑜𝑔 𝑑0
                                                              (6.1) 

 

Where log d0: the logarithmic mean particle size of the original waste rock before disposal, d was 

in mm in this study; log dtested : the logarithmic mean particle size of waste rock in the local 

section, and log dCQ  the logarithmic mean particle size of the coarsest quartile. The coarsest 

quartile represents the fraction of particles larger than the diameter D75 of the original gradation 

(Westland, 1988). The logarithmic mean particle size is often considered a representative 

parameter for delineating the PSD curve, and can be calculated as (Kenney et al., 1993): 

 

                                      𝑙𝑜𝑔 𝑑 = ∑ (𝑃𝑖 − 𝑃𝑖−1)𝑛
𝑖=1 𝑙𝑜𝑔 √𝐷𝑖 ∙ 𝐷𝑖−1                                             (6.2) 

 

Where 𝐷𝐼 and 𝐷𝑖−1 [L]: consecutive particle diameters corresponding to passing 𝑃𝑖 and 𝑃𝑖−1.  

The slopes in all the cases (and independently of their height and length) were equally divided 

into 6 sections in the vertical direction (Figure 6.4). The PSD curve, relative particle diameters 

and segregation degree in each section were determined from simulation results. 
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Figure 6.4(a): Cross section of simulated waste rock slope (typical example) and (b) location 

characterization of the 6 sections along the slope. x / L [-]: relative location of each section with x 

[L] the horizontal distance of the section center to the deposition point and L [L] the horizontal 

length of the slope. h [L]: bench height. y [L]: vertical distance to dump point. Dumped waste 

rock particles are colored depending on their diameters (from 0.1 m in blue to 2.66 m in red). 

 

6.3 Results 

6.3.1 Effect of bench height 

Four different bench heights (i.e., 10 m, 15 m, 20 m, 25 m) were simulated in this study using 

end-dumping method. All cases showed significant waste rock segregation along the slope, with 

an increase of finer particles (compared to the original material) at the top of the bench and an 

accumulation of coarse particles at the bottom (Figure 6.5). For all cases, segregation degree was 

negative and smaller than − 0.58 at the top of the slope (x / L = 0.08) and was positive and greater 

than 0.35 at the bottom of the slope (x / L = 0.92) (Figure 6.5 a and b). Also, relative particle 

diameters (D10 / D10ʹ, D50 / D50ʹ, D90 / D90ʹ) were all smaller than 0.98 (< 1) at the top of the slope 

and larger than 1.05 (> 1) at the bottom of the slope (Figure 6.5, d – f). More generally, waste 

rock was coarser than the original material for x / L > 0.7, for all the bench heights (Figure 6.5, a 

and b). However, bench height affected differently the material PSD at the top and bottom of the 

slope. 
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Bench height did not have a clear effect on waste rock segregation at the top of the slope. For 

example, segregation degree at the top of the slope (x / L = 0.08) was between − 1.04 (10 m 

bench) and − 0.58 (20 m bench) (Figure 6.5c). High variations of segregation degree and relative 

particle diameters were observed at the top of the slope. The minimum and maximum standard 

deviation of segregation degree for the simulated bench heights (10 to 25 m) were 0.22 and 0.48, 

respectively. The standard deviation of the ratio D90 / D90ʹ at the top of the slope was also 

relatively high and up to 0.18 (25 m bench) (Figure 6.5f). The reason for this variability was that 

the top of the slope contained a limited number of coarse particles therefore bringing 

uncertainties when calculating the segregation degree. For example, a single 150 cm diameter 

block can lead to 0.15 difference in the segregation degree at the top of the slope. Also, the 

investigated volume (S1 in Figure 6.4b) was smaller at the top than at the bottom of the slope, 

therefore increasing the variability of particle distribution. For example, for a 10 m high slope, 

the average mass of waste rock was around 32 t at the top of the slope, which was much smaller 

than that (around 375 t) at the bottom. 

Bench height had a limited effect on waste rock segregation at the bottom of the slope. For 

example, segregation degree at the bottom of the slope was comprised between 0.26 and 0.38 

(Figure 6.5c), and D50 / D50ʹ between 1.19 and 1.31 for all the cases (Figure 6.5d), indicating that 

bench height had insignificant effect on these values. Relatively low variations of the segregation 

degree and relative particle diameters were observed at the bottom of the slope. The maximum 

standard deviation of the segregation degree was only 0.09. The maximum standard deviation of 

D90 / D90ʹ at the bottom of the slope was also very small and did not exceed 0.04 (Figure 6.5f). 

The maximum standard deviation of D10 / D10ʹ was 0.11 at the bottom of the slope, which was 

slightly greater than that (i.e., 0.09) at the top of the slope (Figure 6.5e). The fact that the 

variability is significantly smaller at the bottom of the pile can be explained by the abundance of 

large particles (D > 1.5 m) which accounted for around 40% of the total simulated particles.  

In this study only bench heights smaller than 25 m were tested because of recommendations for 

geotechnical stability (Aubertin, 2013) and numerical constraints (Coetzee, 2016). However, in 

the specific cases where higher benches are considered (e.g., in pit backfilling; MEND, 2015), it 

is recommended to carry out additional simulations to confirm the trends observed in this study. 
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Figure 6.5: Characterization of waste rock segregation simulated for different bench heights using 

end-dumping method. Variation of (a) segregation degree and (b) D50 / D50ʹ with the relative 

location x / L. (c) Segregation degree, (d) D50 / D50ʹ, (e) D10 / D10ʹ and (f) D90 / D90ʹ as functions 

of the bench height, and at the top (black circle, x / L = 0.08) and bottom (orange triangles, 

x / L = 0.92) of the slope. x [L]: horizontal distance to the deposition point. y [L]: vertical 

distance to dump point. L [L]: total horizontal length of the slope. h [L]: bench height. Error bars 

represent standard deviation. 
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6.3.2 Effect of waste rock PSD 

The effect of waste rock PSD on segregation was investigated by comparing simulations of 

4 dumps of waste rock from Quebrada Blanca mine (QB0; previous results) and Canadian 

Malartic mine (CM0 in Figure 6.1), for a 10 m high bench using end-dumping method. The 

simulated waste rock segregation for Canadian Malartic mine matched well the field observations 

(Qiu and Pabst, 2022a). For example, the difference of simulated and measured D50 / D50ʹ was 

smaller than 0.1 for the six sections along the slope (S1 to S6 in Figure 6.4b). 

The difference of waste rock segregation for the two types of waste rock mainly focused on the 

bottom of the slope. For example, the difference of D50 / D50ʹ between the two types of waste 

rock was smaller than 0.16 in the top and middle sections (x / L ≤ 0.75) but was 0.4 at the bottom 

of the slope (x / L = 0.92) (Figure 6.6). In other words, segregation was more marked with waste 

rock from Canadian Malartic mine than from Quebrada Blanca mine. The reason for such 

difference was caused by material PSDs (before the deposition). Large particles (> 1 m) of the 

original waste rock accounted for only 10% of the total particle mass for Canadian Malartic but 

60% for Quebrada Blanca mine. However, the percentage of large particles at the bottom of the 

slope (x / L = 0.92) was significantly greater for Canadian Malartic mine (70%) than for 

Quebrada Blanca mine (40%). In practice, reducing the quantity of the largest particles and 

homogenizing particle sizes could therefore contribute to limit segregation. 

In practice, controlling waste rock particle sizes can be difficult and is mainly determined by 

blasting which depends on different basting parameters such as rock mass factors and explosive 

factors (Ouchterlony et al., 2019; Kinyua et al., 2022). Powder factor, i.e., the quantity of 

explosives (in kg) consumed per tonne of blasted rock, directly affects original waste rock sizes 

(greater powder factors result in finer waste rock; Singh et al., 2016). The powder factor for 

blasting in Canadian Malartic mine was between 0.28 and 0.34 kg/t (Lehouiller et al., 2021), but 

more generally, it is between 0.24 and 0.66 kg/t in hard rock mine (Kinyua et al., 2022). The 

mean particle size of blasted rock is sensitive to the powder factor and can decrease by 20% when 

the powder factor increases from 0.3 to 0.47 kg/t (Singh et al., 2016). A higher powder factor is 

therefore recommended to reduce the amount of large particles in the waste rock and thus 

contribute to limit segregation. However, further research is required to investigate the relation 
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between the safety range of the powder factors and the original waste rock sizes. Alternatively, 

crushing the largest waste rock particles before disposal (Li et al., 2019) could also be beneficial, 

but more studies are required to find a balance with increased costs for such operations. 

 

 

Figure 6.6: Simulated (a) segregation degree and (b) D50 / D50ʹ as functions of the relative 

location x / L for waste rock from Quebrada Blanca mine (black circles) and Canadian Malartic 

mine (orange triangles) using end-dumping method. Error bars represent the standard deviation.  

 

6.3.3 Effect of mine truck payloads 

The effect of the mine truck payload on waste rock segregation was investigated by dumping 4 

dumps of waste rock using payloads of 300 t and 600 t (cases A1 and B1 in Table 6.2) from the 

top of a 10 m high bench using end-dumping method. Simulations showed that increasing mine 

truck payload tended to slightly reduce waste rock segregation during disposal, especially close 

to the top of the slope. In the finer sections (x / L ≤ 0.58), the segregation degree for a 600 t 

payload was generally greater than that for a 300 t payload with a maximum difference of 0.28. 

For example, the segregation degree at the top of the slope was − 1.04 ± 0.33 for a 300 t payload 

and − 0.76 ± 0.35 for a 600 t payload (Figure 6.7a). D50 / D50ʹ for a 600 t payload was 30% 

greater than that for a 300 t payload at the top of the slope.  

The effect of the payload was less marked at the bottom than at the top of the slope. For example, 

in coarser sections (x / L ≥ 0.75), the difference of segregation degree for 300 t and 600 t 
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payloads was smaller than 0.04. Similarly, D50 / D50ʹ for a 600 t payload was almost the same as 

that for a 300 t payload (with difference smaller than 4%) at the bottom of the slope 

(Figure 6.7b). Despite these differences, trends were very similar, and payload therefore seemed 

to have a very limited effect on segregation, at least under the tested conditions. Results seem to 

indicate that a greater payload resulting in a larger quantity of smaller particles (e.g., D < 0.2m) 

moving together and contribute to restrain the movement of coarser particles, thus decreasing 

segregation in a similar manner to agglomeration effect for fine particles (Sutherland, 2002; Tang 

et al., 2004). 

 

 

Figure 6.7: Simulated (a) segregation degree and (b) D50 / D50ʹ as a function of the relative 

location x / L with payloads of 300 t (black circles) and 600 t (orange triangles) using end-

dumping method. Error bars represent standard deviation. Solid lines represent the fitted 

trendlines. 

 

6.3.4 Segregation with push-dumping method 

The effect of push-dumping and end-dumping methods on segregation was compared by 

dumping a total of 1200 t waste rock (i.e., 4 dumps) on a 10 m high bench using both methods. 

The relative location where segregation degree χ = 0 was around x / L = 0.68 for both end-

dumping and push-dumping methods. Push-dumping method tended to generate more 
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segregation than end-dumping method in this study (Figure 6.8). For example, the segregation 

degree at the top of the slope (x / L = 0.08) was − 1.04 ± 0.33 for end-dumping method and 

− 1.21 ± 0.27 (− 16%) for push-dumping method (Figure 6.8a). The segregation degree at the 

bottom of the slope (x / L = 0.92) was 0.26 ± 0.09 for end-dumping method and 0.46 ± 0.03 

(+ 77%) for push-dumping method (Figure 6.8a). Similar trends were also observed from the 

distribution of D50 / D50ʹ along the slope. For example, D50 / D50ʹ for push-dumping method was 

21% smaller (0.37 ± 0.11) at the top of the slope and 16% greater (1.39 ± 0.05) at the bottom than 

that for end-dumping method (Figure 6.8b). The main reason for the difference caused by 

construction method is that end-dumping method generated greater initial velocities, which, in 

turn, contributed to reduce waste rock segregation. However, this effect was also observed 

because of the limited bench height simulated and because of that, energy accumulation had less 

effect on segregation than initial energy. 

Waste rock showed higher degree of heterogeneity along the slope with end-dumping method 

than with push-dumping method. For example, the maximum standard deviation of D50 / D50ʹ was 

0.25 for end-dumping method and 0.14 for push-dumping method. End-dumping method 

therefore seemed to bring higher variability to the velocities of particles because of the significant 

collision on the slope after dumping the mine trucks, which resulted in greater collisions and 

energy loss. In push-dumping method, particles were less disturbed by collision and moved more 

homogeneously along the slope. 
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Figure 6.8: Simulated (a) segregation degree and (b) D50 / D50ʹ as functions of the relative 

location x / L when using end-dumping method (black circles) and push-dumping method 

(orange triangles). The push velocity was 0.2 m/s in these simulations. Error bars represent 

standard deviation. Solid lines represent the fitted trendlines. 

 

The effect of push velocity on segregation was investigated by dumping 300 t waste rock on the 

10 m high bench using push velocities comprised between 0.1 m/s and 0.6 m/s. Results showed 

that the segregation degree and relative particle diameters at the top of the slope tended to 

linearly increase with the push velocity (Figure 6.9). In other words, segregation decreased with 

push velocity, i.e., waste rock at the top of the slope was coarser as the push velocity increased, 

but still remained finer than the original waste rock. For example, the segregation degree at the 

top of the slope was − 1.23 for a push velocity of 0.1 m/s and − 0.89 (+ 28%) for a push velocity 

of 0.6 m/s (Figure 6.9a). D50 / D50ʹ at the top of the slope was 0.36 for a push velocity of 0.1 m/s 

and 0.51 (+ 43%) for a push velocity of 0.6 m/s (Figure 6.9c). Similar segregation in the heap 

formed by filling multi-sized particles though a hopper also indicates that increasing the feeding 

rate (i.e., increasing the initial velocity) would decrease particle segregation (Shinohara et al., 

2002; Zhang et al., 2017a).  

However, push velocity had limited effect on waste rock distribution at the bottom of the slope. 

Segregation degree and relative particle diameters at the bottom of the slope were almost the 

same for all the push velocities. The segregation degree at the bottom of the slope was comprised 

between 0.46 and 0.53 and D50 / D50ʹ between 1.36 and 1.46 for the investigated push velocities 
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(Figure 6.9 a and c). The main reason was that the effect of push velocities on coarse particles 

movement to the bottom of the slope was limited compared with their accumulated velocities 

induced by gravity. For example, the initial falling velocities of particles were almost the same 

(around 1 m/s) for different push velocities (Figure 6.10). The velocities of these coarse particles 

significantly developed to 3 to 4 m/s under gravity when they flowed to the middle of the slope. 

Waste rock heterogeneity at the top of the slope tended to increase with push velocity. For 

example, the standard deviation of the segregation degree at the top of the slope was 0.27 for a 

push velocity of 0.1 m/s and was 0.39 for a push velocity of 0.5 m/s. The standard deviation of 

D50 / D50ʹ at the top of the slope was 0.08 for a push velocity of 0.1 m/s and was 0.23 for a push 

velocity of 0.5 m/s. However, push velocity had limited effect on waste rock heterogeneity at the 

bottom of the slope. For example, the standard deviations of both segregation degree and 

D50 / D50ʹ were smaller than 0.06 at the bottom of the slope for all investigated push velocities. 

The effect of push velocity was therefore significantly smaller than the particle energy 

accumulated during its movement. 

In practice, although the velocity of dozers may vary depending on the operators, 

recommendations are based on the drawbar pull of the dozers (Klanfar et al., 2014). A higher 

drawbar pull generally requires a lower push velocity with 0 to 0.6 m/s for a 6 m wide blade with 

a drawbar pull of 100 to 150 t (Caterpillar Inc., 2019). Maximizing push velocities can therefore 

contribute to reduce waste rock segregation, following usual recommendations based on the 

drawbar pull of the dozers for security reasons. 
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Figure 6.9: Simulated (a) segregation degree, (b) D10 / D10ʹ, (c) D50 / D50ʹ, and (d) D90 / D90ʹ as 

functions of the push velocity at the top (black circles, x / L = 0.08) and bottom (orange triangles, 

x / L = 0.92) of the slope. Error bars represent the standard deviation. Solid lines represent the 

fitted trendlines. 
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Figure 6.10: Waste rock velocities at push distances of (a) 4 m and (b) 8 m for push velocities 

ranging between 0.2 m/s and 0.6 m/s. The fourth dump moving on a 10 m bench was tracked. 

The color gradients represent particle velocities (from 0 m/s in blue to 4 m/s in red). 

 

6.4 Result analysis and discussion 

6.4.1 Practical considerations for waste rock disposal in piles 

An optimal deposition of waste rock aims to reduce segregation. Controlling segregation can 

reduce the risk for geotechnical and geochemical instabilities in waste rock piles (Vriens et al., 

2020; Raymond et al., 2021). Based on this study, the following approaches are therefore 

recommended: 

- Bench height did not exhibit a clear effect on waste rock segregation at the top of the slope 

with segregation degree between − 1.04 and − 0.58 for bench heights of 10 to 25 m. Bench 

height had a limited effect on waste rock segregation at the bottom of the slope. 

- Waste rock from the two investigated mine sites mainly affected the accumulation of large 

particles at the bottom of the slope. A smaller proportion of large particles in the original 
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waste rock can increase segregation. In practice, reducing the quantity of the largest particles 

and homogenizing particle sizes could therefore contribute to limit segregation. 

- Increasing mine truck payloads tended to slightly reduce waste rock segregation at the top of 

the slope but had little effect on waste rock distribution at the bottom of the slope. 

- Increasing push velocity tended to increase waste rock particle size at the top of the slope 

and can therefore contribute to reduce segregation. 

- Construction methods had a strong impact on waste rock segregation during disposal. Push 

method tended to create more segregation than end-dumping method under the investigated 

bench height. 

6.4.2 Effect of lateral disposal on waste rock segregation and 

heterogeneity 

The effect of the studied influence factors on segregation was mainly investigated by dumping 

waste rock from one single point at the top of the slope. However, in practice, waste rock is 

commonly disposed of laterally, either sequentially or in parallel, i.e., almost concomitantly 

(Mclemore et al., 2009; Aubertin, 2013; Bar et al., 2020). Lateral disposal could result in high 

variations of waste rock sizes along the lateral direction (Chi, 2010; Barsi, 2017). In this study, 

the effect of lateral disposal on waste rock segregation was investigated by dumping around 300 t 

of waste rock sequentially from three points on a 10 m high bench using end-dumping method 

(Figure 6.11). Waste rock was first dumped at point 1, the second dump started at point 2 when 

waste rock in the previous dump stopped moving, and a third dump was simulated from point 3. 

A new disposal cycle started again with new dumps simulated at point 1, then point 2, and finally 

point 3. The dumping process continued until a total of 12 dumps were simulated, i.e., 4 dumps 

from each point. The total mass of waste rock dumped for lateral disposal was 3600 t in each 

case. The effect of the dump spacing between two sequential dumps was also investigated (4 m, 

8 m and 12 m distance). Waste rock slopes were equally divided into 6 sections in the vertical 

direction (similarly to previous cases, see Figure 6.4). Segregation degree and D50 / D50ʹ in each 

section were obtained for each case and results were compared with base case A1 (1-point 

disposal in Figure 6.12). 
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Figure 6.11: Model for lateral disposal on a 10 m high bench using end-dumping method. A total 

of 12 dumps were disposed sequentially and repeatedly from points 1 to 3 (4 dumps of 300 t 

waste rock per deposition point). S [L]: spacing between two sequential dumps (S = 4 m, 8 m and 

12 m in this study). Dumped waste rock particles are colored depending on their diameters (from 

0.1 m in blue to 2.66 m in red). 

 

Significant segregation was observed for all the cases with lateral sequential disposal. The 

segregation degree was generally smaller than − 0.32 at the top (x / L = 0.08) of the slope and 

greater than 0.27 at the bottom (x / L = 0.92), and D50 / D50ʹ was smaller than 0.78 at the top of 

the slope, and greater than 1.2 at the bottom (Figure 6.13b).  

Simulations showed that lateral disposal tended to limit waste rock segregation compared to 

deposition from a single point. For example, the segregation degree at the top of the slope was 

− 0.32 ± 0.19 for lateral disposal, i.e., 70% greater than that for 1-point disposal. Lateral disposal 

therefore tended to constrain waste rock movement in the lateral direction, but this effect tended 

to decrease with the spacing between lateral dumps. For example, waste rock dumped from 
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point 1 covered a width of around 23 m at the bottom of the slope with a single point dumping, 

19 m with a lateral dumping with 4 m spacing, and 15 m with a lateral dumping with 8 m and 

12 m spacing (Figure 6.12). Lateral disposal therefore resulted in a greater accumulation of 

particles at the top of the slope, including some coarse particles (e.g., > 1.5 m), therefore 

decreasing segregation compared to a 1-point disposal. Increasing dump spacing had limited 

effect on waste rock segregation. For example, the difference of segregation degree (also 

D50 / D50ʹ) was smaller than 0.14 for each section of the slope, independently of the dump spacing 

(Figure 6.13). Lateral disposal with a dump spacing small enough to make sure dumps interact 

with each other, can therefore contribute to decrease segregation and homogenize waste rock 

along the slope. Increasing spacing too much would, however, result in the same results as for a 

single point dumping when lateral dumps do not interact anymore. 

Lateral heterogeneity under lateral disposal tended to be less pronounced than with a single point 

disposal (1-pint disposal in Figures 6.12). For example, the maximum difference of segregation 

degree at the top of the slope was 0.55 for lateral disposal and 0.76 (38%) for single point 

disposal. The standard deviations of segregation degree and D50 / D50ʹ also were generally greater 

for single point disposal than for lateral disposal (Figure 6.13). For example, the standard 

deviations of segregation degree at different sections were generally smaller than 0.1 for lateral 

disposal, but were always greater than 0.1 and up to 0.33 for single point disposal (Figure 6.13a). 

There was, however, no clear relationship between heterogeneity and the relative location along 

the slope. 
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Figure 6.12: Waste rock distribution for (a) 1-point disposal and lateral disposal with dump 

spacing of (b) 4 m, (c) 8 m and (d) 12 m on a 10 m high bench using end-dumping method. (a): A 

total of 4 dumps were simulated from point 1. (b – d): A total of 12 dumps were simulated 

sequentially and repeatedly from points 1, 2 and 3 (4 dumps per point). Black dash lines cover 

the areas for waste rock that was dumped from point 1. S [L]: dump spacing between two 

sequential dumps. Dumped waste rock particles are colored depending on their diameters (from 

0.1 m in blue to 2.66 m in red). 
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Figure 6.13: Simulated (a) segregation degree and (b) D50 / D50ʹ as a function of the relative 

location x / L both for lateral disposal and 1-point disposal using end-dumping method on a 10 m 

high bench. S [L]: spacing between two sequential dumps. Error bars represent the standard 

deviation (simulations were repeated five times). 

 

(a)

(b)
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6.4.3 Discussion 

Waste rock disposal simulations in this study indicated that bench height and payload had limited 

effect on segregation, and lateral disposal and increasing push velocity limited segregation. 

Despite these encouraging trends which may be useful to give operators practical 

recommendations to reduce segregation in the field, numerical simulations carried out were based 

on a few assumptions that could somewhat affect these conclusions. 

First, the minimum particle diameter simulated was 0.1 m, to increase the quantity of simulated 

waste rock without unrealistically increasing calculation time. For example, the number of 

particles was 9200 (with 1.8 × 105 contacts) for a 10 m bench and 1.5 × 105 (with 5.4 × 105 

contacts) for a 25 m bench. The computational time reached 138 h for a 25 m bench, i.e., 

55 times longer than for a 10 m bench. Actually, 100 kg waste rock with diameters between 

0.5 cm and 1 cm would have generated 1.5 × 105 additional particles in PFC3D models. 

Simulating smaller particles with current computing ability for field scale simulations was thus 

practically impossible. Some techniques such as particle scale-up (e.g., Coarse-Graining 

technique; Nasato et al., 2015) have been developed to replace real particles by representative 

particles, substantially reducing the required number of particles and computational time 

(Roessler at al., 2018). However, the main limitation of these techniques is the determination of 

upscaling factors which determine the representativity of a simulated process (Xie et al., 2016). 

Because of the particle diameter limitation, the ratio of the bench height to the maximum particle 

diameter (e.g., 2.66 m in Quebrada Blanca mine) was only 3.8 for a 10 high bench, which was 

relatively small compared to typical values in the field (usually around 7). 

In push-dumping simulations, waste rock was pushed to the edge of the slope from a short 

distance, which is different from the practice where waste rock is sometimes dumped on the pile 

surface and pushed over several dozens of meters to the slope edge. Further research on push-

dumping method with a longer push distance was suggested to evaluate particle mixture state 

during pushing. 

In this study, waste rock was dumped on an existing initial slope with the objective to reduce 

calculation time. This pre-existing slope was inclined with an angle of 45°, which was slightly 

greater than the natural slope angle ranging between 37° and 40° for the studied waste rock piles 
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(Zhang et al., 2017b; Lehouiller et al., 2020). This rather large angle was chosen specifically to 

reduce its potential impacts on the results. Additional simulations (not shown here) confirmed 

that smaller slope angles down to 37°had no significant effect on the simulated segregation, 

which indicates that it may be possible to accelerate calculation time by using even small initial 

slope angle. In addition, a base layer was built with homogeneous 1m-diameter balls. 

Heterogeneous base layer was then set with 1 m balls and 0.5 m balls. Heterogeneous base layer 

created similar repose angle to homogeneous base layer (difference smaller than 2°). The 

segregation degree with heterogeneous base layer was generally fall within the reasonable range 

of homogeneous base layer (See details in Appendix F). 

The recommendations regarding waste rock disposal (see above) were given with the objective of 

reducing segregation. The geotechnical stability of waste rock pile is, however, also affected by 

waste rock disposal but was not considered in this study. Segregation and heterogeneity usually 

create negative effect on the geotechnical properties, but sometimes also bring positive effect on 

pile’s stability. For example, although segregation and heterogeneity can bring risks to water 

flow along irregular and diverted paths within waste rock piles (Lahmira et al., 2016; Raymond et 

al., 2021), the presence of internal fine-grained layers (e.g., compacted layers during 

construction) sometimes also increase the factors of safety, resulting in positive effects on the 

geotechnical stability of waste rock piles (Maknoon et al., 2021). More investigations on waste 

rock disposal are thus necessary to comprehensively control waste rock segregation with 

considering both hydrogeological and geotechnical stability. 

6.5 Conclusion 

PFC3D was used to simulate the flow behaviour of waste rock disposal and evaluate the effect of 

construction methods (i.e., push-dumping and end-dumping method) and bench heights 

(10 to 25 m) on waste rock segregation. Segregation degree (χ) and relative particle diameters 

(D10 / D10ʹ, D50 / D50ʹ, D95 / D95ʹ) from the top to the bottom of the slope were compared to 

quantify segregation. Various influence factors, including mine truck payloads (300 t and 600 t), 

push velocities (0.1 to 0.6 m/s), lateral disposal, and waste rock PSD were investigated. The 

following conclusions were made based on the results of this study: 
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• In general, waste rock segregation was significant for all the different investigated factors. 

Segregation degree was always negative and smaller than − 0.5 at the top of the slope, and 

positive and greater than 0.3 at the bottom, indicating waste rock was finer at the top and 

coarser at the bottom of the slope than the original waste rock (before disposal). Diameter D50 

at the bottom of the slope was always 2 to 4 times greater than that at the top of the slope for 

all the simulated cases in this study. 

• Simulated bench heights (10 m to 25 m) and mine truck payloads (300 t to 600 t) had limited 

effect on waste rock segregation.  

• Waste rock containing a smaller proportion of large particles were more prone to segregation. 

A greater powder factor (yet respecting safety range) and crushing the largest particles is 

therefore suggested to homogenize waste rock and reduce segregation during disposal. 

• Increasing the push velocity in push-dumping method (from 0.1 m/s to 0.6 m/s) tended to 

reduce segregation at the top of the slope but had limited effect on waste rock distribution at 

the bottom. Maximizing push velocities can therefore contribute to reduce waste rock 

segregation, following usual recommendations based on the drawbar pull of the dozers for 

security reasons. 

• Push method tended to create more segregation than end-dumping method because end-

dumping method generated greater initial velocities, which contributed to reduce waste rock 

segregation. However, this effect was also observed because of the limited bench height 

simulated and because of that, energy accumulation had less effect on segregation than initial 

energy. 

• Lateral disposal tended to limit waste rock segregation compared to deposition from a single 

point. Lateral disposal with a suitable dumping spacing (i.e., small enough to make sure the 

sequential dumps interact with each other) was beneficial to homogenize waste rock along the 

slope. Sequential dumps with a small dump spacing were recommended to reduce waste rock 

segregation in practice. 

These recommendations should contribute to improve the deposition plan of waste rock on 

operating and future mine sites. However, this research focused on a few key operational 
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influence factors and only for limited bench heights (mainly for numerical constraints), so further 

investigations taking into account the effect on the hydro-geotechnical and geochemical 

properties are recommended to improve segregation control and optimize waste rock disposal. 
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CHAPTER 7    SUMMARY, DISCUSSION, CONCLUSION AND 

RECOMMENDATIONS 

7.1 Summary 

Large amounts of waste rock are generated by mining operations and generally disposed of on the 

surface, close to the production sites (Anterrieu et al., 2010; Aubertin, 2013). Waste rock disposal 

usually causes segregation, creating complicated heterogeneous structures in waste rock piles 

(Nichols, 1986). These heterogeneities bring high degree of uncertainties to the spatial 

distribution of geotechnical and hydrogeological properties (e.g., shear strength, hydraulic 

conductivity), thus increasing the risk for both geochemical and geotechnical instabilities 

(Lahmira et al., 2016). Segregation characterization and evaluation at field scale considering the 

effect of construction method and bench height is, however, extremely challenging because of the 

large dimensions of the piles, the instability of the steep slopes and the difficulty to determine the 

mass and size of large and irregular particles (Dwumfour et al., 2020; Raymond et al., 2021). 

The main objective of this project was therefore to assess the impact of waste rock disposal on 

waste rock segregation and heterogeneity in waste rock piles and to propose recommendations to 

reduce segregation and improve disposal strategy. This research also included secondary 

objectives which aimed to characterize waste rock segregation and heterogeneity in piles, and to 

evaluate segregation under various operational conditions during disposal. To achieve these 

objectives, waste rock segregation and heterogeneity were characterized and evaluated using field 

observations, experimental tests in the laboratory and discrete element simulations. Experimental 

and field results provided the basis to investigate waste rock segregation under various influence 

factors such as construction method and bench height by using discrete element simulations. 

Field evaluation of waste rock segregation and heterogeneity was conducted using photos 

covering a 1400 m long slope of a waste rock pile, and analyzed with software ImageJ for the 

determination of particle mass and size. Waste rock segregation degree and characteristic 

diameters were characterized as a function of the relative location along the slope. 
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Waste rock used for tests and simulations at laboratory scale was obtained from Canadian 

Malartic mine, a partner mine site, and the material was scalped at diameters comprised between 

8 mm and 89 mm.  

Waste rock flow behaviour was simulated using rolling resistance linear model in PFC3D (Itasca, 

2019), which could efficiently simulate contact interactions of granular media in three 

dimensions. A new model calibration method was proposed to reliably simulate waste rock 

segregation at both laboratory and field scales, and to provide the basis to evaluate the impact of 

waste rock disposal on segregation. This method included model calibration using repose angle 

tests and validation using segregation tests for laboratory scale models, and was then upscaled for 

field models. 

Repose angle can give an indication of the material flowability and is directly related to the 

intrinsic properties of particles such as the friction and rolling. Waste rock repose angles were 

measured in the laboratory (repose angle tests) or in the field. Repose angle tests consisted in 

lifting a bucket filled with waste rock (around 75 kg) so it formed a conic pile on the ground. 

Field repose angles were determined by measuring slope angles of waste rock piles at two mine 

sites, namely Canadian Malartic and Quebrada Blanca mines. Friction and rolling resistance 

coefficients were then adjusted to match the measured angle formed by the waste rock.  

Calibrated models were validated by simulating waste rock segregation behaviour measured in 

the laboratory (segregation tests) and observed in the field (image analysis – see above – or 

literature results). Laboratory segregation tests were conducted by dumping 10 buckets of waste 

rock (i.e., a total of around 200 kg) sequentially from the top edge of a 1 m high vertical wall to 

form a semi cone slope. The characteristic diameters and segregation degree of waste rock from 

the top to the bottom of the slope were measured and compared with simulation results at both 

laboratory and field scales. 

Numerical models were then used to evaluate waste rock segregation and heterogeneity under 

various influence factors including construction methods (end-dumping and push-dumping 

methods), bench heights (10 to 25 m), waste rock PSD, mine truck payloads (300 t and 600 t), 

push velocities (0.1 to 0.6 m/s), and lateral disposal. Recommendations to control segregation 

and improve disposal strategy were proposed based on these results. 
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Waste rock characterization in the field indicated significant segregation and heterogeneity in 

waste rock piles. Characteristic diameters (e.g., D10, D50, D90) and segregation degree 

significantly increased from the top to the bottom of the slope. Results also showed that 

segregation and lateral heterogeneity could result in high variability (one to two orders of 

magnitude difference) of the saturated hydraulic conductivity and more generally of the 

geotechnical properties of waste rock in the field. 

The calibration approach proposed in this research proved easy to use and efficient to simulate 

waste rock segregation at various scales, as proven by laboratory and field validation. These 

encouraging results confirmed PFC3D models could be used to extrapolate these preliminary 

observations to larger scales and to evaluate and compare different construction methods 

depending on various operational constraints. 

Simulations results tended to show that bench height did not have a clear effect on waste rock 

segregation along the slope (at least for the investigated bench heights).  

Waste rock particle size distribution strongly affected the accumulation of large particles (e.g., 

>1 m) at the bottom of the slope. A smaller proportion of large particles in the original waste rock 

(i.e., before the deposition) tended to increase segregation. In practice, homogenizing particle 

sizes in the waste rock could therefore contribute to limit segregation. Using a greater powder 

factor or crushing the largest waste rock particles was therefore recommended to homogenize 

waste rock (before the deposition) and thus contribute to limit waste rock segregation. 

Increasing mine truck payload tended to slightly reduce waste rock segregation at the top of the 

slope but had limited effect at the bottom. Despite these differences, rwaste rock distribution 

along the slope was very similar for simulated payloads of 300 t and 600 t, and truck sizes did 

therefore not seem to have a critical effect on segregation. 

Waste rock segregation also tended to decrease with push velocity. The effect was especially 

noticeable close to the top of the slope where segregation degree and relative particle diameters 

tended to linearly increase with the push velocity while push velocity had little effect at the 

bottom of the slope. Maximizing push velocities can therefore contribute to reduce waste rock 

segregation, following usual recommendations based on the drawbar pull of the dozers for 

security reasons. 
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Results in this study indicated push-dumping method tended to create more segregation than end-

dumping method because end-dumping method generated greater initial velocities, which, in 

turn, contributed to reduce waste rock segregation. The reason was the relatively limited height of 

the benches which should be smaller than 25 m to reduce geotechnical instabilities and 

simulation time. In these conditions, the energy accumulation during particle flow had less effect 

on segregation than the initial energy.  

Finally, simulations showed that lateral disposal tended to limit waste rock segregation compared 

to deposition from a single point. Increasing dump spacing had limited effect on waste rock 

segregation. Increasing spacing too much would, however, result in the same results as for a 

single point disposal when lateral dumps do not interact anymore. Lateral disposal with a dump 

spacing small enough to make sure dumps interact with each other, can therefore contribute to 

homogenize waste rock and decrease segregation. 

The results obtained from this study could be useful to investigate waste rock segregation and 

heterogeneity under various operational conditions, and to control segregation and improve mine 

waste disposal strategy. 

7.2 Discussion 

The results presented in this thesis are expected to contribute to improve waste rock disposal and 

reduce segregation. However, some assumptions and simplifications were necessary to conduct 

this research and may somewhat limit the extrapolability of the results.  

First, waste rock characterization at field scale focused on the surface of a waste rock pile and 

internal waste rock could not be characterized using drone pictures. However, internal 

heterogeneity can be significant because of the presence of the alternance of inclined fine and 

coarse-grained layers (Anterrieu et al., 2010; Bao et al., 2020) and it is therefore recommended to 

regularly survey the waste rock pile slopes to monitor and document internal variability. Also, 

because of the limited resolution of the camera embarked on the drone (1.2 cm/pixel), only 

particles which diameters were greater than 2 cm could be detected. They usually represent over 

80% of the waste rock mass (with maximum particle diameter of 25 cm) (Essayad, 2021), which 

means the precision of the measurement is acceptable, but the fine content can vary significantly 
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between mines (Gamache-Rochette, 2004; Corazao Gallegos, 2007; Blackmore, 2015). Ignoring 

or underestimating the fine fraction can have critical consequences in terms of geotechnical 

(Mclemore et al., 2009), hydrogeological (Chapuis, 2012; Raymond et al., 2021) and 

geochemical (Benarchid et al., 2019) analyses. Using cameras with better resolution, taking 

pictures from closer or completing image analysis with sampling is therefore recommended if the 

fine fraction is significant and/or has a strong impact on the measured behaviours. 

Waste rock characterization in the field is also affected by pixel intensity differences (Ferreira et 

al., 2012), which is sensitive to image brightness and resolution (Đuriš et al., 2016; Zhang et al., 

2017), and detection of particle boundaries may be not precisive if pixel intensity is not 

contrasted enough, resulting in an overestimation particle diameter. The loss of pixel intensity 

would be more significant for smaller particles, and waste rock diameters at the top of the slope 

(with most smaller particles) were therefore overestimated, resulting in underestimation of waste 

rock segregation. Secondly, different colours within the same particle may lead the image 

processing code to distinguish several smaller particles where there is just one, resulting in an 

underestimation of the particle diameter (Azzali et al., 2011). Thirdly, particle overlap would hide 

parts of the particles and also result in underestimation of these particles (Zhang, 2016). Such 

colour difference and particle overlap would bring high variability to particle mass and size 

determination. Choosing a cloudy day to reduce shades and conducting more field measurements 

could be good ways to correct the small size fractions (Cash, 2014). 

Laboratory tests such as repose angle tests and segregation tests were conducted using limited 

amount of waste rock (i.e., around 75 kg) with a maximum diameter of 89 mm because of 

limitations of the available material and laboratory space. More experiments would be required to 

increase the result representativity by testing larger volumes of waste rock with larger diameters 

such as 40 cm or more (Ye et al., 2022). In addition, the model calibration method (i.e., with 

repose angle tests or measurements) proved efficient but was validated for a limited number of 

waste rock types. Other parameters such as particle size distribution (Jain et al., 2013), particle 

shape and roughness (Zhou et al., 2016; Alizadeh et al., 2017) and material density (Tripathi et 

al., 2013), but also external factors such as rainfall (Sutherland, 2002) may also affect the waste 

rock flow behaviours but was not investigated here. Research on more mine sites with different 

waste rock types is therefore recommended to further validate the proposed calibration method. 



203 

 

 

Accounting for every waste rock particle in DEM simulations is also computationally impractical 

because of the heavy calculation pressure induced by a large number of contacts between 

particles (Thakur et al., 2016; Saeed et al., 2019). Simplifications had to be made to speed up the 

calculation with ensuring simulation reliability. First, particles smaller than 10 cm were not 

simulated in field models to significantly reduce contact numbers. Secondly, using spheres to 

simulate waste rock particles also contributed to decrease the contact number and thus 

accelerated the calculation time (Grima et al., 2011; Su et al., 2019). However, although the 

overall collision characteristics of waste rock can be reproduced by spheres with acceptable 

accuracy using a well calibrated local damp (Calvetti et al., 2005; Plassiard et al., 2010), field 

waste rock exhibits complicated collisions during disposal which are affected by different factors 

such as irregular shape, particle size and falling height (Bourrier et al., 2008; Plassiard et al., 

2010). More research on the collisions of larger particles with irregular shapes could help 

increase the representativity of numerical models (Thoeni, et al., 2019; Zhu et al., 2021). 

Only bench up to 25 m high was investigated, while in practice it may be up to 100 m (Hawley et 

al., 2017). However, this choice was made because of current good practices which recommend 

to not exceed 25 m for improving geotechnical stability and calculation efficiency (Aubertin, 

2013; Coetzee, 2016; Lehouiller et al., 2020). However, in the specific cases where higher 

benches are considered (e.g., in pit backfilling; MEND, 2015), it is recommended to carry out 

additional simulations to confirm the trends observed in this study. This would, however, be 

complex because of the large number of particles and contacts, and the simplifications and 

approaches proposed in this research may be even more critical. 

Finally, the recommendations regarding waste rock disposal were given with the objective of 

reducing segregation. Segregation and heterogeneity usually create negative effect on the 

geotechnical properties, but sometimes also bring positive effect on pile’s stability. For example, 

although segregation and heterogeneity can bring risks to water flow along irregular and diverted 

paths within waste rock piles (Lahmira et al., 2016; Raymond et al., 2021), the presence of 

internal fine-grained layers (e.g., compacted layers during construction) sometimes also increase 

the factors of safety, resulting in positive effects on the geotechnical stability of waste rock piles 

(Maknoon et al., 2021). The effect of disposal and segregation on geotechnical stability should be 
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further evaluated by coupling several methods such as FEM-DEM simulations (Latham et al., 

2008; Guo et al., 2014). 

7.3 Conclusion 

The objective of this research was to assess the impact of waste rock disposal on waste rock 

segregation and heterogeneity in waste rock piles and to propose recommendations to reduce 

segregation and improve disposal strategy. To do so, waste rock segregation and heterogeneity 

were first characterized and evaluated by analyzing particle size distribution along the slope of a 

waste rock pile using image analysis. Discrete element simulations were then conducted to 

investigate waste rock segregation under various influence factors such as construction methods 

and bench heights, mine truck payloads, push velocities, waste rock PSD, and lateral disposal. 

The main conclusions of this research are summarized below. 

A new method to calibrate discrete element models was proposed to simulate waste rock flow 

behaviour. This method was proposed to calibrate friction and rolling resistance coefficients by 

simulating repose angle (either from laboratory repose angle tests or natural repose angle 

measured in the field). The technique was validated using segregation tests in the laboratory scale 

models, and real segregation measurements in the field. The proposed method is efficient to 

simulate waste rock segregation during disposal under various practical conditions, including 

different particle sizes, waste rock quantities and construction methods.  

Waste rock segregation degree and characteristic diameters were characterized as a function of 

the relative location along the slope of waste rock pile. The increase of characteristic diameters 

and segregation degree from the top to the bottom of the slope indicated significant segregation. 

Results also showed that segregation and lateral heterogeneity could result in high variability 

(one to two orders of magnitude difference) of the saturated hydraulic conductivity and more 

generally of the geotechnical properties of waste rock in the field. Controlling and limiting 

segregation seemed therefore beneficial to improve pile stability. 

Simulated bench heights (10 m to 25 m) and mine truck payloads (300 t to 600 t) had limited 

effect on waste rock segregation in this study.  

Optimizing waste rock PSD (before the deposition) and controlling push velocity could be 

efficient to limit waste rock segregation. A smaller proportion of large particles in the original 
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waste rock can increase segregation, so using a greater powder factor or crushing the largest 

waste rock particles is therefore recommended to homogenize waste rock and contribute to limit 

waste rock segregation. Also, results showed that increasing push velocity can reduce segregation 

at the top of the slope with limited effect on waste rock distribution at the bottom.  

Construction methods had a strong impact on waste rock segregation during disposal. Push-

dumping method tended to create more segregation than end-dumping method because end-

dumping method generated greater initial velocities, which contributed to reduce segregation. 

However, this effect was also observed because of the limited bench height simulated and 

because of that, energy accumulation had less effect on segregation than initial energy.  

Lateral disposal appeared to have a strong impact on segregation and significantly reduced 

segregation compared with single point disposal. Dump spacing had limited effect on waste rock 

segregation, as long as it remained small enough to ensure the interactions between each dump. 

Lateral and sequential disposal is therefore recommended to decrease segregation for waste rock 

disposal in the field. 

7.4 Recommendations 

This research has mainly focused on characterizing waste rock segregation and heterogeneity and 

investigating the effect of various influence factors on segregation. The following 

recommendations are proposed to overcome the limitations discussed above and to further 

improve waste rock disposal strategy in operating mines. 

• Segregation analyses on more waste rock piles are recommended to confirm the field 

observations and contribute to further understand the heterogeneity of waste rock piles. In 

addition, complementary field measurement methods such as geophysical methods 

(Anterrieu et al., 2010; Dimech et al., 2019) and trench excavation (Stockwell et al., 2006; 

Boekhout et al., 2015) are recommended to investigate the effect of fine content and 

internal waste rock heterogeneity. 

• Higher resolution cameras are recommended to improve the precision of particle detection 

when using image analysis. Other remote sensing techniques such as photogrammetric 
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techniques (Maas et al., 2006), LiDAR (Collin et al., 2018; Li et al., 2020) could also be 

alternative options to identify waste rock particles more precisely.  

• More experiments by testing larger volumes of waste rock with larger diameters would be 

suggested to increase the result representativity for model calibration (Ye et al., 2022). 

Research on more mine sites with different waste rock types is recommended to further 

validate the proposed calibration method. 

• Using irregular particle shapes is recommended to simulate waste rock particles so that 

particle shape effect and collision characteristics can be better considered in future 

research. In addition, techniques such as particle scale-up (e.g., Coarse-Graining 

technique; Nasato et al., 2015) could be used to replace real small particles by 

representative particles, substantially reducing the required number of particles and 

computational time (Roessler at al., 2018). 

• Further investigations considering waste rock segregation, geotechnical and geochemical 

stability, and economic issues are recommended to comprehensively optimize waste rock 

disposal. 
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APPENDIX A   WASTE ROCK BASIC PROPERTIES 

Table A.1: Specific gravity of waste rock sample with diameters ranged between 5 mm and 

50 mm (ASTM C127) 

 Sample 1 Sample 2 Sample 3 

Mass of oven-dried sample and container (g) 6595.6 6811.3 6619.7 

Mass of container (g) 708.8 931.6 738.9 

Mass of oven-dried sample (g) (A) 5886.8 5879.7 5880.8 

Mass of SSD (g) (B) 5904 5901.8 5900.9 

Apparent mass of saturated test sample in water (g) (C) 3748.8 3750 3749.3 

GS (OD) = A / (B - C ) 2.7314 2.7325 2.7332 

GS (SSD)= B / (B - C ) 2.7394 2.7427 2.7426 

GS (apparent) = A / (A - C) 2.7534 2.7608 2.7590 

Absorption (%) = [(B - A) / A]×100 0.2922 0.3759 0.3418 
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Table A.1: Specific gravity of waste rock sample with particles < 5 mm (ASTM D854) 

 Sample 1 Sample 2 Sample 3 

Mass of oven-dried sample and container (g) 458.1 460.4 458.4 

Mass of container (g) 285.4 290.6 287.6 

Ms (g) 172.7 169.8 170.8 

Mρws,t (g) at 22.6℃ 816.1 802.8 816.2 

Mρw,t (g) at 22.6℃ 705.8 694.7 707.5 

Gt at 22.6℃ 2.7676 2.7520 2.7504 

The temperature coefficient K 0.99943 0.99943 0.99943 

G20℃ 2.7669 2.7513 2.7496 

Ms: the mass of the oven dry waste rock; 

Mρw,t : mass of the pycnometer and water at the test temperature; 

Mρws,t : the mass of pycnometer, water, and waste rock at the test temperature. 
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Table A.2: Specific gravity of waste rock sample with particle diameters ranged between 

0 and 50 mm 

 Sample 1 Sample 2 Sample 3 

R 97.15 97.19 97.18 

P 2.85 2.81 2.82 

G1@20℃ 2.7534 2.7608 2.7590 

G2@20℃ 2.7669 2.7513 2.7496 

Gs (at 20℃) 2.7538 2.7605 2.7587 

The averager Gs of waste rock (0 ~ 50 mm) at 20℃ 2.7577 

R: the percent of waste rock retained on the 5 mm sieve;  

P: the percent of waste rock passing the 5 mm sieve;  

G1@20°C: the apparent specific gravity of waste rock retained on the 5 mm sieve as determined 

using ASTM C127, corrected to 20°C;  

G2@20°C: the specific gravity of waste rock passing the 5 mm sieve determined using ASTM 

D854. 
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APPENDIX B   MEASURED AND SIMULATED REPOSE ANGLE 

Table B.1: Measured repose angles (θ) of waste rock in laboratory repose angle tests. 

Tests H 

(cm) 

L1 

(cm) 

L2 

(cm) 

L3 

(cm) 

L4 

(cm) 

R 

(cm) 

H / R 

(-) 

Radian 

(-) 

Angle 

(°) 

1 19.50 24.00 25.00 26.00 28.00 44.25 0.441 0.415 23.78 

2 19.75 31 28 19 24 44.50 0.444 0.418 23.93 

3 20.73 24 20 23 27 46.50 0.446 0.419 24.02 

4 21.60 30 23 14 27 46.50 0.465 0.435 24.92 

5 20.35 28 26 24 30 43.00 0.473 0.442 25.33 

6 19.40 35 25 20 26 43.50 0.446 0.420 24.04 

7 21.10 27 31 26 25 42.75 0.494 0.458 26.27 

8 20.80 22 32 33 26 41.75 0.498 0.462 26.48 

9 22.85 20 26 32 30 43.00 0.531 0.488 27.99 

10 21.45 27 27 28 29 42.25 0.508 0.470 26.92 
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Table B.2: Simulated laboratory repose angle tests 

  Simulated repose angle θ ( ) 

 
μ = 0.1 

μr C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 mean 

Standard  

deviation 

0.1 12.62 11.30 12.47 11.91 11.28 10.80 12.08 11.37 12.09 11.93 11.78 0.58 

0.2 12.15 12.79 13.00 12.37 12.10 11.85 13.52 12.55 12.88 13.43 12.66 0.56 

0.3 14.19 13.05 13.34 11.96 11.72 12.36 13.00 12.14 12.35 12.79 12.69 0.74 

0.4 12.54 13.98 14.71 12.21 11.85 11.91 13.85 11.48 12.48 13.87 12.89 1.12 

  μ = 0.2 

0.1 18.68 20.18 23.78 20.63 19.79 22.73 22.31 21.53 22.88 22.58 21.51 1.63 

0.2 25.02 24.28 28.83 23.24 25.61 25.19 25.54 24.36 25.90 24.51 25.25 1.48 

0.3 26.60 26.53 29.05 24.80 25.04 31.64 25.69 28.67 27.73 26.23 27.20 2.11 

0.4 24.10 26.08 30.11 26.15 26.40 26.17 26.91 28.29 27.27 26.40 26.79 1.58 

  μ = 0.3 

0.1 22.46 25.51 26.05 25.74 25.35 24.20 27.46 26.73 25.69 26.26 25.55 1.39 

0.2 29.12 29.95 32.72 30.84 30.96 29.65 32.64 31.35 30.65 30.78 30.87 1.17 

0.3 31.27 32.89 34.93 31.65 33.69 34.25 34.31 32.64 34.54 31.47 33.16 1.37 

0.4 31.27 33.24 35.20 34.78 34.61 32.77 34.39 36.04 36.21 33.04 34.15 1.56 

  μ = 0.4 

0.1 26.24 27.86 28.07 27.65 27.45 25.46 29.25 27.00 27.99 28.94 27.59 1.14 

0.2 33.41 34.42 34.12 32.03 34.37 32.64 34.99 32.72 35.90 34.30 33.89 1.18 

0.3 34.82 36.79 38.97 35.55 37.41 36.31 36.81 36.39 37.04 34.19 36.43 1.35 

0.4 36.88 37.42 40.10 37.35 39.08 37.86 40.59 35.85 40.23 39.54 38.49 1.63 
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Table B.3: Simulated field repose angle tests in Canadian Malartic mine 

μr 

Repose angle θ ( ) 

μ = 0.2 

C1 C2 C3 C4 C5 Mean Standard deviation 

0.2 28.3 31.2 26.7 30.2 29.8 29.2 1.7 

0.4 26.5 33.0 30.1 32.6 29.2 30.3 2.6 

0.6 30.1 33.5 27.9 32.8 30.8 31.0 2.2 

0.8 30.5 33.9 33.1 32.8 30.4 32.1 1.6 

 
μ = 0.4 

0.2 32.9 33.6 32.7 35.0 32.7 33.4 1.0 

0.4 36.3 37.4 35.8 37.1 37.0 36.7 0.7 

0.6 36.5 38.1 37.4 38.6 37.7 37.7 0.8 

0.8 37.3 40.9 38.2 41.2 37.2 38.9 2.0 

 
μ = 0.6 

0.2 34.6 37.9 30.9 36.4 36.7 35.3 2.7 

0.4 36.9 38.3 36.2 36.5 38.5 37.3 1.1 

0.6 38.1 40.8 38.2 40.9 38.8 39.4 1.4 

0.8 40.2 42.0 38.4 40.7 40.5 40.4 1.3 

 
μ = 0.8 

0.2 35.8 35.5 36.5 36.2 35.0 35.8 0.6 

0.4 38.5 38.1 41.7 38.3 38.5 39.0 1.5 

0.6 40.9 39.3 44.6 42.7 42.7 42.0 2.0 

0.8 42.8 41.5 43.5 46.8 43.9 43.7 1.9 
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Table B.4: Calibrated field repose angle tests in Canadian Malartic (CM) mine with μ = μr = 0.44. 

Ten simulations were repeated ten times with different random seeds. 

Case θ1 θ2 θ3 θ4 Mean Standard deviation 

1 33.2 31.7 36 38.7 34.9 3.1 

2 38 38.8 36.1 39.8 38.2 1.6 

3 38.5 35.4 39.5 36.3 37.4 1.9 

4 37.9 39 39.7 43.8 40.1 2.6 

5 39 40.4 38.2 38.8 39.1 0.9 

6 38.1 38.1 37.5 36.6 37.6 0.7 

7 36.8 43.1 33.3 36.9 37.5 4.1 

8 35.3 40.7 32.8 34.3 35.8 3.4 

9 38.3 33.7 36.3 35 35.8 2.0 

10 35.4 41.5 33.8 38.4 37.3 3.4 
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Table B.5: Simulated field repose angle tests in Quebrada Blanca mine 

μr 

Repose angle (°) 

μ = 0.2 

C1 C2 C3 C4 C5 Mean Standard deviation 

0.2 31.0 27.5 27.2 29.2 28.9 28.7 1.5 

0.4 31.3 28.8 27.0 28.0 29.3 28.9 1.6 

0.6 32.6 29.5 29.5 29.1 30.1 30.2 1.4 

0.8 34.2 30.7 31.0 31.8 31.2 31.8 1.4 

 
μ = 0.4 

0.2 34.1 32.7 28.9 32.9 33.0 32.3 2.0 

0.4 36.3 33.3 33.6 36.3 35.7 35.0 1.5 

0.6 37.9 38.2 36.2 37.7 38.6 37.7 0.9 

0.8 37.4 37.1 37.9 38.8 40.3 38.3 1.3 

 
μ = 0.6 

0.2 33.3 32.9 36.5 36.4 34.0 34.6 1.7 

0.4 36.0 35.3 37.6 37.8 41.1 37.6 2.3 

0.6 40.1 37.5 38.4 38.9 38.4 38.6 1.0 

0.8 40.6 37.1 39.3 38.2 42.5 39.5 2.1 

 
μ = 0.8 

0.2 36.2 37.0 31.4 37.4 32.7 34.9 2.7 

0.4 41.2 37.5 37.4 37.8 37.8 38.3 1.6 

0.6 41.3 44.1 39.0 39.0 38.0 40.3 2.5 

0.8 38.8 43.4 40.9 39.2 39.0 40.3 2.0 

 

 

 

 

 



248 

 

 

 

Table B.6: Calibrated field repose angle tests in Quebrada Blanca mine with μ = μr = 0.47. Ten 

simulations were repeated ten times with ten different random seeds. 

Case θ1 (°) θ2 (°) θ3 (°) θ4 (°) Mean Standard deviation 

1 39.3 39.8 39.3 39.2 39.4 0.3 

2 37.1 35.2 38.5 36.8 36.9 1.4 

3 38.4 36.6 36.2 37.8 37.3 1.0 

4 41 36.1 35.5 37.2 37.5 2.5 

5 34.1 37.3 34.6 36.6 35.7 1.5 

6 38.9 39.7 38.3 33 37.5 3.0 

7 38.3 35 38.2 37.8 37.3 1.6 

8 41.6 39.6 37.3 35.8 38.6 2.6 

9 38.2 36.7 35 32 35.5 2.7 

10 39.7 40.6 34.4 33.6 37.1 3.6 
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APPENDIX C   MEASURED AND SIMULATED SEGREGATION 

PROPERTIES 

Table C.1: Raw PSD curves data of the measured waste rock at the top of the slope in laboratory 

segregation tests. T1 – T5 indicated the tests 1 to 5. 

Fraction 

(mm) 

Passing (%) - Top section (S1) 

T1 T2 T3 T4 T5 mean Standard deviation 

88.9 100.0 100.0 100.0 100.0 100.0 100.0 0.0 

80 84.8 80.5 100.0 83.0 94.7 88.6 7.5 

70 75.5 70.6 91.3 74.8 86.9 79.8 7.9 

60 71.6 61.6 86.7 71.4 80.4 74.3 8.6 

50 68.6 56.3 82.3 61.8 75.2 68.8 9.3 

38.1 68.6 55.2 80.7 59.2 74.5 67.7 9.4 

25.4 51.5 44.7 63.9 46.3 60.2 53.3 7.6 

19.05 28.3 24.7 33.3 28.0 32.9 29.4 3.2 

14 14.5 10.7 15.7 13.0 15.5 13.9 1.8 

9 5.8 3.7 5.5 5.1 6.9 5.4 1.0 

8 0 0 0 0 0 0 0 
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Table C.2: Raw PSD curves data of the measured waste rock at the middle of the slope in 

laboratory segregation tests. T1 – T5 indicated the tests 1 to 5. 

Fraction 

(mm) 

Passing (%) - Middle section (S2) 

T1 T2 T3 T4 T5 mean Standard deviation 

88.9 100.0 100.0 100.0 100.0 100.0 100.0 0.0 

80 88.6 90.5 79.4 82.0 89.3 86.0 4.4 

70 63.0 76.4 66.0 62.3 66.0 66.7 5.1 

60 57.8 68.7 59.6 56.8 62.5 61.1 4.3 

50 55.6 66.1 56.9 52.3 58.5 57.9 4.6 

38.1 53.5 63.2 55.7 50.5 56.6 55.9 4.2 

25.4 43.1 45.3 41.6 37.3 39.7 41.4 2.8 

19.05 23.1 25.4 22.2 18.7 20.5 22.0 2.3 

14 10.0 11.9 9.8 7.5 8.1 9.4 1.5 

9 3.8 5.1 3.4 2.4 2.6 3.5 1.0 

8 0 0 0 0 0 0 0 
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Table C.3: Raw PSD curves data of the measured waste rock at the bottom of the slope in 

laboratory segregation tests. T1 – T5 indicated the tests 1 to 5. 

Fraction 

(mm) 

Passing (%) - Bottom section (S3) 

T1 T2 T3 T4 T5 mean Standard deviation 

88.9 100.0 100.0 100.0 100.0 100.0 100.0 0.0 

80 70.8 73.4 81.0 79.6 79.5 76.8 4.0 

70 55.7 56.1 62.6 63.2 63.7 60.2 3.6 

60 48.0 45.8 52.3 50.5 53.8 50.1 2.9 

50 44.0 39.9 45.9 48.5 46.9 45.0 2.9 

38.1 41.0 37.2 42.9 46.7 44.2 42.4 3.2 

25.4 29.9 26.5 29.7 34.2 30.3 30.1 2.5 

19.05 14.7 13.4 18.8 22.2 16.3 17.1 3.1 

14 7.1 6.7 8.9 10.3 7.9 8.2 1.3 

9 3.0 2.9 4.2 4.4 3.5 3.6 0.6 

8 0 0 0 0 0 0 0 

9 3.8 5.1 3.4 2.4 2.6 3.5 1.0 

8 0 0 0 0 0 0 0 
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Figure C.1: PSD curves of waste rock in the (a) top, (b) middle, and (c) bottom section of the 

slope in the laboratory segregation tests. 



253 

 

 

Table C.4: Grading characteristics of the waste rock in the top, middle, and bottom section of the 

slope in segregation tests. 

Top section (S1) 

Test D95 

(mm) 

D90 

(mm) 

D80 

(mm) 

D60 

(mm) 

D50 

(mm) 

D30 

(mm) 

D15 

(mm) 

D10 

(mm) 

1 85.8 81.1 64.3 28.9 22.5 17.0 12.2 9.8 

2 80.0 71.8 69.4 28.2 22.9 16.9 12.2 9.9 

3 83.3 76.1 68.8 32.9 24.1 17.4 12.3 9.9 

4 79.8 68.5 61.2 31.0 23.2 17.2 12.2 10.0 

5 85.7 73.5 71.3 34.5 24.9 18.4 13.0 10.7 

Mean 82.9 74.2 67.0 31.1 23.5 17.4 12.4 10.1 

Standard 

deviation 
2.9 4.8 4.1 2.7 1.0 0.6 0.3 0.4 

Middle section (S2) 

Test D95 

(mm) 

D90 

(mm) 

D80 

(mm) 

D60 

(mm) 

D50 

(mm) 

D30 

(mm) 

D15 

(mm) 

D10 

(mm) 

1 85.8 84.1 80.1 63.2 50.8 22.1 15.9 13.5 

2 81.8 79.8 70.9 46.5 33.0 20.5 15.2 12.7 

3 84.3 81.4 73.0 47.8 34.0 20.9 15.0 12.7 

4 81.9 80.0 74.3 63.4 34.1 21.5 15.5 13.1 

5 81.6 78.8 74.8 35.9 28.5 19.8 14.6 12.2 

Mean 83.1 80.8 74.6 51.4 36.1 20.9 15.3 12.8 

Standard 

deviation 
1.9 2.0 3.4 11.8 8.5 0.9 0.5 0.5 

Bottom section (S3) 

Test D95 

(mm) 

D90 

(mm) 

D80 

(mm) 

D60 

(mm) 

D50 

(mm) 

D30 

(mm) 

D15 

(mm) 

D10 

(mm) 

1 85.0 81.5 76.6 61.1 50.0 23.7 16.3 13.0 

2 84.8 82.0 79.6 70.1 62.4 27.1 17.0 13.8 

3 85.7 84.1 79.1 68.9 57.8 24.0 16.4 13.3 

4 86.2 82.1 77.2 68.6 58.0 23.8 15.9 13.0 

5 85.1 83.7 80.5 59.4 48.6 24.5 16.9 14.2 

Mean 85.4 82.7 78.6 65.6 55.4 24.6 16.5 13.5 

Standard 

deviation 
0.6 1.1 1.6 5.0 5.9 1.4 0.4 0.5 
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Table C.5: Raw PSD curves data of the waste rock in the top, middle, and bottom section of the 

slope in simulated laboratory segregation tests. Simulations were repeated five times (C1 – C5) 

with different random seeds. 

D 

(mm) 

Passing (%) 

Top section (S1) Middle section (S2) Bottom section (S3) 

C1 C2 C3 C4 C5 C1 C2 C3 C4 C5 C1 C2 C3 C4 C5 

8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

9 9 9 9 8 7 4 5 5 5 6 5 5 6 5 5 

12 14 15 15 15 13 8 9 9 8 10 9 8 8 9 8 

15 22 22 20 21 20 12 13 14 13 15 12 11 12 12 11 

17 32 32 30 31 27 19 22 22 21 23 17 16 17 18 16 

20 40 41 37 39 36 25 29 27 25 31 22 20 21 23 20 

23 51 50 47 49 45 32 38 37 34 41 28 26 28 29 26 

26 58 57 53 56 52 36 44 43 41 48 33 29 33 32 32 

28 60 60 56 58 55 37 46 45 42 50 34 30 34 34 34 

31 62 63 58 60 56 39 48 46 45 52 37 32 37 37 36 

34 68 66 61 63 59 43 51 49 49 57 40 34 40 39 38 

36 72 68 67 68 63 46 55 55 53 61 43 37 43 42 42 

39 73 70 68 69 66 48 57 57 54 62 43 38 44 42 44 

42 75 71 68 69 67 48 57 57 55 63 45 38 46 43 45 

44 76 71 68 70 67 49 57 58 56 65 47 38 46 43 46 

47 77 71 69 71 67 49 61 59 57 65 49 40 47 44 49 

50 77 71 69 73 67 49 62 62 57 66 50 42 47 45 51 

52 79 73 71 75 67 51 65 62 57 67 52 45 47 45 52 

55 79 76 71 77 67 51 66 63 59 69 53 46 48 48 54 

58 79 76 77 79 67 53 66 63 60 70 56 48 50 50 57 

61 79 76 80 79 67 57 67 68 60 70 60 49 52 52 63 

63 79 76 80 84 70 60 69 69 60 73 62 50 53 53 65 

66 82 76 80 87 73 63 72 77 65 73 64 55 56 57 68 

69 82 76 80 90 76 69 76 77 67 76 69 59 59 60 72 

71 86 89 85 90 80 73 81 77 72 78 70 61 66 63 74 

74 86 94 85 94 93 76 81 82 79 78 70 64 71 66 75 

77 86 94 92 94 93 76 89 85 85 85 80 69 72 79 75 

79 86 94 92 94 93 79 89 85 89 92 82 79 81 86 77 

82 92 100 92 100 93 85 96 92 96 96 93 91 83 90 84 

85 92 100 100 100 93 92 96 96 96 100 95 95 93 90 94 

88 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 



255 

 

 

 

Table C.6: Grading characteristics of the waste rock in the top, middle, and bottom section of the 

slope in the calibration for CM mine (μ = μr = 0.44). 

Top section (S1) 

Test D95 

(mm) 

D90 

(mm) 

D80 

(mm) 

D60 

(mm) 

D50 

(mm) 

D30 

(mm) 

D15 

(mm) 

D10 

(mm) 

1 85.8 81.1 64.3 28.9 22.5 17.0 12.2 9.8 

2 80.0 71.8 69.4 28.2 22.9 16.9 12.2 9.9 

3 83.3 76.1 68.8 32.9 24.1 17.4 12.3 9.9 

4 79.8 68.5 61.2 31.0 23.2 17.2 12.2 10.0 

5 85.7 73.5 71.3 34.5 24.9 18.4 13.0 10.7 

Mean 82.9 74.2 67.0 31.1 23.5 17.4 12.4 10.1 

Standard 

deviation 
2.9 4.8 4.1 2.7 1.0 0.6 0.3 0.4 

Middle section (S2) 

Test D95 

(mm) 

D90 

(mm) 

D80 

(mm) 

D60 

(mm) 

D50 

(mm) 

D30 

(mm) 

D15 

(mm) 

D10 

(mm) 

1 85.8 84.1 80.1 63.2 50.8 22.1 15.9 13.5 

2 81.8 79.8 70.9 46.5 33.0 20.5 15.2 12.7 

3 84.3 81.4 73.0 47.8 34.0 20.9 15.0 12.7 

4 81.9 80.0 74.3 63.4 34.1 21.5 15.5 13.1 

5 81.6 78.8 74.8 35.9 28.5 19.8 14.6 12.2 

Mean 83.1 80.8 74.6 51.4 36.1 20.9 15.3 12.8 

Standard 

deviation 
1.9 2.0 3.4 11.8 8.5 0.9 0.5 0.5 

Bottom section (S3) 

Test D95 

(mm) 

D90 

(mm) 

D80 

(mm) 

D60 

(mm) 

D50 

(mm) 

D30 

(mm) 

D15 

(mm) 

D10 

(mm) 

1 85.0 81.5 76.6 61.1 50.0 23.7 16.3 13.0 

2 84.8 82.0 79.6 70.1 62.4 27.1 17.0 13.8 

3 85.7 84.1 79.1 68.9 57.8 24.0 16.4 13.3 

4 86.2 82.1 77.2 68.6 58.0 23.8 15.9 13.0 

5 85.1 83.7 80.5 59.4 48.6 24.5 16.9 14.2 

Mean 85.4 82.7 78.6 65.6 55.4 24.6 16.5 13.5 

Standard 

deviation 
0.6 1.1 1.6 5.0 5.9 1.4 0.4 0.5 
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Figure C.2: Characterized 42 PSD curves of waste rock along the slope from (a) secttion 1 (top) 

to (f) section 6 (bottom) in Canadian Malartic (CM) mine using image analysis. 
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Table C.7: Segregation degree (χ) in each section of the slope in CM mine  

PSD No. χ (S1) χ (S2) χ (S3) χ (S4) χ (S5) χ (S6) 

1 -0.46 -1.06 -0.64 -0.31 0.41 0.30 

2 -1.08 -1.40 -0.85 -0.46 0.21 0.29 

3 -0.37 -0.22 -0.49 -0.63 -0.12 0.58 

4 -0.02 -0.04 -0.28 -0.05 -0.03 0.17 

5 0.00 -0.18 -0.55 -0.27 -0.25 0.50 

6 -0.70 -0.53 -0.37 -0.11 0.14 0.40 

7 -0.36 -0.71 -0.35 -0.24 -0.15 0.57 

8 -0.29 0.16 -0.30 -0.21 -0.15 0.39 

9 -1.25 -1.04 0.22 -0.08 -0.52 0.21 

10 -0.63 -0.29 -0.34 -0.10 -0.15 0.42 

11 -0.47 -0.94 -0.62 -0.25 0.01 0.46 

12 -1.34 -1.11 -0.58 -0.20 0.18 0.42 

13 -0.69 -0.79 -0.24 0.01 0.19 0.26 

14 -1.53 -1.31 -0.77 -0.76 -0.29 0.34 

15 -1.25 -0.97 -0.35 -0.47 -0.30 0.48 

16 -0.84 -0.76 0.14 -0.30 0.02 0.40 

17 -1.68 -0.89 -0.58 -0.57 -0.24 0.18 

18 -0.64 -0.41 -0.32 -0.24 0.09 0.48 

19 -1.16 -0.72 -0.85 -0.49 0.12 0.44 

20 -0.78 -0.69 -0.43 -0.35 0.12 0.54 

21 -0.70 -0.39 -0.53 -0.39 -0.10 0.60 

22 -0.62 -0.49 -0.26 -0.35 0.14 0.41 

23 -0.80 -0.56 -0.42 -0.04 0.12 0.38 

24 -0.93 -0.66 -0.52 -0.31 0.22 0.28 

25 -1.17 -1.04 -1.01 -0.56 -0.14 0.14 

26 -0.59 -0.29 -0.03 -0.11 0.06 0.60 

27 -0.75 -0.20 -0.22 -0.21 0.24 0.16 

28 -1.04 -0.74 -0.20 0.22 -0.08 0.55 

29 -1.09 -0.88 -0.56 -0.40 0.04 0.19 

30 -0.78 -0.34 -0.37 -0.25 0.27 0.49 

31 -0.31 -0.13 -0.39 -0.57 0.03 0.48 

32 -0.91 -0.16 -0.22 0.13 0.11 0.18 

33 -0.40 -0.37 0.08 -0.21 0.30 0.61 

34 -0.47 -0.47 0.10 -0.12 0.20 0.61 

35 -0.17 -0.20 -0.30 -0.27 0.24 0.30 

36 -0.75 -0.63 -0.28 -0.36 0.10 0.32 

37 -0.88 -0.58 -0.24 -0.11 0.27 0.48 

38 -0.74 -0.39 -0.15 -0.20 0.02 0.61 

39 -1.08 -1.03 -0.37 -0.34 0.05 0.52 

40 -0.49 -0.40 -0.47 -0.36 0.35 0.30 

41 -1.12 -0.94 -0.43 -0.31 0.17 0.42 

42 -1.17 -1.20 -0.95 -0.83 -0.10 0.38 
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Table C.8: Grading characteristics of waste rock in the whole slope in CM mine analyzed using 

image analysis.  

PSD  D95 D90 D80 D60 D50 D30 D15 D10 CU CC 

1 174.1 136.3 113.9 73.7 60.1 35.7 22.6 18.2 4.1 1.0 

2 140.8 116.8 108.2 69.6 59.0 39.2 24.6 19.2 3.6 1.1 

3 174.9 149.7 104.0 71.0 57.2 39.0 23.7 18.0 3.9 1.2 

4 133.4 117.7 88.3 63.2 52.4 33.8 21.6 17.3 3.7 1.0 

5 128.4 108.9 95.4 56.6 47.5 30.3 18.9 14.9 3.8 1.1 

6 80.0 71.7 57.7 42.4 35.6 24.1 15.6 12.5 3.4 1.1 

7 174.8 98.3 67.6 42.0 33.8 22.0 14.5 11.5 3.7 1.0 

8 117.2 81.3 63.3 42.3 34.5 22.5 14.9 11.9 3.6 1.0 

9 141.5 108.9 86.9 53.1 40.2 25.6 16.5 13.3 4.0 0.9 

10 110.2 98.9 78.7 52.5 43.3 28.0 17.5 14.0 3.7 1.1 

11 139.7 120.7 89.9 62.7 52.4 33.9 21.1 16.5 3.8 1.1 

12 76.8 69.3 57.5 44.5 38.0 26.7 17.6 14.4 3.1 1.1 

13 80.2 65.8 53.2 37.0 32.2 22.7 15.1 12.1 3.0 1.1 

14 85.1 67.9 53.4 37.3 32.8 23.8 16.2 13.2 2.8 1.1 

15 113.9 102.2 66.1 44.4 36.5 25.4 16.9 13.6 3.3 1.1 

16 108.2 86.5 69.9 47.7 38.4 26.5 17.7 14.3 3.3 1.0 

17 69.4 59.6 52.2 37.7 32.7 23.1 16.0 13.1 2.9 1.1 

18 153.1 83.9 58.6 39.9 33.7 23.2 16.0 13.4 3.0 1.0 

19 117.1 107.4 84.0 54.7 44.9 29.3 19.0 15.6 3.5 1.0 

20 162.5 123.0 82.9 52.6 44.9 30.2 19.9 16.2 3.3 1.1 

21 141.7 126.1 96.9 56.7 45.8 29.4 19.2 15.5 3.7 1.0 

22 111.9 80.9 63.6 46.9 39.5 28.0 19.6 16.2 2.9 1.0 

23 74.4 65.9 53.9 36.5 31.4 21.5 14.7 11.8 3.1 1.1 

24 129.6 95.9 72.6 49.7 41.9 28.8 19.8 16.4 3.0 1.0 

25 90.8 82.4 62.9 43.0 35.4 23.9 15.9 12.9 3.3 1.0 

26 142.3 121.0 87.6 52.4 42.5 28.9 20.0 16.4 3.2 1.0 

27 141.5 112.8 74.4 49.4 38.6 26.1 18.1 14.9 3.3 0.9 

28 131.1 116.1 82.9 51.4 42.1 28.2 18.6 15.2 3.4 1.0 

29 88.3 68.5 53.0 36.2 31.6 22.6 15.6 12.9 2.8 1.1 

30 150.3 131.2 98.3 64.0 54.0 36.9 22.7 18.6 3.4 1.1 

31 101.3 94.7 73.2 50.7 40.2 27.7 18.9 15.5 3.3 1.0 

32 113.9 101.3 72.2 51.5 42.9 28.9 18.8 15.1 3.4 1.1 

33 149.9 142.3 125.2 65.6 51.6 30.9 19.9 16.2 4.0 0.9 

34 139.8 117.1 88.5 57.7 46.2 29.3 19.3 15.7 3.7 0.9 

35 77.8 66.1 53.6 37.0 31.6 22.0 15.8 13.3 2.8 1.0 

36 78.7 71.8 58.6 38.0 33.2 23.7 16.4 13.5 2.8 1.1 

37 123.5 99.0 80.8 56.4 49.1 34.8 23.9 19.3 2.9 1.1 

38 175.9 171.8 71.0 46.6 37.4 26.3 18.0 14.8 3.1 1.0 

39 174.1 147.6 117.1 64.1 51.8 31.1 19.6 15.8 4.1 1.0 

40 118.2 97.9 75.9 53.7 45.2 30.6 20.9 17.3 3.1 1.0 

41 154.1 96.6 83.5 56.0 46.7 30.4 19.3 15.2 3.7 1.1 

42 93.2 84.0 65.9 45.1 36.9 26.0 17.4 14.0 3.2 1.1 
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Table C.9: Grading characteristics of waste rock in section 1 in CM mine analyzed using image 

analysis.  

PSD  D95 D90 D80 D60 D50 D30 D15 D10 CU CC 

1 97.4 94.8 89.4 50.9 39.2 24.3 15.7 12.0 4.2 1.0 

2 75.4 70.7 61.5 39.2 29.7 17.9 10.9 8.6 4.5 0.9 

3 97.9 95.8 91.6 50.7 45.0 30.3 17.3 13.1 3.9 1.4 

4 116.6 113.2 92.5 73.2 57.9 32.8 20.1 16.1 4.5 0.9 

5 126.1 122.3 102.6 59.5 50.6 31.5 17.5 13.8 4.3 1.2 

6 58.5 49.4 35.9 25.1 20.7 13.4 8.9 7.3 3.4 1.0 

7 84.2 75.1 51.4 31.0 24.8 15.9 9.8 8.0 3.9 1.0 

8 68.6 58.9 50.3 34.5 28.4 17.9 11.9 9.6 3.6 1.0 

9 46.7 32.7 21.9 15.2 12.9 8.9 6.4 5.5 2.8 1.0 

10 84.4 75.7 49.2 29.1 23.4 15.3 9.9 8.1 3.6 1.0 

11 116.6 113.1 73.5 48.2 35.3 19.6 11.9 9.4 5.1 0.8 

12 34.8 31.6 25.3 18.5 16.1 11.5 7.8 6.5 2.9 1.1 

13 71.3 62.7 36.3 22.7 18.7 12.6 8.8 7.4 3.1 1.0 

14 51.5 43.1 32.1 21.5 18.5 12.9 8.8 7.2 3.0 1.1 

15 48.6 37.8 32.5 22.7 18.9 13.4 9.3 7.8 2.9 1.0 

16 51.7 43.5 34.4 23.5 18.2 12.2 8.4 7.0 3.4 0.9 

17 35.2 32.3 26.6 19.2 16.6 11.5 7.7 6.3 3.0 1.1 

18 47.3 37.4 32.8 23.8 19.6 14.1 9.7 7.9 3.0 1.1 

19 51.8 43.7 34.2 23.6 20.4 14.9 10.2 8.5 2.8 1.1 

20 53.4 46.9 36.4 26.2 22.3 15.4 10.6 8.9 2.9 1.0 

21 52.9 45.9 36.3 28.9 25.2 17.8 12.3 10.1 2.9 1.1 

22 59.9 55.7 47.2 32.7 26.8 18.0 12.2 9.9 3.3 1.0 

23 44.5 35.6 27.3 19.6 17.1 12.1 7.9 6.5 3.0 1.2 

24 55.5 51.0 42.1 28.8 23.6 16.4 11.1 9.3 3.1 1.0 

25 56.0 51.9 43.8 25.7 21.8 15.0 10.0 8.3 3.1 1.1 

26 50.5 41.0 34.6 26.6 23.2 17.1 11.6 9.6 2.8 1.1 

27 54.9 49.8 39.5 23.9 20.8 14.9 10.4 8.9 2.7 1.0 

28 36.1 31.3 23.6 16.7 14.2 9.8 6.8 5.8 2.9 1.0 

29 43.8 36.4 31.3 22.5 19.0 13.5 9.0 7.5 3.0 1.1 

30 54.9 49.9 39.8 27.1 23.2 17.2 11.1 9.0 3.0 1.2 

31 106.4 102.8 55.2 39.4 32.6 20.9 14.1 11.3 3.5 1.0 

32 53.4 46.8 35.9 23.8 19.5 13.3 8.8 7.3 3.3 1.0 

33 50.2 40.4 33.1 23.5 20.8 15.3 10.6 9.0 2.6 1.1 

34 51.4 42.8 34.7 25.7 21.8 15.3 10.4 8.7 2.9 1.0 

35 67.7 58.6 50.9 36.1 29.9 19.2 12.5 10.0 3.6 1.0 

36 66.8 49.6 34.5 24.8 21.6 15.3 10.2 8.4 3.0 1.1 

37 62.4 53.7 39.1 29.0 24.3 16.2 10.7 8.8 3.3 1.0 

38 36.4 33.6 27.9 19.8 17.2 12.2 8.3 6.8 2.9 1.1 

39 45.1 35.8 27.5 19.2 16.8 11.8 8.0 6.7 2.9 1.1 

40 72.7 65.4 54.9 38.7 31.7 20.3 13.9 11.2 3.4 1.0 

41 52.8 45.7 32.0 19.9 16.6 10.9 7.3 6.0 3.3 1.0 

42 52.2 44.4 34.5 23.6 20.1 13.4 8.6 6.9 3.4 1.1 
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Table C.10: Grading characteristics of waste rock in section 2 in CM mine analyzed using image 

analysis.  

PSD  D95 D90 D80 D60 D50 D30 D15 D10 CU CC 

1 66.7 55.3 37.5 26.8 22.9 16.3 10.4 8.4 3.2 1.2 

2 56.1 52.3 44.6 29.0 23.0 15.0 9.5 7.5 3.9 1.0 

3 107.9 105.7 101.5 73.8 54.8 30.6 16.5 12.5 5.9 1.0 

4 147.8 145.6 141.2 57.1 47.7 31.5 19.0 15.0 3.8 1.2 

5 97.7 95.4 90.9 61.8 45.0 24.1 13.9 11.0 5.6 0.9 

6 68.3 57.7 41.4 27.6 22.8 15.4 10.3 8.5 3.3 1.0 

7 44.0 36.1 29.9 20.7 17.6 12.2 8.3 6.8 3.0 1.1 

8 148.1 146.2 142.3 45.8 34.8 22.2 13.9 10.8 4.2 1.0 

9 49.4 38.8 30.4 19.2 16.3 10.9 7.3 6.1 3.2 1.0 

10 116.3 112.7 80.6 43.0 31.3 18.3 11.3 9.1 4.7 0.9 

11 58.0 54.0 46.0 29.6 22.9 15.1 9.8 7.9 3.7 1.0 

12 51.2 42.4 31.9 20.7 17.7 12.6 8.8 7.3 2.8 1.0 

13 51.2 42.3 31.7 21.7 19.0 12.9 9.2 7.7 2.8 1.0 

14 50.8 41.7 34.1 24.6 21.3 15.1 10.2 8.4 2.9 1.1 

15 54.7 49.4 38.9 27.3 23.2 16.7 11.4 9.6 2.8 1.1 

16 51.1 42.2 33.0 23.0 20.3 14.5 10.1 8.6 2.7 1.1 

17 74.6 69.1 53.4 26.5 21.9 15.4 10.5 8.7 3.0 1.0 

18 68.5 58.1 43.5 28.7 23.5 16.3 11.4 9.6 3.0 1.0 

19 71.3 62.6 52.9 36.6 30.1 19.1 12.8 10.3 3.5 1.0 

20 61.5 54.7 43.1 25.7 22.2 16.5 11.9 9.9 2.6 1.1 

21 83.5 76.8 63.0 40.0 32.5 21.2 14.4 11.7 3.4 1.0 

22 66.9 58.0 49.6 34.8 29.7 20.0 14.3 11.7 3.0 1.0 

23 54.1 48.1 37.0 24.1 19.8 13.5 8.9 7.3 3.3 1.0 

24 65.7 57.3 48.3 33.6 28.5 20.7 14.9 12.3 2.7 1.0 

25 54.3 48.6 37.7 29.0 24.7 17.8 12.2 10.0 2.9 1.1 

26 95.9 91.8 54.7 33.1 28.4 20.8 14.7 12.1 2.7 1.1 

27 117.9 115.9 111.8 36.2 28.8 19.7 13.8 11.2 3.2 1.0 

28 41.6 35.7 29.9 22.1 19.7 14.6 10.3 8.7 2.5 1.1 

29 43.8 36.9 33.3 26.3 22.9 16.3 10.9 9.0 2.9 1.1 

30 86.2 82.3 72.7 50.1 37.8 22.3 14.0 11.1 4.5 0.9 

31 76.3 72.6 65.2 48.0 38.8 26.7 18.2 15.2 3.2 1.0 

32 117.6 115.2 110.5 48.4 36.0 20.4 13.1 10.6 4.6 0.8 

33 47.0 37.4 33.4 25.5 22.0 15.9 11.2 9.5 2.7 1.0 

34 48.2 37.7 32.9 24.1 21.5 16.1 11.3 9.4 2.6 1.1 

35 82.8 57.0 47.4 31.5 25.1 18.9 14.1 11.6 2.7 1.0 

36 67.5 57.0 42.2 25.7 22.2 16.2 11.1 9.2 2.8 1.1 

37 68.5 58.7 48.5 34.1 30.1 22.1 15.7 13.1 2.6 1.1 

38 64.2 55.0 41.5 29.2 24.4 17.5 12.2 10.0 2.9 1.1 

39 37.8 34.7 28.5 20.5 17.8 13.0 9.0 7.4 2.8 1.1 

40 74.1 68.1 56.6 36.9 32.5 23.7 16.5 13.9 2.7 1.1 

41 51.3 42.7 33.7 22.9 19.0 14.1 9.5 7.9 2.9 1.1 

42 46.7 37.1 32.1 22.9 19.4 13.4 9.2 7.6 3.0 1.0 
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Table C.11: Grading characteristics of waste rock in section 3 in CM mine analyzed using image 

analysis.  

PSD D95 D90 D80 D60 D50 D30 D15 D10 CU CC 

1 81.3 71.4 56.4 39.9 33.9 23.3 15.7 13.0 3.1 1.0 

2 66.0 58.4 53.0 42.1 36.7 25.8 17.0 14.1 3.0 1.1 

3 75.0 70.1 60.2 47.8 41.6 27.7 16.5 13.4 3.6 1.2 

4 103.8 87.0 73.6 52.1 42.8 27.1 18.8 15.2 3.4 0.9 

5 71.9 63.9 51.5 34.0 28.9 20.2 13.6 11.0 3.1 1.1 

6 69.6 59.4 45.1 30.8 26.0 18.0 12.5 10.4 3.0 1.0 

7 69.3 59.2 46.0 29.8 24.4 17.6 11.8 9.9 3.0 1.1 

8 93.9 57.7 45.3 31.4 26.7 18.0 12.0 9.8 3.2 1.0 

9 148.0 146.1 142.2 77.9 58.9 30.0 18.1 14.9 5.2 0.8 

10 70.0 60.0 53.7 40.9 34.5 22.0 14.3 11.5 3.5 1.0 

11 71.4 62.8 53.2 37.2 31.4 21.2 14.5 11.8 3.2 1.0 

12 55.3 50.6 41.3 31.1 26.9 18.6 13.1 10.7 2.9 1.0 

13 55.8 51.6 43.1 32.7 28.9 21.2 15.1 12.5 2.6 1.1 

14 56.2 52.3 44.6 32.8 28.3 20.7 14.7 12.1 2.7 1.1 

15 105.7 101.4 56.3 41.0 35.1 25.7 17.5 14.7 2.8 1.1 

16 128.1 126.3 122.6 48.7 36.8 25.6 17.4 14.5 3.4 0.9 

17 65.7 56.6 45.5 32.5 28.3 20.5 14.5 11.9 2.7 1.1 

18 70.8 61.5 45.2 29.7 24.6 18.2 13.7 11.3 2.6 1.0 

19 54.8 49.6 39.2 30.7 26.9 19.6 14.1 11.4 2.7 1.1 

20 64.0 57.4 50.3 36.7 31.8 22.4 15.7 12.9 2.8 1.1 

21 65.8 56.8 46.0 32.7 28.4 20.6 14.7 11.9 2.7 1.1 

22 82.6 69.4 54.7 39.7 34.0 24.0 18.0 15.0 2.6 1.0 

23 52.6 45.2 35.7 26.7 22.6 16.1 11.4 9.6 2.8 1.0 

24 68.6 59.0 51.2 36.6 32.1 23.4 17.3 14.8 2.5 1.0 

25 54.0 47.9 37.2 28.6 24.5 18.7 12.8 10.6 2.7 1.2 

26 94.5 88.7 75.8 49.4 36.6 26.9 19.0 15.6 3.2 0.9 

27 84.2 77.4 58.8 39.2 34.0 24.9 17.2 14.7 2.7 1.1 

28 69.8 59.9 52.8 38.8 33.6 23.8 17.2 14.8 2.6 1.0 

29 57.9 52.6 41.9 30.6 26.1 19.4 14.0 11.4 2.7 1.1 

30 71.5 63.0 54.8 42.0 36.1 26.0 17.9 14.9 2.8 1.1 

31 73.5 67.0 54.7 35.3 30.3 21.4 15.2 12.6 2.8 1.0 

32 72.9 65.7 56.2 43.7 37.5 26.6 17.1 14.4 3.0 1.1 

33 116.9 113.8 87.2 49.4 36.0 23.7 16.1 13.4 3.7 0.9 

34 116.7 113.3 71.8 50.3 42.6 28.1 18.0 14.9 3.4 1.1 

35 59.0 51.9 37.9 28.6 24.4 19.3 14.0 11.3 2.5 1.2 

36 68.9 59.1 49.2 34.6 30.7 22.3 15.3 12.6 2.7 1.1 

37 91.5 71.9 57.6 45.3 39.2 29.1 21.3 18.2 2.5 1.0 

38 73.0 66.1 54.8 37.1 32.3 23.2 17.1 14.3 2.6 1.0 

39 81.8 76.8 68.6 43.1 33.8 22.3 15.6 13.4 3.2 0.9 

40 66.8 58.1 50.0 35.7 31.0 22.4 16.5 14.2 2.5 1.0 

41 72.9 65.9 53.3 35.3 31.2 22.7 15.5 12.6 2.8 1.2 

42 54.5 49.0 38.0 26.9 22.6 16.0 10.8 8.8 3.1 1.1 
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Table C.12: Grading characteristics of waste rock in section 4 in CM mine analyzed using image 

analysis.  

PSD D95 D90 D80 D60 D50 D30 D15 D10 CU CC 

1 95.6 91.2 71.6 54.4 47.4 33.3 22.2 18.3 3.0 1.1 

2 93.9 78.3 68.8 53.2 46.8 33.8 23.1 19.0 2.8 1.1 

3 66.7 58.5 52.6 40.7 35.0 24.1 15.7 12.6 3.2 1.1 

4 87.6 85.3 80.5 63.7 54.9 37.3 25.5 19.9 3.2 1.1 

5 91.8 72.5 57.8 44.9 38.4 27.0 18.8 15.2 2.9 1.1 

6 58.7 56.0 50.6 39.8 34.2 23.3 16.5 14.1 2.8 1.0 

7 63.5 56.9 48.9 34.6 29.2 20.5 14.5 11.7 2.9 1.0 

8 81.0 57.9 49.2 34.1 28.6 20.1 14.3 11.7 2.9 1.0 

9 87.4 84.8 78.8 53.4 42.2 27.9 19.4 15.6 3.4 0.9 

10 106.2 102.4 75.7 45.2 36.4 25.1 16.7 13.9 3.2 1.0 

11 88.9 83.8 65.3 49.3 43.2 31.0 20.9 16.9 2.9 1.2 

12 68.2 58.8 51.0 36.7 32.9 25.1 17.8 15.2 2.4 1.1 

13 83.9 75.5 55.8 36.2 32.2 24.0 17.0 14.6 2.5 1.1 

14 55.4 50.8 41.5 32.3 28.8 21.5 15.6 13.2 2.4 1.1 

15 63.7 57.6 51.5 39.1 34.2 25.0 18.4 15.1 2.6 1.1 

16 68.8 59.1 50.9 35.6 30.0 21.3 15.1 12.4 2.9 1.0 

17 56.3 52.6 45.2 33.2 28.5 21.0 15.3 12.8 2.6 1.0 

18 63.3 56.6 48.2 33.9 28.6 20.3 14.9 12.5 2.7 1.0 

19 84.8 79.3 58.1 37.4 33.1 24.4 17.1 14.8 2.5 1.1 

20 71.8 63.7 53.7 37.8 33.3 24.5 17.2 14.5 2.6 1.1 

21 83.5 76.8 63.0 40.0 32.5 21.2 14.4 11.7 3.4 1.0 

22 59.9 55.9 48.0 35.4 31.8 24.7 19.0 15.9 2.2 1.1 

23 95.0 90.1 52.6 33.0 28.1 20.3 14.8 12.1 2.7 1.0 

24 93.5 76.0 59.3 42.8 36.1 27.1 19.4 16.4 2.6 1.0 

25 73.3 66.7 56.2 40.9 34.0 22.0 14.7 12.1 3.4 1.0 

26 71.9 63.8 55.2 42.7 37.0 28.5 20.6 17.3 2.5 1.1 

27 82.9 76.1 62.6 39.6 33.9 24.4 18.0 14.9 2.7 1.0 

28 126.2 122.4 86.0 61.0 49.9 32.8 23.5 19.3 3.2 0.9 

29 56.2 52.4 44.8 33.9 30.1 22.6 16.4 13.9 2.4 1.1 

30 82.9 75.7 61.3 48.3 42.1 28.9 19.5 16.1 3.0 1.1 

31 54.7 49.4 38.8 31.1 27.4 20.3 14.6 12.0 2.6 1.1 

32 117.5 115.1 110.2 56.0 47.1 31.2 20.8 17.0 3.3 1.0 

33 55.5 51.0 42.0 31.7 27.7 19.5 14.4 11.9 2.7 1.0 

34 84.7 78.3 55.7 35.5 30.9 22.2 15.7 12.9 2.7 1.1 

35 53.8 47.5 37.1 29.1 25.2 20.1 15.4 13.3 2.2 1.0 

36 59.7 53.9 42.3 32.3 28.8 21.7 15.6 13.0 2.5 1.1 

37 85.2 80.3 59.2 49.6 44.7 34.4 25.5 20.4 2.4 1.2 

38 59.1 55.2 47.4 35.0 31.2 23.6 17.1 14.5 2.4 1.1 

39 74.0 68.0 57.5 42.5 36.2 27.1 19.5 16.1 2.6 1.1 

40 67.1 58.6 52.0 39.0 34.4 26.0 17.9 15.4 2.5 1.1 

41 85.1 80.2 53.5 40.3 35.0 25.9 18.0 14.9 2.7 1.1 

42 55.3 50.5 41.1 29.3 24.4 17.7 12.2 10.1 2.9 1.1 
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Table C.13: Grading characteristics of waste rock in section 5 in CM mine analyzed using image 

analysis.  

PSD  D95 D90 D80 D60 D50 D30 D15 D10 CU CC 

1 178.3 176.6 173.2 113.3 94.7 62.1 33.0 26.7 4.3 1.3 

2 147.3 144.5 118.8 101.2 76.3 50.3 32.4 26.1 3.9 1.0 

3 96.7 93.5 86.1 64.5 54.9 38.5 26.1 20.9 3.1 1.1 

4 105.5 101.0 87.6 65.7 54.1 35.0 22.0 17.6 3.7 1.1 

5 84.2 77.8 62.0 46.2 38.8 27.9 19.0 15.4 3.0 1.1 

6 82.0 73.3 58.4 45.5 39.1 28.7 20.2 16.8 2.7 1.1 

7 74.1 68.2 55.8 35.0 30.6 22.2 15.9 13.3 2.6 1.1 

8 71.9 63.9 53.2 36.4 31.1 21.3 15.0 12.4 2.9 1.0 

9 60.6 53.9 41.4 31.2 27.3 19.4 14.4 12.0 2.6 1.0 

10 79.4 71.8 58.3 43.9 37.1 27.5 19.1 15.9 2.8 1.1 

11 105.5 101.0 85.4 63.6 54.4 36.9 26.1 22.0 2.9 1.0 

12 75.4 70.8 61.6 49.7 44.0 32.5 23.5 19.9 2.5 1.1 

13 82.9 70.0 55.9 44.2 38.3 28.9 21.3 18.3 2.4 1.0 

14 67.1 58.6 52.4 40.1 35.5 28.0 21.1 18.0 2.2 1.1 

15 83.2 74.6 58.0 43.6 37.0 28.0 20.3 16.8 2.6 1.1 

16 74.7 69.3 59.2 46.0 39.3 29.6 21.9 18.8 2.4 1.0 

17 65.6 58.1 51.9 39.6 34.5 25.0 18.3 15.4 2.6 1.0 

18 94.2 77.7 60.5 45.4 38.1 27.6 20.4 17.5 2.6 1.0 

19 115.6 111.2 101.4 65.0 55.4 38.1 26.2 21.5 3.0 1.0 

20 127.1 124.2 94.9 53.9 48.4 37.0 27.0 23.1 2.3 1.1 

21 85.1 80.3 69.0 51.1 43.7 31.9 24.0 19.1 2.7 1.0 

22 115.6 111.2 67.1 51.0 45.1 33.4 24.7 21.2 2.4 1.0 

23 71.9 63.8 53.9 38.0 33.9 25.7 18.7 15.8 2.4 1.1 

24 147.3 144.6 88.4 64.5 54.3 36.4 26.2 21.9 2.9 0.9 

25 87.0 84.0 75.4 51.5 41.7 28.7 19.8 16.2 3.2 1.0 

26 85.8 81.5 69.0 52.0 46.0 33.7 23.9 20.3 2.6 1.1 

27 147.8 145.6 141.3 66.0 53.4 31.5 22.2 19.1 3.5 0.8 

28 71.2 62.3 55.0 43.3 37.7 29.2 21.9 18.6 2.3 1.1 

29 83.1 76.5 63.8 46.4 38.4 27.8 19.6 16.7 2.8 1.0 

30 137.4 134.8 109.1 78.6 63.2 45.3 30.6 24.6 3.2 1.1 

31 96.3 92.7 73.8 53.2 42.0 29.7 21.2 17.6 3.0 0.9 

32 90.0 79.7 73.1 59.7 49.5 33.0 24.1 19.8 3.0 0.9 

33 138.2 136.4 132.7 57.9 49.7 34.2 24.5 20.5 2.8 1.0 

34 107.1 104.2 77.1 56.4 46.3 31.4 22.6 19.1 2.9 0.9 

35 81.6 75.1 63.0 47.3 40.0 27.3 18.9 15.8 3.0 1.0 

36 93.9 77.3 62.5 45.3 37.6 27.9 20.6 17.7 2.6 1.0 

37 125.0 120.0 95.4 68.7 56.5 41.0 29.5 25.7 2.7 1.0 

38 84.1 78.0 64.8 47.7 40.1 28.3 20.2 16.9 2.8 1.0 

39 127.3 124.6 88.1 67.5 58.4 36.7 24.2 20.3 3.3 1.0 

40 126.8 123.6 105.3 70.5 58.5 41.6 29.2 25.1 2.8 1.0 

41 94.8 89.7 83.6 67.4 58.4 40.4 27.3 22.5 3.0 1.1 

42 93.9 86.4 58.7 43.8 37.1 28.9 22.1 19.5 2.3 1.0 
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Table C.14: Grading characteristics of waste rock in section 6 in CM mine analyzed using image 

analysis.  

PSD  D95 D90 D80 D60 D50 D30 D15 D10 CU CC 

1 137.0 133.9 127.2 107.8 86.3 61.0 34.1 27.5 3.9 1.3 

2 118.4 116.9 113.8 93.2 78.8 64.5 41.8 33.3 2.8 1.3 

3 178.2 176.4 172.8 140.4 106.4 69.9 45.5 36.7 3.8 0.9 

4 136.4 132.8 126.6 73.4 55.0 37.1 25.3 20.1 3.6 0.9 

5 147.0 144.0 116.2 103.7 96.8 51.9 35.9 26.2 4.0 1.0 

6 94.0 84.8 72.6 56.2 49.3 35.5 25.0 19.6 2.9 1.1 

7 178.3 176.5 173.1 73.9 63.4 42.2 26.6 21.2 3.5 1.1 

8 115.3 110.5 76.7 63.5 55.9 38.2 24.6 19.2 3.3 1.2 

9 115.3 110.6 101.8 71.3 57.0 36.1 24.3 20.1 3.5 0.9 

10 115.7 111.4 99.6 78.3 67.5 46.4 29.6 23.3 3.4 1.2 

11 146.3 142.6 133.8 89.6 81.6 57.3 36.6 29.5 3.0 1.2 

12 94.4 78.8 68.0 54.0 49.2 39.6 28.7 24.6 2.2 1.2 

13 84.3 78.3 65.1 49.1 42.3 30.7 21.6 17.0 2.9 1.1 

14 116.1 112.1 84.1 58.2 49.4 34.1 25.8 21.7 2.7 0.9 

15 118.5 117.1 114.1 84.7 74.2 48.7 30.0 24.3 3.5 1.2 

16 106.1 102.1 85.1 68.4 59.0 40.0 27.8 23.4 2.9 1.0 

17 74.4 68.7 58.9 48.7 43.6 33.2 25.2 21.0 2.3 1.1 

18 158.0 156.0 152.0 56.8 49.1 34.8 26.2 22.0 2.6 1.0 

19 125.8 121.7 109.5 85.3 74.9 53.0 37.8 31.0 2.7 1.1 

20 167.7 165.4 160.8 88.8 76.7 53.9 39.8 33.0 2.7 1.0 

21 147.0 144.0 128.9 121.7 104.6 60.7 40.4 32.9 3.7 0.9 

22 116.2 112.5 100.9 66.1 57.4 41.6 28.8 24.1 2.7 1.1 

23 76.2 72.4 64.9 51.1 44.5 32.0 22.3 17.9 2.9 1.1 

24 126.3 122.7 95.5 64.8 55.5 43.4 31.3 25.7 2.5 1.1 

25 97.3 94.6 87.8 59.1 50.6 34.6 24.5 19.9 3.0 1.0 

26 147.8 145.6 141.1 104.8 94.7 50.4 31.6 25.7 4.1 0.9 

27 116.1 112.1 77.1 56.8 50.4 37.6 25.2 21.1 2.7 1.2 

28 137.6 135.2 130.4 93.0 83.7 50.8 31.9 24.8 3.8 1.1 

29 105.3 100.6 79.5 49.1 41.6 29.9 21.0 17.1 2.9 1.1 

30 157.0 154.1 128.2 95.2 79.3 57.8 41.8 34.7 2.7 1.0 

31 135.9 131.8 96.5 74.9 65.9 43.7 29.5 25.4 3.0 1.0 

32 114.3 108.5 83.7 55.3 48.2 34.5 24.8 20.9 2.6 1.0 

33 156.0 152.0 145.6 95.6 80.7 64.2 41.6 33.1 2.9 1.3 

34 146.5 143.0 134.6 87.7 79.9 56.4 36.7 30.1 2.9 1.2 

35 83.6 77.1 63.9 48.5 41.7 30.0 20.9 17.4 2.8 1.1 

36 83.8 78.7 71.8 57.5 48.7 33.3 24.2 20.3 2.8 1.0 

37 127.4 124.7 97.6 77.0 69.2 53.3 41.0 34.9 2.2 1.1 

38 178.7 177.5 174.9 88.4 68.9 44.6 30.6 26.4 3.3 0.9 

39 177.9 175.8 171.6 140.7 88.3 57.8 38.3 31.2 4.5 0.8 

40 113.7 98.2 89.5 70.0 61.6 42.8 28.7 24.0 2.9 1.1 

41 158.1 156.2 152.5 83.2 67.5 44.7 28.8 22.7 3.7 1.1 

42 124.3 89.1 82.2 65.1 56.7 41.1 30.1 26.6 2.4 1.0 
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Table C.15: Measured and simulated slope angles of waste rock cones in laboratory segregation 

tests.  

 Measured slope angle (°) Simulated slope angle (°) 

Case 1 24.4 24.7 

Case 2 25 23.5 

Case 3 24.9 26.5 

Case 4 24.9 25.2 

Case 5 24.3 26.4 

Average  24.7 25.2 

Standard deviation 0.3 1.2 
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APPENDIX D   VERIFICATION OF SIMULATION MODEL 

Simulation case 1: Particle velocity monitoring during free-fall movement 

 

 

Figure D.1: One ball with a diameter of 2 m was dropped freely from an elevation of 20 m. 

Particle velocity (v) and falling height (h) was monitored. A timestep of 1×e-4 was used in the 

simulation. 

 

 

Figure D.2: Particle velocity (v) as a function of falling height (h). The simulated velocity 

matched well the theoretical velocity v=√2gh. 

Falling height

20 m
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Simulation case 2: Collision between two balls 

 

 

Figure D.3: Collision between two balls on the ground. Ball 1 (in blue) was applied an initial 

velocity of 1 m/s (toward right) and Ball 2 (in yellow) was applied an initial velocity of -1 m/s 

(toward right). Particle velocity and displacement were monitored in particle flow process 

without friction or energy dissipation. The velocities of two balls were presented in figure D.4. 

 

 

Figure D.4: Velocities of ball 1 and ball 2 in the collision process. The simulations correctly 

predicted that the two balls rebounded in the opposite direction at the same speed (1m/s). 

 

 

 

 

4 m

1 m/s -1 m/s

Before collision

After collision Before collision

After collision
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APPENDIX E   PSD CURVES OF SIMULATED WASTE ROCK 

PARTICLES IN PFC3D 

 

 

Figure E.1: PSD curves of generated particles in (a) end-dumping method and (b) push-dumping 

method simulations. PSD1-5 indicated PSD curves generated with five different random seeds. 
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APPENDIX F   SIMULATIONS WITH DIFFERENT BASE LAYERS 

 

 

Figure F.1: Setting of the base layer in field scale simulations. Homogeneous base layer 

contained particles with a diameter of 1 m. Heterogenous base layer contained particles with 

diameters of 0.5 m and 1 m. Other settings were the same to case A1 in Chapter 6. Simulations 

with the two kinds of base layers are presented in Figure F.2. 
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Figure F.2: Segregation degree of waste rock along the slope with homogeneous (in black) and 

heterogenous (in orange) base layers. 

 


