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Abstract 

The stability of tailings storage facilities is a great concern in the mining environment. 

Tailings storage failure releases toxic chemicals into the environment, causing habitat 

loss, ecosystem disruption, and pollution. The geotechnical properties of tailings, such 

as shear strength parameters (cohesion and friction angle), pore water pressure, 

permeability, moisture content, etc, are reported to have a massive influence on the 

stability of tailings storage facilities (TSF). The main objective of this study is to 

determine the correlation between the geotechnical properties of tailings and the 

stability of TSFs by examining how each geotechnical property affects TSF stability. 

The study was conducted through an experimental analysis of various geotechnical 

properties, including shear strength, moisture content, pore water pressure, and 

permeability. Limit equilibrium analysis was employed to quantify the results from 

experimental analysis of geotechnical properties. RockScience Slide 2 software was 

used to determine the FoS of tailings materials using the limit-equilibrium methods of 

analysis (Bishop simplified, Janbu, and Spencer). 

The study found that shear strength is the most significant geotechnical parameter 

influencing the stability of TSF. The study found that shear strength parameters 

(cohesion, friction angle, and effective stress) are directly proportional to shear 

strength. An increase in shear strength increases the FoS of the TSF slope and vice 

versa. This is because shear strength acts as a resisting force against the driving 

forces (shear stress), which influences the factor of the TSF slope. Moreover, shear 

strength is significantly affected by various water parameters, including pore water 

pressure, moisture content, and permeability. The study shows that a higher content 

of water parameters, such as pore water pressure, moisture content, and tailings’ 

permeability, significantly reduces tailings' stability and, by extension, the stability of 

the TSF. 

This study emphasises that effective management of water parameters is crucial for 

maintaining the shear strength of tailings material. Water parameters such as moisture 

content, unit weight of tailings, pore water pressure, and permeability should always 

be minimised and kept below their maximum allowable limits. Increases in these 

parameters directly reduce shear strength and, consequently, compromise TSF 

stability. Future studies should explore remote methods for monitoring the 

geotechnical properties of tailings. This could involve installing smart sensors around 
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TSF to continuously assess these properties. Additionally, new technological solutions 

are needed to monitor and manage water levels in TSF during rainy seasons, as well 

as to efficiently reduce water levels when slurry is continuously deposited into the TSF. 
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CHAPTER 1 INTRODUCTION 

1.1 Background of the study  

Tailings are residual materials from the beneficiation process, which remain after 

valuable materials are recovered (Owens et al., 2019). They are transported as a 

slurry through pipes and deposited into constructed ponds called tailings dams (Owen 

et al., 2019). There has been a sudden rise in cases of Tailings Dam Failures (TDFs) 

in South Africa (SA) and worldwide (Villavicencio et al., 2014). A study by Stark et al. 

(2022) shows major reported cases of TDF worldwide that have led to fatalities and 

severe environmental damage. This includes the Jagerfotein dam collapse in South 

Africa, which resulted in one fatality (MacRobert, 2022); the Vale dam collapse in 

Brazil in 2019; the Fundao tailing dam in Brazil; and other notable incidents.  

Dareeju et al. (2021) have reported that the rate of tailings dam failure is higher 

compared to the rate of failure of a normal water dam. The increasing rate of tailings 

dam failure is attributed to a poor understanding of the properties of tailings and the 

foundation material (Dareeju et al., 2021). The geotechnical properties of soil have a 

significant influence on the stability of various engineering structures (Roy and Bhalla, 

2017). Poor geotechnical properties of tailings, such as moisture content, shear 

strength, bearing capacity, density, and specific gravity, lead to instability of tailing 

dams’ slopes, causing tailings dam failure (Hu et al., 2017). Omuwomi (2018) also 

attests that the poor geotechnical properties of the underlying soil are the major cause 

of failure in engineering structures (Omuwomi, 2018). For example, the causes of 

failure of the tailings dams at Mount Polley, Canada, and Samarco in 2014 were 

undrained shearing of the tailing materials, which reduced their shear strength (Brown 

and Gillani, 2016).  

This research aims to investigate the influence of tailings' geotechnical properties on 

the stability of tailings dams. The primary objective is to identify critical geotechnical 

characteristics that contribute to instability and potential failure. This knowledge will be 

instrumental in developing preventive measures to enhance the overall stability of 

tailings dams, thereby mitigating the risk of failure. Tailings dam failure incurs 

significant economic and environmental consequences. This study aims to understand 

the correlation between Tailings storage facility (TSF) failures and the geotechnical 

parameters of tailings to reduce the number of TSF failures. A more stable TSF will 
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have a positive economic impact on the mines, as there will be no need for the 

associated costs of post-failure clean-up and remediation. 

To achieve this objective, a comprehensive experimental and geotechnical analysis 

technique was undertaken. Field sampling of tailings material was conducted, followed 

by a series of laboratory experiments designed to quantify the relevant geotechnical 

properties. These properties included moisture content, shear strength, specific 

gravity, bulk density, and bearing capacity. All sampling and testing procedures 

adhered to established protocols outlined in the American Association of Highway and 

Transport officials (AASHTO) and the American Society for Testing and Materials 

(ASTM) standards to ensure data quality and consistency. To complement the 

laboratory analyses, a geotechnical analysis technique was employed to assess the 

slope stability of tailings dam structures. This combined approach provided a robust 

understanding of the interplay between geotechnical properties and tailings dam 

stability. Limit Equilibrium methods, such as Bishop, Spencer, and Janbu simplified, 

were used to present the findings. The limit equilibrium method assumes the factor of 

safety (FoS) to determine the critical slip surface failure. This study investigates the 

effects of geotechnical factors in tailings on the TSF, with a particular focus on the use 

of cohesionless tailings. While numerous studies have assessed TSF stability, there 

is a lack of documented research specifically addressing the influence of cohesionless 

tailings on TSF stability.  

1.2. Geographical location of the study area  

The study area is situated in the northern part of South Africa, specifically in the 

province of Limpopo. It is situated in the town of Palaborwa, in the Mopani District, on 

the northeastern border of the Kruger National Park. The map of the study area is 

illustrated in Figure 1.1. 
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Figure 1.1: Map of the study area where tailings samples were collected. 

The geology of the Palaborwa area comprises an igneous complex, a 

Paleoproterozoic, pipe-like, alkaline intrusion that formed 2 billion years ago (Decree 

et al., 2020). The intrusion intruded into the older Archaean granite and gneiss 

basement formation of the Kapvall craton. The complex consists mainly of host rocks 

such as Carbonitite, Pyroxenite, and Foskorite. It is the oldest carbonatite complex 

known in South Africa (Decree et al., 2020; Wu et al., 2011). Palaborwa is famous for 

its economically valuable minerals, including copper, feldspar, pyroxenite, vermiculite, 

and apatite. Feldspatic pyroxenite was formed through the interaction of pyroxenite 

with the surrounding gneiss. Vermiculite was formed as a result of surface weathering 

of phlogopite in pyroxenite, and apatite was derived from carbonatitic magma through 

an igneous process from the mantle (Munro and Harris, 2020). The Apoatrite magma 

also includes the constituents of light rare earth elements (LRRE) (Munro and Harris, 

2020). 

Two faults have been identified in the Kaapval craton of Palaborwa. These are: the N-

Strending mica fault zone and the younger E-W inflecting central fault that consists of 

the copper mineralisation as fault emplacement/filling (Bassons et al., 2017) 

1.3. Aim and objectives of the research  

This research aims to investigate the influence of tailings' geotechnical properties on 

the stability of tailings dams, encompassing both slope and dam foundation stability. 
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The primary objective is to establish a correlation between the geotechnical properties 

and the overall stability of these structures. This will be achieved through the following 

specific objectives: 

 To determine the key geotechnical factors of tailings contributing to the failure 

of tailings dams.  

 To evaluate the impact of various geotechnical properties of tailings material on 

the stability of tailings dam facilities.  

 To assess the stability of tailings dam slopes using limit equilibrium 

geotechnical analysis by quantifying the FoS under varying geotechnical 

conditions.  

1.4. Statement of the research problem 

Tailings dam failures pose a significant hazard to mining operations. The exponential 

growth of mining activities has unfortunately coincided with an increase in reported 

TSF incidents (Villavicencio et al., 2014). The primary cause of TDFs is often attributed 

to the unfavourable geotechnical properties of tailings, which directly influence the 

stability of the dam structure (Dareeju et al., 2021; Lyu et al., 2019). These failures 

can have devastating consequences, incurring substantial economic and social costs 

for both the mining company and the surrounding communities (Silva et al., 2024; 

Kossoff et al., 2014; Lyu et al., 2019).  

Tailings consist of fine materials whose stability is easily influenced by moisture 

content, when compared to coarse-grained soil (Roy, 2017). Studying this earth 

material will aid in understanding their engineering behavior, thereby enabling effective 

handling by increasing their stability and reducing the chances of TDFs. A careful 

geotechnical analysis of tailings' physical properties will reduce the likelihood of dam 

collapse, thereby protecting the community, livestock, and the natural environment 

surrounding the mine area (Alshawmar, 2021; Hatjie et al., 2017). The quantitative 

relationship between the geotechnical parameters of cohesionless tailings and the 

stability of TSF is not well documented. Therefore, this study employs the limit 

equilibrium method to address this gap.   
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1.5. Significance/ justification of the study  

Slurry materials are continuously deposited into tailing dams, and because slurry 

contains a higher volume of water, it reduces the stability of the entire soil mass. This 

often results in the collapse of many tailings dams (Hu et al., 2017). The proper 

management of tailing dams is a growing concern in the mining industry, as there has 

been a sudden increase in tailing dam failures (Hu et al., 2017). Therefore, there is an 

urgent need to study the geotechnical properties of these tailing materials to advance 

knowledge of the proper handling of slurry and tailings for the safe design and 

operation of the tailing dam.  

Geotechnical properties of soil have a huge influence on the stability of various 

engineering structures (Roy and Bhalla, 2017). A tailing dam is one of the engineering 

structures whose stability is largely influenced by the geotechnical properties of the 

tailings (Dareeju et al., 2021). There is insufficient information on the geotechnical 

properties affecting the stability of tailing storage facilities, and limited guidance on 

how to apply geotechnical engineering to ensure more stable tailing dam storage 

(Piciullo, 2022). The number of reported cases worldwide is increasing, driven by rising 

demand for mining resources (Toderas et al., 2023). Further research on how 

geotechnical properties affect the stability of tailing storage facilities is necessary to 

ensure the construction of more stable tailing dams (Lyu et al., 2019; Kossoff et al., 

2014).  

Researchers commonly study various factors that affect the stability of tailing dams, 

including hydrological, mining, and geological factors. On the other hand, there is 

minimal focus on assessing the geotechnical properties of residual material as a 

critical/ major factor causing failure (Kossof et al., 2014). Meanwhile, the safety and 

stability of tailing dam facilities are a greater concern in mining industries in many 

countries, including South Africa (Toderas et al., 2023). Geotechnical evaluations are 

primarily conducted to assess the suitability of soil for road and infrastructure 

construction in a desired location, with limited geotechnical investigation typically 

performed before the construction of a tailing dam. This study focuses on the 

geotechnical analysis of tailings material to understand its mechanical behaviour for 

the proper handling of these materials. A proper analysis of the soil residual materials 

mechanism can have a greater positive impact on the stability of tailing dam facilities 
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Tailing dam failure leads to severe environmental impacts (water and land pollution), 

increased human fatalities, and loss of biodiversity in the surrounding environment 

(Hatje et al., 2017). Tailing dam failure requires massive damage control by the mine, 

resulting in unexpected cleanup costs that are excessive for the mine (Chamber and 

Higman, 2011). Stability analysis of the tailing’s mechanism will play a vital role in 

addressing the problems associated with tailings dam failures and collapses. The 

study area was selected at the request of the mine, as its life of mine is extending. 

Consequently, a stability assessment of the TSF is necessary to determine whether 

the mine can continue depositing tailings in the existing TSF or should construct a new 

TSF. 

1.6. Structure of the dissertation 
 

This dissertation is organised into five chapters, each addressing a key component of 

the research process and contributing to a coherent evaluation of the geotechnical 

stability of the tailings storage facility (TSF). 

Chapter 1 introduces the research problem, outlines the objectives and scope of the 

study, and provides the contextual background necessary for understanding the 

geotechnical and operational challenges associated with tailings deposition. 

Chapter 2 presents a review of relevant literature, covering previous work on tailings 

behaviour, geotechnical characterisation, and stability assessment methods. This 

chapter establishes the theoretical foundation for the study. 

Chapter 3 outlines the methodology used in collecting empirical data. It details the 

sampling procedures, laboratory testing methods, analytical techniques, and 

modelling approaches used to evaluate the geotechnical properties of the tailings. 

Chapter 4 examines the influence of key geotechnical factors on the stability of the 

TSF. Laboratory results, field observations, and analytical interpretations are 

presented and discussed to assess how parameters such as compaction, density, 

moisture content, and shear strength affect the facility's overall performance. 

Chapter 5 focuses on the limit equilibrium analysis of the study. It describes the 

development of the stability models, boundary conditions, material parameter 
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selection, and simulation outputs. The chapter evaluates how the TSF’s slope FoS 

responses contribute to understanding the TSF’s stability under various loading and 

environmental scenarios. 

Chapter 6 presents the study's conclusions and offers practical recommendations. It 

synthesises the key findings, evaluates their implications for TSF design and 

management, and suggests areas for future research to strengthen geotechnical 

understanding and operational safety.  
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Chapter 2 Literature Review 

2.1. Introduction 

This section reviews some of the exceptional studies done by notable researchers on 

the stability analysis of tailing dams. This section examines the findings of other 

studies on soil geotechnical properties. This includes: (i) identifying and defining those 

geotechnical properties of soil that mainly influence slope stability; (ii) unpacking how 

the stated geotechnical properties of soil influence slope stability and foundation 

stability.  

These tailing dams are also known as tailing storage facilities (TSF). Slurry materials 

are continuously deposited into tailing dams. Since slurry contains a higher volume of 

water, it reduces the stability of the entire soil mass, which often leads to many tailing 

dams collapsing (Hu et al., 2017).  There has been a sudden rise in Tailing Dam 

Failures worldwide and in SA (Villavicencio et al., 2014). The increasing rate of tailing 

dam failures reflects a poor understanding of the properties of tailings and the 

foundation material (Dareeju et al., 2021). TSF failure cases are common, causing 

environmental pollution and contamination of aquatic bodies, destruction of the 

ecological habitats of flora and fauna, and harm to the communities surrounding the 

dam (Adamo et al., 2020). 

A study by Stark et al. (2022) reveals a significant number of reported tailing dam 

failures worldwide, resulting in fatalities and severe environmental damage. This 

includes the Jagerfotein dam collapse in South Africa, which resulted in one fatality 

(MacRobert, 2022; Marais, 2024). A Vale dam collapsed in Brazil in 2019 (Jamasmie, 

2019). The Fundao tailing dam in Brazil that took 17 lives in 2015 (Palu and Julien, 

2019; Stark, 2022). The Brumadino dam in Brazil that killed 270-320 people 

(Lumbroso, 2020; Zhu et al., 2024). Mount Polley dam in Canada, the Samarco dam 

in 2014 (Brown and Gillani, 2016), and other cases of TSF failure. Tailings dam failures 

pose a significant hazard to mining operations.  The primary cause of tailing dam 

failure is often attributed to the unfavourable geotechnical properties of the tailings, 

which directly influence the dam's stability (Dareeju et al., 2021; Lyu et al., 2019). 

These failures can have severe consequences, incurring substantial economic and 

social costs for both the mining company and surrounding communities (Kossoff et al., 

2014; Lyu et al., 2019).  
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A comprehensive literature review was conducted to examine geotechnical factors 

influencing the stability of TSFs. The search was conducted across multiple reputable 

databases, including ScienceDirect, ResearchGate, Nature, Google Scholar, and 

Scopus.  Geotechnical elements, particularly the mechanical properties of tailings, are 

recognized as essential for maintaining slope stability in these structures (Roy and 

Bhalla, 2017). Nonetheless, there is insufficient information on the geotechnical 

properties affecting the stability of TSFs, and little guidance on how to apply 

geotechnical engineering to ensure more stable tailing dam storage (Piciullo, 2022). 

However, the number of reported TDF cases worldwide is increasing, driven by rising 

demand for mining resources (Toderas et al., 2023; Stark et al., 2022). Further 

research on how geotechnical properties affect the stability of tailing storage facilities 

is necessary to ensure the construction of a more stable tailing dam (Lyu et al., 2019; 

Kossoff et al., 2014). 

Shear strength, bearing capacity, dry density, Moisture content, and particle size 

distribution are some physical properties of soil affecting slope stability (Rahman et 

al., 2019). Studies by Owen et al. (2019) and Toderas et al. (2023) suggest that tailings 

dam failure is significantly influenced by the geotechnical characteristics of the tailing 

materials stored within. This section also reviews the geotechnical properties of 

tailings as a root cause of tailing dam failure, as well as the hydrological factors 

affecting tailing dam stability. This is intended to provide a comprehensive 

understanding of soil geotechnical properties. 

 2.2. An overview of geotechnical parameters of tailings affecting tailing 

dam stability  

Physical parameters influencing the design selection, stability, and drainage of the 

impoundment are relative density, particle size distribution, shear strengths, and stress 

parameters (Islam, 2021). Poor geotechnical properties of tailings, such as moisture 

content, shear strength, bearing capacity, density, pore water pressure, and 

permeability, lead to instability of tailing dams’ slopes, causing tailing dam failure (Hu 

et al., 2017). Wang (2021) also attests that these poor geotechnical properties of the 

underlying soil are the major cause of failure of engineering structures. Particle size 

distribution, composition, and mineralogy of tailings, as well as consolidation and 
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compaction, void ratio, and porosity, are among the physical properties that play a vital 

role in selecting an appropriate tailing dam design. 

2.2.1. Particle size distribution  

Particle size distribution (PSD) refers to the analysis of particle size ranges, such as 

clay, silt, and sand, within a soil sample. Particle-size gradation of soil is a classification 

that categorises particles into coarse-grained, fine-grained, or gravel-size fractions 

(Koohmishi and Azarhoosh, 2020; Musbahh, 2014). It is essential in stability analysis 

because it determines geotechnical properties such as permeability, shear strength, 

and density (Bhanbhro, 2014; Witt et al., 2004). Soil particle size can be either well-

graded or poorly graded, depending on the arrangement/structural alignment of grains 

in a soil mass (Sivakugan, 2000). Soil is considered well-graded if it has a good range 

and distribution of coarse-grained soil mixed with fine-grained particles (Sivakugan, 

2000). It is therefore important to conduct a PSD analysis during the construction of 

an engineering structure, such as a TSF, to enhance the stability of the foundation. 

Soil texture (coarse- and fine-grained soil) influences soil shear strength in different 

ways (Chen et al., 2023; Wen et al., 2018). A study conducted in the Ganakbari area 

of Dhaka has found that montmorillonite clay has lower strength than kaolinite and 

illite. Kaolinite has higher strength than the aforementioned clay minerals (Haque et al 

2013). However, when sand is mixed with montmorillonite, it gains greater strength 

than plain kaolinite (Haque et al., 2013). Well-graded soil has greater shear strength, 

which makes it stable. 

Park et al (2017) discussed the relationship between soil texture (fine and coarse 

grains) and soil stability. Their article aimed to investigate the impact of fine-rich 

content soil on physical properties, including density, void ratio, moisture content, and 

quick undrained shear strength. Static standard penetration test (SPT) and cone 

penetration test (CPT) were conducted to determine shear strength and density, 

respectively. The findings revealed that an increase in soil coarse content leads to a 

corresponding increase in rapid undrained shear strength. This indicates that 

increasing the coarse-grain size of saturated soil increases its shear strength, allowing 

it to resist shear stress (Wen et al., 2018). 

Saturated fine-grained tailings have low cohesion, which therefore leads to poor shear 

strength (Zhang et al 2022a).  This is because the water content in saturated tailings 
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reduces friction between tailings particles, causing them not to adhere to each other 

and therefore to lose their stickiness (cohesion) (Yang et al., 2016). When subjected 

to stress, they contract and their pore water pressure increases, rather than 

consolidating as unsaturated tailings do (Dimitrova and Yanful, 2012). On the contrary, 

saturated coarse-grained soil has higher inter-particle friction; as a result, it is stronger 

and more stable (Lees, 2024). Clay soils are fine-grained materials, and their cohesion 

increases when they are dry, making them stiffer and stronger (Du et al., 2023). 

However, when a large amount of water is continuously added, it loses its capacity to 

stick together; instead, it shears, slides, and weakens (Du et al., 2023).  Fines are 

made up of silt and clay sizes ranging from grain size less than 0 to 0.05 mm, followed 

by course particles ranging from 0.05 to 2mm according to the U.S Department of 

Agriculture (USDA) classification (Musbahh, 2014). A high content of fines in 

foundation soil reduces bearing capacity and, therefore, reduces soil stability (Rad et 

al., 2024). The weak interconnection between fine-grained soils makes them deform 

easily under external loads (Zhang et al., 2022b). 

It is essential to evenly control the deposition of both coarse- and fine-grained tailings 

to enhance tailing stability (Li et al., 2019). The mechanical strength of tailings varies 

with different grain sizes (Tians et al., 2022). It is worth noting that water content 

significantly influences the particle size distribution and gradation of tailing particles 

(Nie et al., 2023). However, particle size, shape, and texture control the movement of 

water through soil, thereby affecting its stability (Zamara, 2024). A study by Nie et al. 

(2023) has demonstrated that particle gradation changes when a high volume of water 

passes through tailings. Therefore, changing the strength and density of tailings, 

particularly during heavy rain seasons, is necessary.  

2.2.2 Void ratio, porosity, and permeability 

Void ratio is defined as the ratio between the volume of pore spaces in a soil and the 

volume of particles in a soil (Meng et al., 2025). According to Xu et al. (2019), the void 

ratio of the entire soil mass is significantly influenced by particle-size distribution (PSD) 

and particle shape. An article by Xu et al. (2019) indicates that finer particles are the 

primary factors affecting the void ratio.  Tailings usually consist of finer particles since 

they are the by-product of the beneficiation process; hence, the void ratio has a 

significant impact on the tailings and stability of the tailing dam. Additionally, irregular 

particles have a higher void ratio due to reduced particle contact, leading to more 
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voids/pores between particles/grains (Xu et al., 2019). Void ratio, on the other hand, 

has a direct influence on the permeability, shear strength (internal friction angle and 

shear stress), and compressive properties of soil (Shinohara et al, 2000). Thus, the 

void ratio is a function of particle size and particle shape, which together determine 

shear strength and soil permeability (Abu et al., 2025). 

Particle shape affects the shear resistance of granular soil (Abu et al., 2025; Zamara, 

2024). This is because particle shape affects the interconnection/interlocking between 

grains, which, in turn, influences the sliding mechanism between grains (Roy and 

Bhalla, 2017). The interconnection between grains also influences hydraulic 

conductivity (permeability) and, therefore, the stability of soil material (Roy and Bhalla, 

2017; Zamara, 2024). Highly angular particles resist displacement between particles 

compared to less angular particles; therefore, they exhibit lower deformation (Ali et al., 

2023; Mahinroosta and Oshtaghi, 2021). This results in soil with high angular particles 

exhibiting high shear strength and being more stable than soil with fewer angular 

particles.  

Meanwhile, porosity is the percentage of voids in a given mass of material (soil/rock) 

and represents the percentage of open spaces (pores/voids) in that mass (Cameron 

and Buchan, 2008). Pore spaces can be filled by either air or water, whereby the water 

exerts pressure on the tailing’s material (Hoissain et al 2021). Tailing dam failure is 

caused mainly by pore pressure (US EPA, 1994). According to Reid (2013), the normal 

forces exerted by water within pore spaces in a porous material are known as pore 

pressure. This is because the force exerted by pore water on the tailings affects the 

amount of water transmitted through the porous tailings (Zardari, 2011). An increase 

in the tailing’s pore pressure reduces the tailing’s effective stress by rearranging the 

tailings particles, thereby reducing the shear strength of the tailing (Morton, 2021; 

Zardari, 2011). Pore water pressure affects the undrained shear strength and stability 

of soil (Wu et al., 2021; Zhou et al., 2016). This occurs when pore water affects the 

soil's friction angle and cohesion (Zhou et al., 2016). An increase in pore water 

pressure reduces the frictional angle and particle cohesion, lowering shear strength 

and stability (Zhou et al., 2016). A study by Padovani and Bretas (2023) posits that 

overloading during TSF construction (especially during the addition of raises/levels) 

leads to pore pressure buildup. The pore pressure will therefore lead to a failure of the 
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undrained shear strength of foundation materials (soil/tailings) and a reduction in TSF 

stability.  

The ability of a material to transmit fluid is known as permeability (Mondol et al., 2008), 

according to Cal and Barik (2020). Permeability is similar to hydraulic conductivity, 

which is the ability of a fluid to pass through soil pores. (Cal and Barik, 2020).  It is a 

parameter commonly used to analyse geotechnical problems, such as shear failure, 

and is also used for seepage monitoring and control (Boadu, 2000).  

The Swiss in the early 1990s developed the soil permeability guideline (SN 670 010b), 

presented in Table 2.1, for every soil texture, from silt to gravel-sized particles.  This 

guideline was amended by Starck et al. in 2017 and was issued by the Association of 

Swiss Road and Traffic Engineers. The permeability guideline provides characteristic 

coefficients and correlations for various soil properties, including permeability 

(hydraulic conductivity). 

 

Table 2.1: Depicting the Swiss guideline for permeability of soil (Starck et al., 2017) 

soil coefficient of 

permeability guidelines     

soil description k (m/s) 

degree of 

permeability 

gravel 10−3 highly pervious 

sandy gravel, clean sand, 

silty sand 10−3-10−5 medium 

sand, dirty sand, silty sand 10−5-10−7 low 

silt, silty clay 10−7-10−9 

very low to 

impermeable 

clay <10−3 

practically 

impermeable 

 

Fluid transmission is readily achieved in a soil mass with interconnected voids (Cal 

and Barik, 2020). Permeability is primarily determined by particle and pore size 

distributions, porosity, compaction and consolidation properties, and soil geometry (Ati 

and Kareem, 2014; Bhanbhro, 2014). Fine-grained soils have low permeability and 
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low strength, which consequently reduces their stability (Hu et al., 2017). Water 

passing into or through soil pores affects soil strength and stability; consequently, 

permeability affects geotechnical settlement and soil slope stability (Zamara, 2024). 

According to Darcy’s law, the rate of water flow through the soil depends on the 

hydraulic gradient (the pressure difference between two points) (Zamara, 2024). 

Meanwhile, the clay-rich soil swells when additional moisture saturates the soil 

material, resulting in reduced pore sizes and narrowing of pore channels (Flit and Flit, 

2002). The small pore channels, in turn, affect soil porosity, permeability, and bulk 

density, thereby influencing its stability (Flit and Flit, 2002). On the other hand, a sandy 

soil mass has large pore spaces but fewer pores (porosity) than clay soil. As a result, 

their porosity is low and quickly drains water (Cameron and Buchan, 2005). On the 

contrary, clay soil has many pores and small pore spaces, which give it high porosity 

and allow it to store water (Cameron and Buchan, 2005). This attests to the capacity 

of tailings (fine-grained material) to store large amounts of water, which reduces their 

internal friction angle and, consequently, their shear strength, thereby decreasing the 

stability of TSF. 

Figure 2.1 depicts how porosity and permeability largely depend on the void ratio, 

particle size, and particle shape (which determine the interconnection of pore spaces). 

The diagram illustrates that when pore spaces are interconnected in a soil mass, water 

can be easily transmitted through the pores, allowing more water to be stored in the 

porous medium. A porous, permeable soil allows high water transmission through well-

connected pore spaces (Wolschick et al., 2021). Top-layer tailings that are porous and 

permeable will allow rainfall water to seep into the tailings dam. As a result, water 

content will increase and reduce the shear strength of tailings, thereby reducing TSF 

stability (Duong et al., 2013). It is also evident in the diagram below that the soil mass 

can be porous but impermeable (i.e., with no interconnection between pore spaces). 

This type of soil structure has poor drainage, allowing accumulated water to remain in 

the soil for a long duration, increasing pore water pressure and thereby reducing 

stability (Lees, 2020).  
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Figure 2.1: The relationship between porosity and permeability (Resource Victoria, 2021) 

Under static loading, pore-water pressure increases, reducing the shear strength, 

bearing capacity, and stability of the foundation soil. Tailings mostly have uneven 

particle size, which increases their permeability, and consequently are usually 

saturated with reduced stability (Hu et al., 2017; Pan et al., 2021) 

2.2.3. Consolidation and compressibility characteristic 

Consolidation is a natural process of compaction of soil grains, expelling water from 

the soil over a long period due to external pressure from the overlying load (Evans et 

al., 2021). The consolidation process depends mainly on the texture of the materials 

(fine/coarse), the gradation of the material (particle arrangement), and the particle 

distribution (US EPA, 1994). Consolidation also depends on permeability, as 

permeability controls the rate at which water is expelled from the soil during the 

consolidation process (Jayalekshmi and Elamathi, 2017). The stability of the tailing 

dam is influenced by the consolidation and compression characteristics of materials 

(Zardari, 2011).  Additionally, consolidation also controls the deformation mechanism 

of tailings by destroying the pore structures between particles and rearranging the 

particle structure (Tian et al., 2022). Meanwhile, Hu et al. (2017) add that fine tailings 

exhibit high compressibility characteristics and are unstable. A study by Wiklund 

(2018) affirms that an increase in the content of fine particle tailings increases 

compressibility. The study also shows that consolidation increases particle settlement 
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when fine particles migrate to fill the voids between coarse particles, thereby 

increasing stability. 

Soil compressibility is the ease with which soil decreases in volume when subjected 

to a mechanical load (Ahmed and Siddiqua, 2016; Sridharan and Gurtug, 2005). The 

change in void ratio with increasing effective stress influences compressibility. For 

highly compressible soil, the change in void ratio will be greater. Compression 

influences consolidation and increases soil stability (Ahmed and Siddiqua, 2016). This 

occurs when compressional forces applied affect the effective stress and the soil's 

void ratio. Consolidation of tailings in a TDF reduces porosity because of the applied 

pressure from the tailings loaded during the construction of tailings dykes/raises (Vick, 

1990). Consequently, moisture content is reduced by the expulsion of water from the 

pores/voids of tailings (Ahmed and Siddiqua, 2016). During tailings deposition, the 

constant pressure exerted by the tailing load compresses the grains, decreasing 

porosity and the void ratio. This process improves the soil's stability and strength. A 

study by Mondol et al. (2008) adds that the compaction of mudstone under a particular 

effective stress depends on its mineralogy, grain size/stiffness, grain framework, pore 

fluid, and pore pressure. This attests that compaction, consolidation, and 

compressibility depend on factors such as mineralogy, particle gradation, and pore 

pressure. The consolidation process increases the shear strength and dry density of 

materials, thereby enhancing material stability and reducing the risk of failure (Zhang 

et al., 2019; Nie et al., 2023). 

 2.2.4. Bulk density 

Soil bulk density is defined as the ratio of the mass of oven-dried soil to its bulk volume 

at field moisture content (Askin T and Ozdemir, 2003). It is an indicator of soil 

compaction; it measures the degree to which the soil is tightly packed or dense (Nawaz 

et al., 2013). Compaction is defined as the densification and distortion of soil by which 

the total air-filled porosity is reduced (Greory et al., 2015). Soil compaction rearranges 

soil particles into a closely packed structure, thereby reducing soil volume and 

increasing soil density (Evans et al., 2021). Compaction and cementation increase the 

dry density, consequently increasing the inclusion of soil particles in the arrangement, 

the friction angle, and the cohesion (Kang et al., 2022). This tends to strengthen soil 

particles and thereby increase the shear strength of the soil 
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Geotechnical parameters such as bulk density, strength, and porosity can be used to 

quantify the soil compactness. Soil compaction directly influences the aforementioned 

soil geotechnical properties (Nawaz et al., 2013). An increase in soil density through 

compaction enhances soil stiffness, thereby reducing permeability and compressibility 

and, in turn, reducing shear stresses. Consequently, increasing the shear strength and 

bearing capacity of the soil during construction (Ebels et al., 2004). The stability of soil 

depends on its unit weight; unit weight is used to determine soil density (Guyer, 

2013a). Conversely, poor compaction reduces bulk density; therefore, soil with low 

bulk density has higher permeability. In this case, seepage that occurs during 

excessive rainfall tends to decrease soil stability (Guyer, 2013a).   

The required bulk density for a fine-grained clay soil ranges from 1.0 to 1.3 g/cm³ 

(McCarty et al., 2015). Fine soil generally has a lower bulk density than coarse-grained 

soil, ranging from 1.4 to 1.8 g/cm³ (McCarty et al., 2015). It is for this reason that most 

TSFs are unstable, as tailings are typically fine-grained and naturally exhibit lower 

stability compared to coarse-grained soils (Hu et al., 2017). Whereas soil with high 

bulk density tends to be more compacted and stable (Reddy, 2020). Furthermore, 

Askin and Ozdemir (2003) postulate that soil bulk density depends on the soil particle-

size distribution, which, in turn, influences soil porosity and pore-water pressure. 

Consequently, these geotechnical factors are interconnected and exert a reciprocal 

influence on the stability of the TSF. 

 2.2.5. Moisture content  

Moisture content is the percentage of water in soil or other earth materials, such as 

tailings. Soil moisture content is an indicator of the amount of water present in the soil 

mass, expressed as a percentage (Hossain et al., 2021). Moisture content is defined 

as the ratio of the mass of water present in pore spaces of the soil sample to the mass 

of the dry soil sample or the ratio of the volume of water in the soil to the volume of 

dry soil sample (Hossain et al., 2021). Increased soil moisture content diminishes its 

shear strength (Dhawele and Harle, 2017). According to Bidyaswari et al. (2017), 

slopes begin to deform as moisture content increases, intensifying slope collapse. This 

is because a higher moisture content reduces the van der Waals forces and frictional 

forces between soil particles, allowing them to slide across each other and shear 

(Yang et al., 2016). Moisture content softens soil, weakens the inter-particle bonding, 
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and consequently decreases cohesion, friction angle, and shear strength (Kang et al., 

2022). 

The Brumadinho dam failure in 2019, which resulted in 270 fatalities, was caused by 

a slip surface failure triggered by excessive rainfall (Zhu et al., 2024). The primary 

reason for the worst incident of Fundao tailing dam failure in Marian in 2015 was the 

liquefaction of tailings sand and insufficient drainage (Mining Weekly, 2024). 

Liquefaction of soil is a process in which the strength and stiffness of soil are reduced 

by earthquake shaking and other rapid loading, causing it to behave more like a liquid 

(Ben-Zee et al., 2023). In this instance, the force from the earthquake has increased 

the pore water pressure between sand particles, pressing them tightly together and, 

as a result, causing them to lose their mechanical resistance and gain liquid 

characteristics (Carmo et al., 2017). The instability was influenced by excessive water, 

which reduced the undrained shear strength and ultimately led to TSF failure. 

Moisture content increases the degree of saturation of the residual material and its 

pore-water pressure (Tiwari et al., 2016). A research study by Nie et al (2023) attests 

that an increase in water affects the friction angle of tailings and, consequently, their 

shear strength. Excessive rainfall can lead to high soil water content, reducing soil 

shear strength and causing deformation and failure of soil masses (Villavicencio et al., 

2014; Wu et al., 2022).  

A research study by Nie et al. (2023) attests that an increase in water affects the 

friction angle of tailings and, consequently, their shear strength. Rainfall may affect the 

seepage field of the tailings by influencing the level of the phreatic line (the lifeline of 

tailing dam stability) (Wu et al., 2022). This occurs when increased rainfall and flooding 

raise the phreatic line (saturation line). The residual materials become saturated, 

increasing the dam's weight and reducing its shear and effective strengths, leading to 

deformation (Lyu et al., 2019; Wu et al., 2022). 

Jagerfotein dam ceased operating around 1970; however, in 2022, due to excessive 

rainfall caused by the Lanina cyclone, it collapsed (Mintek Industrial News, 2024). The 

seismic activity also contributed to the Jagerfotein dam failure through liquefaction, 

which caused the tailings material to behave more like a fluid, ultimately leading to the 

dam's rupture (Mintek Industrial News, 2024). The dam that collapsed in Brazil in 2019 

is believed to have been largely caused by the continuous rainstorm, which reduced 
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the stability of the tailing dam (Wu et al., 2022; Zhang et al., 2022a). Rainfall has also 

destabilised TSFs, leading to TSF failures in China and the Ajka red mud reservoir 

failure in Hungary (Nie et al., 2023). This shows a practical example of rainwater 

increasing moisture content, causing a sudden rise in pore-water pressure and, 

consequently, reducing the stability of the TSF.  

Rainfall also affects the particle size distribution of tailings, thereby reducing the 

material's shear strength (Tiwari et al., 2016). This occurs when water infiltrates 

through the tailings and washes fine particles from the top to the bottom of the dam 

(Nie et al., 2013). As a result, the particle grading rearrangement caused by rain leads 

to an uneven spatial distribution of the mechanical properties of tailing, such as 

cohesion, internal friction angle, and density (Nie et al., 2023). A seasonal variation 

(due to rainfall) in soil moisture content affects soil shear strength, which may lead to 

the failure of tailing facilities (Jamaismie, 2019).  Variation in moisture content also 

affects the total volume of soil. This is because an increase in moisture content causes 

contact with soil particles and an increase in shear stresses, which reduces shear 

strength and the stability of the tailing dam in general (Shehu and Abdulfatah, 2019). 

2.2.6. Mineralogy and expansive characteristics of tailings   

Mineral composition refers to the chemical constituents of a soil mass; a mineral is an 

aggregate of chemical elements. The mineral content of the tailings depends on the 

ore deposit's mineralogy (Adamo et al., 2020). Musbahh et al. (2024) have studied 

and documented the correlation among mineral content, compaction characteristics, 

and particle size. The authors substantiate that mineral content has a direct impact on 

compaction and Atterberg limit (plasticity, liquid limit, and plasticity index). Mineral 

tailings have the composition of a mined ore; therefore, the chemical composition of 

TSF will differ from one ore to the next. Various studies have investigated the 

relationship between mineral composition and stability. Quartz is the most abundant 

mineral found in many tailings (Wang et al., 2022). It has greater durability, enhancing 

its stability and reducing its susceptibility to settlement (Musbah et al., 2024). As a 

result, TSFs containing quartz minerals have increased the stability of tailings with 

quartz content. The mineral composition of soil influences its permeability and 

hydraulic conductivity, which, in turn, determine its stability (Zamara, 2024). The 

mineral composition also significantly influences bulk density and hydraulic 

conductivity. A practical example is Iron oxide mineral, which increases bulk density, 



30 | P a g e  
 

reduces porosity, and hydraulic conductivity, resulting in a reduction in stability (Ati 

and Kareem, 2014) 

The mineral composition of soil and the arrangement of its particles influence soil 

flexibility (the ability of soil material to change shape) and increase its plasticity, 

thereby reducing soil stability (Musbah et al., 2024). Flexible soil is that which contains 

a high percentage of expansive minerals, such as montmorillonite clay mineral, that 

could respond to a short-term moisture content variation (Musbah et al., 2024). A study 

by Elan et al. (2024) reveals that clay minerals, including montmorillonite, Smectite, 

illite, and kaolinite, are the main mineral constituents with a high water content. 

However, Montmorillonite is the most common clay mineral with swelling properties 

(Adamczuk et al., 2022). This water content leads to poor soil stability, which is 

influenced by low permeability, high plasticity, high compressibility, and a strong 

swelling characteristic of clay soil (Aksu et al., 2015). A study by Ural (2018) indicates 

that the presence of clay minerals in soil reduces compressive strength and increases 

shrinkage. Infrastructures such as schools, houses, and pavements were damaged in 

Iraq due to swelling clay minerals, which caused the expansion of foundation soils 

(Enad et al., 2024). The expansion/swelling characteristics of clay mineral-rich soils 

affect soil plasticity, thereby influencing its stability (Ikeagwuani and Nwonu, 2019). 

This occurs when soil volume changes significantly with water addition and drying 

(Enad et al., 2024).  

The swelling properties of soil reduce the stability of soil structures and slopes and 

increase the risk of failure. Adding waste glass powder (WGP) reduces the swelling 

characteristic of soil containing clay minerals, thereby increasing its stability (Enad et 

al., 2024). The type of swelling soil expands upon wetting and shrinks upon drying, 

which renders it unfit as foundation soil (Behzad-Kalantari, 2012).  

 2.2.7. Shear strength (friction angle and cohesion) 

Shear strength is a measure of the soil’s capability to resist failure when the load that 

generates shear stress is exerted (Evans et al., 2021). Cohesion and frictional 

resistance between soil particles influence shear strength (Harabinova and 

Panulinova, 2020). Shear strength is a key geotechnical property that influences 

stability, amongst other geotechnical properties (Tian et al., 2022). It has a significant 

impact on both the foundation soil and the overall stability of tailings (Hussain et al., 
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2022; Lyu et al., 2019). Visagie and Bezuidenhout (2022) posit that a low shear 

strength of slope material causes instability of the TSF. Shear strength is a function of 

parameters such as cohesion and internal friction angle (El Hariri et al., 2023).  

The strength of the tailings, which determines the stability of the TSF, depends 

primarily on the friction angle and its cohesion (Liu et al., 2012). The friction angle 

indicates the resistance to sliding between grains of tailings in a tailings mass. It 

determines how much shear stress the tailings can withstand before failure. It is used 

to determine the frictional shear resistance of the tailings slope to failure (Christian 

and Baecher, 2015). The friction angle has a significant impact on stability estimation 

(Fiolleau et al., 2023). Mud soil usually has a friction angle of 0° because the soil is in 

a liquid state and has no slope. Poor soil has a friction angle of 15°, whereas a friction 

angle of 30° is categorised as good soil. A soil friction angle above 30° improves shear 

strength and is stable. In contrast, a friction angle below 30° reduces overall shear 

strength and is considered unstable, posing a greater risk of slope failure (Watkins et 

al., 2010).  

Cohesion is the ability of soil particles to adhere to one another and is most commonly 

found in soils with a higher content of fine particles, such as clay and silt. The internal 

friction angle is responsible for interlocking between particles as they slide during 

shearing; it represents the resistance to shear force/stress. These two parameters are 

responsible for resisting deformation and failure that is driven by shear stresses 

applied, thereby increasing the stability of soil (El Hariri et al., 2023). Cohesion is a 

strength parameter that determines the frictionless factor, Van der War force, and 

electrostatic force of a soil. These parameters aid in shear resistance and enhance 

soil stability (Lu and Likos, 2013). It is a measure of the intermolecular forces in soil 

structure (Budhu, 2010). Slope stability of cohesionless/non-cohesive soil (typically 

soil with a high coarse content of sand/gravel) depends on the internal friction angle, 

slope angle, unit weight of the soil, and pore pressure. On the contrary, the slope 

stability of cohesive soil (usually soil with a high content of fine clay and silt-sized 

particles) depends on the plasticity and elastic modulus (soil stiffness) between soil 

particles, soil strength, pore pressure, and slope height (Guyer, 2013b). Slopes 

composed of soil with a high friction angle have higher shear strength, can withstand 

shear stress, and remain stable (Harabinova and Panulinova, 2020). Sliding between 

particles in the slope of cohesive materials reduces shear strength and causes slope 
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failure (Guyer, 2013a). Soil with low shear strength can cause instability in engineering 

structures (Oyidirn and Famakinwa, 2015; Mohamad et al., 2016). According to 

Mohamad et al. (2016), soil is considered to have low stability if its shear strength is 

less than 40kPa. On the contrary, soil is considered stable when its shear strength 

ranges between 75-150 kPa (Davisons and Springman 2000). The causes of failure 

of the tailing dams at Mount Polley, Canada, and Samarco in 2014 were undrained 

shearing of the tailing materials, which reduced their shear strength (Brown and 

Gillani, 2016). The failure of several buildings in Lagos (South-Western Nigeria) has 

been attributed to low shear strength, leading to ground instability (Oyidirn and 

Famakinwa, 2015).  

An assessment of tailings shear strength in a TSF was undertaken to determine the 

FoS of the tailings dam. Brown and Gillani (2016) reported that the cause of the dam 

failure in Canada of Mount Polley dam and Mount Polley dam in Brazil was poor 

undrained shearing that occurred when pore water pressure reduced the tailing’s 

shear strength and stability, leading to dam failure. Investigations conducted after the 

dam failure indicate that Mount Polley was constructed on a glacial lake composed 

largely of clay (Chambers, 2015). The shear stresses on foundation clay soil resulting 

from water and the load of the overlying TSF cause shear movement that makes the 

dam slide, rupture, and lead to TSF failure (Chambers, 2015). Likewise, moisture 

content, compaction, and particle shape are the three factors that influence the soil's 

internal friction angle (Kang et al., 2022). This occurs when a change in particle 

arrangement causes them to interlock, increasing their friction angle, stiffness, and 

strength. An increase in the moisture content of clay soil reduces the occlusion friction 

between particles and cohesion, thereby reducing the shear stress. This is one of the 

major factors influencing shear strength, along with soil cohesion and the internal 

friction angle (Roy and Bhalla, 2017). 

2.2.7.1. The relationship between the Mohr-Coulomb theory of tailings and the shear 

strength of tailings 

Mohr-Coulomb failure theory states that the failure of earth materials, such as soil/ 

rock, occurs when the shear stress on a plane reaches a critical value, based on the 

relationship between the normal and shear stresses of soil (Hoek and Brown 1997). It 

is utilised to determine the conditions at which the material will fail (Labuz and Zang, 

2014). The Mohr-Coulomb failure envelope is represented as a straight line on a plot 
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of normal stress versus shear stress. The materials' failure conditions, presented as a 

combination of normal and shear, plot on a straight line, termed a failure envelope 

(Labuz and Zang, 2014; Hoek, 1999). The failure envelop example is illustrated on  

Figure 4.1. It describes the prediction of soil shear strength based on the relationship 

between the normal stress at failure and the shear stress at the failure plane (Hoek 

1999; Hoek and Brown, 2002). The combination of stresses below the failure envelope 

illustrates that the conditions of materials that have not led to failure until the plot 

reaches the failure line, which represents the point of stress combination where failure 

occurred (Hoek and Brown 1997; 1998). 

The friction angle is the angle at which the shear stress and the normal stress intersect 

at the point of the failure envelope. The higher the frictional angle, the higher the shear 

strength and, therefore, the greater the capacity to resist various stresses that 

influence failure (Watkins et al., 2010). 

2.2.7.2. Relationship between the Elastic modulus of soil and shear strength 

 

The elastic modulus of soil is a physical property that determines the soil's stiffness. It 

is a property that influences soil shear strength. Elastic modulus is a function of soil 

type, soil compaction level, and burial depth (an increasing soil strength by increasing 

pressure) within the soil mass (Watkins et al., 2010). It represents the strain-stress 

relationship, which influences soil stiffness. Elastic modulus is a physical property 

used in the design of structures, such as tailings dams, to ensure a safe foundation 

and to further evaluate their stability (Waheed and Asmael, 2023). It is an important 

parameter used in the numerical modelling of slopes to determine the stability of 

structural slopes (Waheed and Asmael, 2023). The elastic modulus of granular/coarse 

soil was classified under the Unified Soil Classification System (USCS) by Obrzud and 

Truty (2012), based on Keldi. The elastic modulus classification of granular soil is 

presented in Table 2.2. The table presents the elastic modulus for well-graded gravel 

(GW), uniform sand/poorly graded sand (SP), Gravel sand (GM), well-graded sand 

(SW), and silty sand (SM). 
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Table 2.2: USCS classification of elastic modulus by Kezdi 1974 and Prat et al 1995 (Obrzud and Truty, 2012) 

Typical USCS values of soil Elastic modulus   

Unified soil classification system 
(USCS) Loose Medium Dense Si unit 

Well-graded gravel (GW), well-
graded sand (SW) 30-80 80-160 160-320 MPa 

Uniform sand/poorly-graded sand 
(SP) 10-30 30-50 50-80 MPa 

Gravel sand (GM), Silty sand (SM)  7-12 12-20 20-30 MPa 

 

2.2.8. Bearing capacity of foundation material 

Bearing capacity refers to the ability of the underlying rock and soil layer to support 

the load of the overlying TSF. Poor foundations are those with underlying materials 

(rock and soil layers) incapable of supporting the load of a TSF (Adamo et al., 2020). 

The safe bearing capacity for clay soil should range from 75 to 100 kN/m² (Lees, 2021). 

The acceptable bearing capacity for all engineering structures ranges from 68 to 15 

kN/m² (Oyidirn and Famakinwa, 2015). The internal friction angle is a key parameter 

used to calculate the shear strength and bearing capacity of foundation soil, and thus 

plays an important role in assessing stability. A higher internal friction angle usually 

indicates a soil that is highly resistant to deformation/failure, resulting in a more stable 

foundation.  

Fine-grained materials are known to have lower bearing capacity than coarse-grained 

materials (Roy and Bhalla, 2017). Consequently, the TSF foundation that is 

constructed of tailings will have poor bearing capacity and be less stable compared to 

coarse-grained soil and other coarse materials. Chambers (2015) explained in his 

article on the review of causes of failure of the Mount Polley dam in Brazil in 2014 that 

the foundation soil was made of clay that lost its shear strength due to the increase in 

water content and overlying load of the TSF.  

The weight of the overlying Mount Polley dam also increases the shear stress on the 

clay particles of the foundation soil underneath the dam, causing the dam to slide and 

rupture. (Brown and Gillani, 2016; Chambers, 2015; Zabolotnii et al., 2022). The 

capability of the underlying material to carry the load of TSF without failure depends 

on the strength parameters (cohesion and friction angle) of such materials (Evans et 

al., 2021). The loading of engineering structures during construction increases the 
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driving forces while reducing the resisting forces, thereby weakening the soil's strength 

and leading to failure (Dong et al., 2020). The driving forces increase between tailing 

particles and foundation soil particles in response to the overlying TSF load, 

consequently reducing the bearing capacity of a foundation soil and stability of the 

entire TSF (Rad et al., 2024).   

Conclusions drawn from the investigation into the causes of the Mount Polley dam 

failure in Canada identified TSF design-related errors and drainage problems 

(Morgenstern et al., 2015). The design error was made due to poor stability analysis 

of the foundation soil before dam construction (Brown and Gillani, 2016; Chambers, 

2015). The foundation soil was later found to be unstable clay soil that lost cohesion 

under higher water content of tailings and stress due to a higher amount of TSF load, 

causing the base clay to slide, resulting in dam rupture and collapse (Zabolotnii et al., 

2022). 

 

2.3. Brief overview of tailings dams design and construction 

The materials used in the construction of tailings dams are selected based on their 

physical characteristics, such as shear strength, to ensure stability (Hu et al., 2017). 

The design and height of the tailing dam rely on the strength of materials used for the 

embankment and the strength of the tailings (Branch, 1994). In the design process, it 

is crucial to consider construction methodologies, embankment design, and the 

positioning of internal seepage control drains. Material selection is predominantly 

influenced by attributes such as permeability and strength (Branch, 1994; Ferdosi et 

al., 2015). This section examines the design concerns for tailings dams, construction 

techniques for tailings storage facilities, their stability, and the impact of material 

qualities and tailings compaction. 

2.3.1. Design of tailing dams 

Poor design and inadequate TSF operational management are some of the major 

sources of TSF failure (Dixon-Hardy and Engels, 2007). It is therefore imperative to 

have a proper design of the TSF for stable and safe operational management, thereby 

reducing the chances of tailing dam failure. Challenges associated with tailings 

disposal and storage, such as tailing dam stability and failure, vary from one TSF to 
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another. This follows the unique characteristics of tailings properties and 

environmental factors of each tailing dam (Dixon-Hardy and Engels, 2007). 

The method of tailing disposal is selected during the design phase based on the type 

and properties of the tailings (strength-related parameters) to be deposited, as well as 

hydrological/meteorological conditions, and environmental conditions (Wu et al., 

2023). Various geological and geotechnical site conditions influence TSF site selection 

during design and construction (Wu et al., 2023).  The geotechnical parameters that 

affect site selection are particle size, permeability, and sand density (Wu et al., 2023). 

Other geotechnical properties that affect site selection include foundation soil bearing 

capacity, shear strength, and moisture content. of in-situ soil that influences the 

stability of TSF). Organic materials, weak and loose materials of high compressibility, 

and pervious sand are removed before the construction of a tailing dam. This is 

because these materials have low shear strength and deform easily under additional 

loads (Zardari, 2011). 

Geological conditions, such as the mineralogy/ chemical composition of the tailings to 

be deposited in the TSF, influence the stability of the TSF. This is because various 

tailings have different mineralogy depending on the source ore mined, which 

influences their physical characteristics. The presence of clay minerals in ore deposits 

affects mineral processing and tailings disposal (Vietti and Steenkamp, 2023).  Rainfall 

increases the seepage of TSF; therefore, the use of a consolidated tailings layer when 

constructing TSF to prevent seepage is vital (U.S Army Corps of Engineers, 2004). 

The allowable moisture content for foundation soil during TSF construction should 

range between 10% and 45% (Bhanbhro, 2014). 

Various parameters, such as specific gravity, density, and moisture content, must be 

considered when selecting TSF construction materials. The specific gravity of 

materials plays a crucial role in selecting construction materials (SGU, 2024). This is 

because the ratio of the density of construction materials to the density of water 

content within these materials affects their strength properties (SGU, 2024). A study 

by Vietti and Steenkamp (2023) has compared the Jagerfotein TSF failure with the 

Kimberlite TSF. The study indicates that the dam failed due to a density change from 

high-density to low-density flow and accelerated ponding of water, resulting in 

seepage of the TSF external wall and over-wetting of the foundation. The foundation 



37 | P a g e  
 

of the tailing dam requires a material with low to no permeability to prevent the higher 

rate of seepage that would compromise stability (SGU, 2024). 

2.3.2. TSF construction methods and their impact on stability 

Tailings storage facilities are often designed as raised dams, following one of three 

methods of construction (upstream, downstream, or centreline method) over a 

retention dam (Rana et al., 2021). This is because raised dams are continuously 

constructed over the entire life of a mine, which allows them to be expanded and 

monitored. They are monitored to ensure their stability throughout, unlike retention 

dams that are built to full height at the beginning of mine life. The method of 

construction is selected based on the direction of the dam embankment crest 

movement from the initial embankment point at the base of the dam as the lifts/levels 

are added (Adamo et al., 2020). The improper design of TSF and the poor selection 

of appropriate deposition methods lead to the instability and failure of TSF (Brown, 

2019). Additionally, the level raising that occurs during dam construction may increase 

pore pressure on the tailings, thereby reducing the stability of the TSF (Zardari, 2011). 

2.3.2.1. Upstream method 

The construction of an upstream method begins with a starter dam, and then the 

raises/levels are added from the starter dam (Martin and McRoberts, 1999). This 

occurs through the deposition of tailings that construct the dam. The additional 

levels/lifts are constructed from the base embankment during the process of raising 

the dam's height (Grant-Stuart et al., 2020).  In this method, the additional successive 

lifts move progressively upwards to the direction of the crest from the base starter 

dam/ outer toe (Vicks 1990; Grant-Stuart et al., 2020). The tailings are used to support 

the additional level/lifts as the height of the dam increases (Adamo et al, 2020). 

Consequently, the upstream method is more susceptible to failure (Martin and 

McRoberts, 1999). The failure of the upstream method is usually due to excessive 

pore pressure buildup and low hydraulic conductivity that occur when successive 

raises/levels are added rapidly (Zardari, 2011). Excess pore pressure and low 

hydraulic conductivity cause a low tailings consolidation, which reduces tailings 

stability and leads to TSF failure (Zardari, 2011) 

Upstream methods are less stable than the other two construction methods and, 

consequently, are unsuitable for high-seismic-wave-prone areas (Adamo et al., 2020). 
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This method has a pervious starter dyke, thus promoting high seepage. This makes 

them more unstable than the downstream method (Martin and McRoberts, 1999). The 

figure below illustrates the construction of the upstream TSF method, as explained 

above. The initial deposit commences on the outer toe of the TSF/ starter dam, 

2progressing upwards towards the tailing beach as the level of dyke is added.  

 

Figure 2.2: An upstream method of TSF construction (Modified after Vicks, 1990) 

2.3.2.2. Downstream method 

In the downstream method, the dam crest moves downstream as the level/lift of the 

dam is added. Thus, increasing the height of the dam towards the final outer toe line 

of TSF (Grant-Stuart et al., 2020).  Materials are initially placed before dam 

construction, allowing the dam to be built on top of previously placed material (Vicks, 

1990). This method has an impervious core and a drainage zone, which allow water 

to be contained through its internal drainage arrangements, thereby increasing its 

stability relative to the upstream dam (Adamo et al., 2020). Dykes are raised on the 

downstream slope of the existing dam (Bhanbhro, 2014). Figure 2.3 the construction 

procedure of the downstream method, where dykes are raised in a downstream 

direction toward the embankment from the starter dam. 
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Figure 2.3: Downstream TSF construction method (Modified after Vicks, 1990). 

2.3.2.3. Centreline method 

In this method, the dam crest progresses only vertically as its height increases, whilst 

maintaining the same horizontal position of the dam crest (Adamo et al 2020; Grant-

Stuart et al., 2020).  The centreline is a progression of the downstream method with 

the centreline of the impoundment wall vertically raised (Grant-Stuart et al., 2020). 

Tailings are initially placed before the construction of a dam so that the dam is 

constructed on top of tailings previously deposited (Bhanbhro, 2014). Dykes are raised 

vertically on the crest of the existing dam and the downstream slope (Bhanbhro, 2014). 

Figure 2.4 illustrates a centreline procedure of TSF construction. The crest progresses 

vertically from the starter dam. The dam continues from a downstream dam and moves 

to the outer embankment as the dykes are added. 
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Figure 2.4: A centreline method of TSF construction (Modified after Vicks, 1990). 

2.3.3. The effects of material used to construct tailing dams  

The capacity of the foundation materials to withstand the external overlying load is a 

key factor to consider during TSF construction (Evans et al., 2021). The foundation 

materials need to be selected based on their bearing capacity and their shear strength 

for the construction of a stable TSF (Rad et al., 2024). It is therefore imperative to 

select a stable area before constructing an engineering structure, depending on the 

foundation material (Visagie and Bezuidenhout, 2022). The materials used for the 

foundation of the TSF during construction depend on the height the TSF will reach to 

maintain its stability (Branch, 1994). Therefore, if the dam height exceeds 30 meters, 

extensive preparation of the dam foundation is required, using materials that can 

withstand the load of the tailings to be deposited.  

The design of TSF is governed by the grading of the tailings to be deposited (Branch, 

1994). Unstable materials such as organic materials, highly compressible materials, 

loose and weak materials, and pockets of pervious sand are not suitable for the 

construction of TSF (Branch, 1994). This is because organic materials are soft 

materials and incapable of resisting stresses exerted by the overlying TSF load 

(Abdulkareem and Hassan, 2019). Organic, loose, and weak materials, as well as 

sand, increase water infiltration into the foundation soil, thereby reducing shear 

strength, bearing capacity, and stability (Abdulkareem and Hassan, 2019). Fine 

materials that consist largely of clay-sized particles are also not suitable for the 
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construction of tailing dam embankments (Adamo et al, 2020). This is because of the 

low resistance to shear forces, and therefore they slide and fail when shear stresses 

are exerted (Zhang et al., 2022a)  

2.4. Limit equilibrium analysis 

The liquid equilibrium method (LME) is a geotechnical analysis technique for slope 

stability analysis that determines the FoS of a slope (Baba et al., 2012). LME consists 

of three methods of analysis: Bishop simplified, Janbu, and Spencer (Baba et al., 

2012). LME determines the FoS by analysing the ratio of resisting forces to driving 

forces. The factor of safety of tailings is calculated using equation 2.1 

FoS=
𝑟𝑒𝑠𝑖𝑠𝑡𝑖𝑣𝑒 𝑓𝑜𝑟𝑐𝑒 (𝑠ℎ𝑒𝑎𝑟 𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ)

𝑑𝑟𝑖𝑣𝑖𝑛𝑔 𝑓𝑜𝑟𝑐𝑒 (𝑠ℎ𝑒𝑎𝑟 𝑠𝑡𝑟𝑒𝑠𝑠)
   2.1 

 = 
c + σ ′.tan⏀

𝜏 
 

 

 

The modelling system divides the potential sliding mass into vertical slices. The 

method assumes a failure mechanism as circular, polygonal, or non-circular (Baba et 

al., 2012). 

The factor of safety (FoS) is defined as the ratio of the resisting forces (stabilising 

forces) to the driving forces (destabilising forces) acting on the soil mass (Grant-Stuart 

et al., 2020). It is the relationship between the shear strength resisting failure 

movement and the shear stress applied to the slip surface influencing failure 

movement (Visagie and Bezuidenhout, 2022; Zheng, 2006). The minimum FoS 

against slope failure of a tailing dam in a static condition is 1.5, whereas in a dynamic 

condition, it is 1.1 according to South African legislation/standard (Grant-Stuart et al., 

2020). Grant-Stuart et al. (2020) mentioned that a FoS of 1 indicates the onset of slope 

failure. Therefore, the slope with a FoS less than 1 is considered an unstable slope 

(Bidyashwari et al 2017)  

The numerical simulations use the number of slices in a geometry to estimate the FoS. 

It is a unit-less property because it is the ratio of two forces (driving and resistive 
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forces, which tend to cancel one another). A FoS that is greater than 1 indicates a 

stable slope, whereas a FoS that is less than 1 indicates an unstable slope. This is 

because a material with low strength to resist failure, compared to the stresses acting 

on the tailings structure, creates an unstable slope, contributing to the forces that drive 

the failure mechanism. This tends to reduce the stability of the TSF structure 

(Potgieter; Jacobsz, 2019). 

2.5. An influence of the geotechnical parameters of soil on the Factor of 

Safety 

Changes in soil geotechnical properties, such as water parameters (moisture content, 

Pore water pressure, permeability) and shear strength parameters (cohesion and 

friction angle), affect soil slope stability (Roy and Bhalla, 2017; Wang and Li, 2025). 

The change in slope stability occurs by affecting the equilibrium between the resistive 

and driving forces of failure (Al-Bared et al., 2019). In limit equilibrium analysis, the 

FoS represents the ratio of the strength of the soil material resisting failure to the 

stresses acting on the soil that drive failure (Harabinova and Panulinova, 2022). The 

FoS is increased and decreased by each of the geotechnical properties of soil 

differently. This section describes how each geotechnical property of soil affects the 

soil FoS, which, in turn, determines the stability of the slip slope. 

2.5.1. Water parameters (moisture content, pore water pressure, and permeability) 

An increase in soil cohesion increases the FoS of the soil slope by increasing the 

resistive force against the stress that poses failure. This is because cohesion 

increases the stickiness between soil particles, thereby enhancing the soil's resistance 

to sliding (Harabinová and Panulinová, 2020). Friction angle influences the FoS in the 

same way that soil cohesion does. An increase in the friction angle increases the FoS.  

This is because the friction angle increases the strength that resists failure 

(Harabinová and Panulinová, 2020).  

2.5.2. Shear strength parameters (cohesion and friction angle) 

Porewater pressure also significantly affects the FoS; an increase in porewater 

pressure reduces the soil slope's safety factor. This is because the pore water 

pressure reduces the effective stress, which therefore affects the shear strength of the 



43 | P a g e  
 

soil, causing the driving force to slope failure to surpass the strength of the soil (Arya 

et al., 2020; Perri et al., 2012). The unit weight moderately affects the safety factor of 

the slope (Xu, 2025). This suggests that it influences both the shear strength of soil 

and the shear stresses in soil, thereby determining the FoS, rather than other 

geotechnical parameters that affect either shear strength or shear stress. Generally, 

an increase in unit weight by a considerable amount reduces the FoS, whereas a 

decrease in unit weight by a significant amount reduces it (Xu, 2025). However, a slight 

change in soil unit weight does not result in a substantial change in the FoS. This is 

because an increase in unit weight represents an increase in Bulk density 

(mass/Volume) of tailings, which increases the gravitational forces that pull down the 

slope, reducing its stability (Xu, 2025).  

 2.6. Conclusion 

This chapter reviewed the geotechnical properties of tailings affecting the stability of 

tailing dam facilities and how they influence the stability of TSF. Various methods of 

tailing dam construction were examined, and a brief explanation of how each method 

affects TSF stability was provided. The literature on how each geotechnical parameter 

of soil affects the soil slope stability was undertaken, which represents the same way 

the geotechnical parameters of tailings affect the tailings stability. The standards and 

methodology used to analyse each geotechnical parameter of tailings through 

experimental testing are outlined in the following chapter. 
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Chapter 3 Research Methodology 

3.1. Introduction 

This chapter describes the procedures and standards used for field sample collection. 

It also describes the methods used in the experimental analysis of geotechnical 

parameters of tailings that affect the stability of tailing storage facilities. The collected 

tailing sample was prepared and used for an experimental study of TSF stability. The 

geotechnical test procedures were followed to analyse geotechnical parameters, 

including moisture content, pore water pressure, shear strength, particle size 

distribution, and permeability. The experimental procedure was based on analysis 

standards, such as SANS and ASTM standards, to ensure accurate results. The limit 

equilibrium method (LEM)  used for slope stability analysis was described in detail in 

this chapter. 

3.2. Sample collection 

Tailings samples were collected from the field in a tailing dam that is no longer actively 

being continuously pumped with tailings slurry.  The samples were collected from the 

TSF of the copper mine located in Limpopo, specifically in the Phalaborwa area, as 

indicated in Figure 1.1 in Chapter 1. Due to current site restrictions, the samples were 

collected on the East and West sides of the TSF. The tailings were sampled as solid 

dry tailings, and a 100 kg sample was collected and sent to the University of South 

Africa’s laboratory for further analysis of geotechnical parameters. The tailings 

sampling method used is grab sampling, which allows bulk sampling at one or more 

points across the tailings dam to obtain a representative sample of the TSF. Figure 

3.1 shows the samples collected in sampling bags. The 100kg samples were stored 

in multiple bags to facilitate easy transport to the laboratory for analysis. 
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Figure 3.1: Illustrating the samples collected and stored in plastic sampling bags 

3.2.1. Sampling procedure 

The samples were collected using a shovel to scoop the tailings. The first step in the 

field was to mark the four points where tailings samples were collected. The shovel 

was used to dig the tailings into loose grains. This was done to ensure that the tailings 

could be stored easily and efficiently. The shovel was used to scoop the tailings, which 

were then poured into sample bags. The exact process of tailings sample collection 

was undertaken across all four points marked on the East and West sides of the TSF. 

The Sampling bags were then tightly closed using a cable tie to retain field moisture 

and were ready for experimental analysis. Figure 3.2 illustrates the sampling bags, 

which are collected and tightly sealed. This was done to retain field moisture and 

achieve accurate moisture results, which were analysed in the laboratory.  The 

sampling bags are numbered according to the direction of the site where they were 

collected. 
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Figure 3.2: Samples in a tightly closed sampling plastic bag 

 3.3. Experimental procedures  

The experimental procedures involve laboratory tests to analyse the geotechnical 

parameters of the tailings’ samples. To ensure experimental accuracy, all laboratory 

testing was conducted in strict accordance with relevant standards. All testing 

apparatuses underwent routine calibration prior to the testing program to minimise 

systematic errors. To ensure the reproducibility of the experimental data, triplicate 

tests were performed for each geotechnical characterisation experiment. 

3.3.1. Optimum moisture content (MOC) and Maximum dry density (MDD) 

The determination of the maximum dry density and optimum moisture content was 

undertaken in accordance with the South African National Standard (SANS) 3001-

GR30. The first step was to weigh the pan before pouring the tailings. Tailings samples 

were milled into fine-grained sizes that can pass a 20mm sieve. This was undertaken 

to achieve a desired particle size of the tailings sample that can be perfectly 

moistened. The tailings were placed in a pan, and the combined mass was measured 

with a scale and recorded to determine the mass of the tailings separately. Figure 3.1 

illustrates the mass weighing of an empty pan and the weighing of tailings using a 

scale.  
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Figure 3.3: Measuring the weight of the pan and the tailings mass 

The maximum sieve size diameter used is 20mm to achieve fine-grained tailings that 

can be easily moistened. The sample was divided into three specimens by riffling to 

provide the test sample.  The three specimens had a range of moisture content, with 

the first below the optimum moisture content (OMC), the second above, and the third 

close to OMC.  

The required volume of tap water was measured using a measuring cylinder. 

Thereafter, the water was poured into an empty sprinkler bottle, and the quantity was 

measured. The water from the sprinkler bottle was sprinkled onto the tailings whilst 

mixing them with water using a trowel until OMC was reached. The OMC was reached 

by sprinkling water onto the tailings sample until the tailings could be readily pressed 

together by hand into a lump without crumbling. A spongy feeling indicates that the 

moisture content is above OMC. The volume of water remaining in the sprinkler bottle 

was measured. This was done to calculate the volume of water required to be sprinkled 

into a tailings sample to reach its OMC. The sample was placed in a sealable 

container, covered with a cloth, and tightly sealed for 40 minutes to reach its OMC. 

Therefore, the OMC was recorded. The tailing specimen was immediately placed into 

a cylindrical mould and compacted.  

The compacted dry density was estimated and recorded. The procedure was repeated 

for specimens two and three, and the average OMC and dry density were recorded. 

The optimum moisture content was alternatively estimated by plotting moisture content 

versus dry density.  The tailings were compacted under various moisture contents in 

a proctor test. The point on the graph at the peak represents the maximum dry density, 
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and the point where the moisture content reaches the peak MDD is called the optimum 

moisture content. The graph in Figure 3.4 illustrates the OMC where the MDD reaches 

its peak.             

 

Figure 3.4: A graph illustrating the OMC at peak MDD 

3.3.2. Atterberg limits tests 

The Atterberg limits tests are the basic measure of consistency of fine-grained soil 

used to determine changes in moisture state from liquid to solid. These tests were 

initially developed by Atterberg in 1910 and modified in 1927 (Kalian, 2017). The liquid 

limit (LL) test and the plasticity test were the two Atterberg limit tests performed to 

determine the consistency of the tailings. 

Determination of the liquid limit  

The liquid limit test was conducted using the two-point method in accordance with 

SANS 3001-GR11. Figure 3.5 depicts the apparatus used for the liquid limit test, such 

as the Casagrande tool and the grooving tool.  
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Figure 3.5: Liquid limit apparatus: (a) numbered tin, (b) grooving tool, and (c) Casagrande tool. 

Several steps were taken to prepare the Casagrande tool used for testing the liquid 

limit. The calibrated plate was used to adjust the bowl's height to ensure proper 

rotation of the Casagrande tool’s handle. The calibrated plate was placed on the 

rubber base of the liquid limit device, and the bowl was allowed to rest on top of it. The 

hinged support was moved until the cam raised the bowl free of the plate on rotation.   

Sample preparation was carried out after the equipment was set up. The material 

passing 0.425mm and 0.075mm sieves was prepared according to SANS 3001-GR1. 

A tailings mass of 60g was placed into a mixing dish and weighed. A small amount of 

tap water was added as specified in SANS 241 and 242 to a sample using a wash 

bottle to ensure proper mixing, forming a stiff consistency that flows together at 25 to 

30 blows after grooving in a Liquid Limit device, as depicted in Figure 3.6. The tailings 

and water mixture was mixed for 10 minutes.     
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Figure 3.6: A mixing bowl with a tailings specimen and a washer bottle to form a tailing paste 

The moist tailings were placed in the brass bowl of the LL device, filling it to the mark. 

The tailings were mixed slightly in the bowl to form a tailing paste, then flattened and 

spread in the Casagrande bowl. The tailings were flattened with a few strokes to avoid 

moisture being drawn to the surface of the brass.  A groove was cut, separating the 

tailings pastes into two portions. The Casagrande tool was used to perform at least 15 

strokes, and the liquid limit was determined and recorded. The liquid limit is 

determined by the number of strokes that were performed to close the groove between 

the two portions of tailing paste in a bowl.   

 

Figure 3.7: An image illustrating a groove made using a Casagrande tool 

Determination of Plasticity Limit 
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ASTM D4318 is the standard used for determining the plasticity limit. The sample was 

prepared by mixing the tailings with water to form a tailing mould into a ball shape. A 

flat table was used to make a tailing thread with the hands from a ball-shaped tailing 

mixture. The thread was constructed to 3mm before it crumbled to determine the 

tailings' moisture content. The plasticity limit of tailings was determined and recorded. 

3.3.3. Triaxial tests for Shear strength and pore water pressure  
 

A triaxial test was conducted to analyse the shear strength and porewater pressure 

under a consolidated undrained condition. The consolidation conditions were met to 

ensure the sample was compacted under pressure for accurate measurements of the 

stress that the tailings can withstand. Undrained conditions were met during the 

pressure buildup in a triaxial tube for pore water pressure analysis.  

Shear strength parameters, such as adequate strength, were determined in 

accordance with British Standard (BS) 1377 Part 8, which is an ASTM standard for 

saturated soil under undrained, consolidated triaxial conditions. The pore water 

pressure was measured using the same test procedure as the pressure of undrained, 

saturated tailings build-up, after the consolidation stage. The test was conducted to 

determine shear strength parameters and measure pore water pressure under 

undrained, consolidated conditions. The standard used for the determination of pore-

water pressure under the undrained consolidated undrained triaxial test is ASTM BS 

1377-8. 

The first step before the actual triaxial tests was sample preparation. The diameter 

and the height of a remoulded specimen were measured. A demoulded soil specimen, 

38 mm in diameter and 76 mm in height, was used, and it was trimmed to the required 

dimensions. The sample was weighed, and its mass was recorded. The weight, height, 

and diameter of the tailings were used to calculate their initial volume.  A filter paper 

and porous discs were placed on top of and below the specimen. The last step was to 

encase the specimen in a rubber membrane using a membrane stretcher, which was 

secured with an O-ring, and the specimen was then placed in a triaxial cell. Figure 3.8 

shows a demoulded tailing specimen being weighed on a scale to determine its mass 

just before saturation, for easier comparison of the mass before and after saturation.  
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Figure 3.8: A tailing specimen prepared and weighed mass 

After the sample was prepared, it underwent a saturation stage. The purpose of the 

saturation stage is to fill the voids in the tailings with water, thereby creating a pressure 

buildup within the tailings' pore spaces. A small confining pressure of 20 kPa was 

applied, with the back pressure incrementally increased. The cell and back pressure 

were maintained at a pressure difference of 5-10 kPa. A B-value, also known as 

Skempton's pore pressure parameter, was allowed to reach 0.95, where a B-value is 

equivalent to the ratio of ∆u/∆σ (change in pore pressure over change in cell pressure) 

The consolidation stage followed the saturation stage, which involves exerting 

confining pressure on the sample while keeping the back pressure constant to bring it 

into an in-situ stress condition. The desired adequate confining pressure (σ'3) was 

applied to the tailing specimen, and the specimen was allowed to drain (valves open). 

This was done to consolidate the specimen under isotropic conditions, with careful 

monitoring of volume change and pore pressure to ensure the final stage of 

consolidation was achieved. The tailings' grain size determined the consolidation 

duration. 

The Shearing stage is the final stage of a triaxial test, maintained under undrained 

conditions. This is the failure-inducing stage, in which the axial load is increased in a 

tailing specimen while maintaining a constant confining pressure until it fails. The 

drainage valves were closed to prevent water from escaping. Axial load was applied 

at a constant strain rate (typically 0.1 to 0.5).  Figure 3.9 depicts triaxial testing 

equipment used to analyse shear test parameters under undrained, consolidated 

conditions. 
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Figure 3.9.: Illustrating a triaxial test equipment  

The device recorded axial load, Axial strain, and Pore water pressure, and the test 

continued until a peak deviator stress was reached. Three tests were conducted at 

varying confining pressures to determine effective stress parameters. The details on 

sample identification (type, size, condition), saturation information (B-value, back 

pressure), confining pressure (σ3), and shear rate were documented. The shear 

strength was calculated using Equations 3.1. 

τ = c + σ ′.tan φ       3.1 
 

Where τ : shear strength; σ ′: effective normal stress, and φ friction angle 

Graphs of the stress-strain curve, pore pressure versus strain, Mohr circles, and the 

values of c and φ were drawn from the information recorded on deviator stress and 

pore pressure at failure. These graphs will be presented in Chapter Four.  

 

3.3.4. Pore water pressure of tailings 
 

The tailings pore water pressure was determined using a theoretical hydrostatic 

calculation using Equation 3.2. The unit weight of water and the water depth were 

used to calculate the pore water pressure. The depth of water was measured. 

u = 𝛾𝑤 ⋅ h         3.2 

where “u” denotes the pore water pressure; 𝛾𝑤: the unit weight of water, and h is the 

height of the water column. To determine the depth of water in the field, the reference 

elevation was established in a tailing dam, and the piezometer was calibrated 
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(zeroed). The piezometer was then inserted in a borehole drilled. The then depth was 

recorded, and the calculations were made. 

 

 3.3.5. Permeability/ hydraulic conductivity 
 

Permeability was determined using a constant-head falling-head test in accordance 

with ASTM D2434-68, as the tailings have a coarse texture. The apparatus, including 

permeameters, Monometer outlines, monometer outlets, a porous disk, a specimen 

compacter, and vibrator tubes, was used. The aforementioned apparatus was 

prepared to meet specific conditions before the test commenced. 

The permeameter specimen cylinders with a minimum diameter of approximately 8 or 

12 times the medium fine sand particles size. The permeameter was fitted with a 

porous disk at the bottom, which had a permeability greater than that of the soil 

specimen, to prevent particle movement. The length of the manometer outlets for 

measuring the loss of head is equivalent to the diameter of the cylinder and a porous 

disk with a spring attached to the top plate. The diameter of a special cylindrical spout 

of 25 mm for 9.5 mm max size particles and 13 mm for 2.00 mm max size particles 

was measured, and the spouts were fitted in a large funnel. A vibrating tamper was 

equipped with a 51 mm-diameter tamping foot. Additionally, a sliding tamper was 

equipped with the same size tamping foot and included a rod for sliding weights of 100 

g, specifically designed for use with sand. This rod allows for an adjustable drop height, 

which can be set to 102 mm for sand applications. Figure 3.10 illustrates a manometer 

used for permeability testing. 



55 | P a g e  
 

 

Figure 3.10: A manometer with tubes and a recording device 

Other conditions were met to prepare for the laminar flow of water through granular 

soils under constant-head conditions. The flow was maintained continuously, with no 

change in tailing volume throughout the test. The flow was made with the tailing voids 

saturated with water, and no air bubbles in the tailing voids. Flow was undertaken in 

the steady state with no changes in hydraulic gradient, and direct proportionality of 

flow velocity with hydraulic gradient below specific values, at which turbulent flow 

starts. A sample for testing, approximately twice the amount required to fill the 

permeameter chamber, was selected by the quartering method. Sample preparation 

involved air-drying a representative granular tailing sample containing less than 10% 

of the material passing the 0.075mm sieve, equivalent to an amount sufficient to satisfy 

the requirements of sieve analysis. Any particles larger than 19 mm were separated 

by sieving and excluded from the permeability test. However, the percentage of 

oversize material was recorded and selected using the quartering method.  

The cross-sectional area of the specimen was calculated. A small portion of the 

sample selected was taken to determine water content. The weight of the remaining 

air-dried sample was taken and recorded for unit weight determinations. The prepared 

soil was placed in uniform, thin layers of equal thickness after compaction to a 

maximum particle size of 15 mm.  

The tailings were thoroughly mixed in the pan for each successive layer to minimise 

segregation that could occur when removing tailings from the pan. A scoop was used 

to evenly distribute the tailings by sliding a scoopful in a nearly horizontal position 
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along the inside surface of the device down to the bottom layer. The scoop was then 

tilted and drawn toward the center in a single, smooth motion. This technique allowed 

the soil to flow from the scoop in a windrow without segregation. The permeability 

cylinder was rotated sufficiently for the next scoopful, ensuring that the process 

continued around the inside perimeter to create a uniformly compacted layer with a 

thickness matching the maximum particle size. 

Successive layers of tailings were compacted to the relative density of 2116kg/m3 by 

appropriate procedures, as follows, to a height of about 2 cm above the upper 

manometer outlet. The Minimum Density and the Maximum Density are 0% and 100% 

Relative Density, respectively.  Compaction was performed using a vibrating tamper 

to thoroughly compact each layer of tailings and distribute the light tamping action 

uniformly over the surface of the layer in a regular pattern. The pressure of contact 

and the duration of the vibrating action were such that each spot should not cause soil 

to escape from beneath the edges of the tamping foot, thereby tending to loosen the 

layer. A sufficient number of coverages were made to produce maximum density, as 

evidenced by practically no visible motion of surface particles adjacent to the edges of 

the tamping foot.  Each layer was compacted by sliding a weight tamper, which was 

thoroughly tamped with blows to distribute the weight uniformly across the layer. The 

drop height was adjusted to provide sufficient coverage and achieve maximum 

density. The permeability test tool is illustrated in Figure 3.11. 

 

Figure 3.11: A permeability test procedure 
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The flow quantity measurements were delayed and heated until a stable head 

condition was achieved. This was done without appreciable drift in water manometer 

levels. The time t, the head h (the difference in level between the manometers), the 

flow rate Q, and the water temperature were measured and recorded. The test runs at 

heads were repeated, increasing the head by 0.5 cm, to accurately establish the region 

of laminar flow and the velocity, which is directly proportional to the hydraulic gradient. 

Turbulent flow conditions were reached when departures from the linear relation 

became apparent at 1-cm intervals of head. After the permeability test, the sample 

was inspected to ensure there were no visible defects, such as cracks or preferential 

flow paths, which could have affected the test results. Calculations of the coefficient 

of permeability were made thereafter. The calculation was made following the 

hydraulic conductivity equations as follows: 

K=
𝑄

𝐼𝐴
          3.3 

I=
∆ℎ

𝐿
          3.4 

V=
𝑄

𝐴𝑡
           3.5 

𝑄=KA
ℎ

𝐼
         3.6 

3.3.6. Particle size distribution (PSD) 

Sieve analysis is the test conducted to determine the size distribution of tailings 

particles. Hydrometer analysis was performed after sieve analysis to quantify the 

results obtained through particle size distribution analysis. Sieve analysis was 

undertaken in accordance with SANS 3001-GR2. 

 A sieve set complying with SANS 3310-1, featuring diameter sieve sizes of 100𝝁m, 

75𝝁m, 63𝝁m, 50𝝁m, 28𝝁m, and 20𝝁m, along with a pan and cover, was used. The 

sieves were arranged in order of size in accordance with SANS 3001:2002, starting 

with 100𝝁m, 75𝝁m, 63𝝁m, 37.5𝝁m, 28𝝁m, and 20𝝁m, and, lastly, the pan and lid. 

Figure 3.12 depicts the sieve arrangement according to the required standard sizes 

for the PSD analysis test. 
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\  

Figure 3.12.: Sieve size arrangement according to SANS 3001 gr2 

The sample was prepared by drying the field tailing sample (Figure 3.13). Tailings 

containing field moisture were dried overnight (24 hours) to remove excess moisture, 

enabling easy handling in an oven.  

 

Figure 3.13: Drying the tailings in the oven overnight 

The sample was weighed, and the mass was recorded to the nearest 1 g. The test 

sample was then sieved using a mechanical shaker. Excess fine particles adhering to 

the aggregate were removed with a hard-bristle brush. The tailings remaining in each 

sieve were weighed and their mass recorded to the nearest 1g. The fraction of the test 

sample passing a 20 𝝁m sieve was then riffled several times until the required tailings 

size was obtained. The tailings passing the 20 𝝁m sieve were sieved again through 

the 14 𝝁m and 5 𝝁m sieves using a pan and a cover. Any fine material adhering to the 

sieve's sides was removed using a brush. The tailing passing 5 𝝁m was further sieved 
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using 2 𝝁m. The readings were taken, and the percentage passing was calculated. 

The percentage retained for each sieve is initially calculated, followed by the 

cumulative percentage, and lastly, the % passing. 

The calculation of the percentage of passings was done using equations 3.7 to 3.9 

% retained= 
𝑤𝑒𝑖𝑔ℎ𝑡 𝑟𝑒𝑡𝑎𝑖𝑛𝑒𝑑 𝑜𝑛 𝑡ℎ𝑎𝑡 𝑠𝑖𝑒𝑣𝑒

𝑡𝑜𝑡𝑎𝑙 𝑠𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡
       3.7 

% cumulative sum of %retained on that sieve and all coarse sieves   3.8 

% passings= 100%- cumulative retained percentage     3.9 

3.3.7. California bearing ratio (CBR) 
The purpose of the CBR test was to determine the bearing capacity of tailings to carry 

the overburden load of tailings deposited on top of them. The standard used for CBR 

analysis is SANS 3001.GR40: 2013. A cylindrical mould made of corrosion-resistant 

steel, with an inner diameter of 152 mm and a height of 152 mm, is used for CBR 

analysis in the laboratory. The mould also includes a detachable extension collar that 

is at least 70 mm high and a base plate. Figure 3.14 depicts a cylindrical mould filled 

with a tailing specimen  

 

Figure 3.14: An image of a cylindrical mould with tailings 

A circular spacer plate, made of corrosion-resistant steel, 25 mm thick, and of a 

diameter that just fits inside the mould, was selected. A compression testing machine, 

with a total capacity of at least 55 kN, capable of penetrating at a rate of 1.0 
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mm/minute, and equipped with a force-indicating device, was used. The sieves that 

comply with SANS 3310-1 or SANS 3310-2 were selected as applicable, which are 

200 mm in diameter with nominal aperture sizes of 5 mm and 2 mm.  A dial gauge, 

with a travel of at least 25 mm, reading to two decimal places of a millimetre, was also 

prepared.  

The sample was prepared for the CBR test. The required sample size was measured, 

and the sample was graded accordingly. The sample was then placed in a sealed 

container as described in SANS 3001-GR30 for MOC and MDD.  

The first step of the CBR test involved measuring the moisture content of the tailings. 

Two representative samples of approximately 1000 g were taken from the test sample 

using a scoop to determine the initial moisture content, as described in SANS 3001-

GR20. The optimum moisture content determined in SANS 3001-GR30 was used. 

Data from the maximum dry density (MDD) test procedure mentioned in SANS 3001-

GR30 above, and the test sample's initial moisture content. The calculated equivalent 

water volume (VW) was added to achieve the optimum moisture content (OMC). A 

measuring cylinder was used to measure the water volume, which was then poured 

into an empty sprinkler bottle.  

The test sample was removed from the sealed container and placed in the mixing 

basin. The remaining water from the sprinkler bottle was added gradually to the 

sample, whilst mixing thoroughly with the trowel to ensure a homogeneous mixture. 

The test sample was covered with a moist cloth and allowed to stand for 40 minutes. 

The test sample provides sufficient material for the compaction of three specimens, 

including moisture determination. The second step involved compacting the tailings 

into three specimens. The test material for the compaction of three specimens, A, B, 

and C, was prepared. A test sample with OMC moisture content was prepared. The 

three specimens were compacted using the standard MDD effort and two reduced 

efforts to produce a range of densities from 93% to 100% of the MDD. If the moisture 

content after soaking is required, the mass of the wire gauze was determined, and the 

soaking base plate was perforated. 

Specimen A  

The compaction test procedure for specimen A involved several steps. First, the test 

sample was thoroughly mixed to ensure an even moisture content. Next, a mould was 
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weighed, and the mass (MMA) was recorded to the nearest gram (1 g). A paper disc 

was placed in the mould on the spacer plate, and specimen A was compacted with a 

total of 55 blows for each of the five layers. Additionally, a representative sample of 

approximately 1000 grams was taken from the remaining test sample in the large 

mixing basin, and the moisture content (WC2) was determined. 

Specimen B  

The test procedure for specimen B began with thoroughly mixing the remaining test 

sample before its preparation. The mould was then weighed, and the mass was 

recorded. A paper disc was placed in the mould on the spacer plate, and specimen B 

was compacted. The compaction process involved applying 22 blows per layer. 

Additionally, a sample of approximately 1000 grams was taken from the remaining test 

sample in the large mixing basin, and the moisture content (WC2) was subsequently 

determined. 

Specimen C 

The test procedure for specimen No. C involved thoroughly mixing the remaining test 

sample before preparing specimen C. The mould was weighed, and the mass (MMB) 

was recorded to the nearest gram. A paper disc was placed in the mould on top of the 

spacer plate, and then specimen B was compacted. The compaction process 

consisted of applying 11 blows for each of the five layers. 

Each specimen (A, B, and C) was prepared, and the density after compaction was 

determined as described previously. Any material adhering to the collar was removed 

with a spatula. The next step involved loosening the collar by gently turning it and then 

carefully removing it from the mould, taking care not to disturb the material above the 

mould. After removing the collar, it was important to ensure the material protruded by 

5-15 mm above it. Any excess material was then carefully cut off using a steel 

straightedge. The straightedge was held nearly flat while scraping along the top edge 

of the mould to ensure the compacted material was level with the mould's top. Finally, 

a sieving test was conducted on the excess material remaining in the basin. A 5 mm 

sieve was used to spread the material that passed through the sieve over the trimmed 

surface of the specimen. 
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An old straight-edge was used to hammer down the spread material, levelling off the 

top surface of the specimen evenly. This procedure was repeated until a smooth 

surface, even with the top of the mould, was achieved. The process was then repeated 

using material screened through a 2 mm sieve for tailings to create a dense final 

surface. After compacting, the mould containing the specimen was removed from the 

spacer and base plate. The mass of the specimen was weighed and recorded to the 

nearest gram. 

The third step involved soaking and swelling of the tailing’s specimen. The following 

steps were carried out: a paper disc, wire gauze, and a perforated soaking base plate 

were placed on the prepared and levelled surface of each specimen. The lock nuts 

were tightened to attach the perforated soaking base plate to the mould, and then the 

mould was inverted. This was done so that the surface of the specimen, which had 

been in contact with the spacer plate, was now facing upwards and positioned on the 

surface to be penetrated. Next, a circular soaking weight with an adjustable stem was 

placed on the paper disc, which sat on the surface of the compacted specimen. The 

assembled mould containing the specimen was then transferred to the soaking tank, 

where the specimen was submerged in the soaking weight. The level of Class II water 

in the soaking tank rose to approximately 10 mm above the top of the mould, ensuring 

that the top surface of the soaking weight remained above the water level in the tank. 

The tripod was placed on the rim of the mould, with the dial gauge resting on the stem 

of the soaking weight to measure the swell. One tripod foot was placed on the 

reference mark. The tripod was slightly moved until a maximum reading was obtained.  

A reference mark on the mould rim was placed to maintain the tripod's position during 

all readings. An initial dial gauge reading was taken, and the stem was adjusted on 

the soaking weight to give an initial reading. Recording of the value as the initial swell 

reading was undertaken to the nearest two decimal places, and the dial gauge was 

checked as set up to verify if it has sufficient travel to measure a swell of up to 10 mm. 

The second swell reading was taken 96 hours after the first.  

The bearing test was the last step, which involved the actual California bearing testing 

of the specimen. After the soaking period, the mould assembly was removed from the 

wet tank. The excess water was poured off by holding the mould at a downward angle 
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for 30 seconds, whilst keeping the soaking weight in place. The mould was placed 

upright on a grid or layer of stone chips, allowing free drainage for 15 minutes.  

The next step was to remove the soaking weight and place the mould, containing the 

specimen and perforated soaking base plate, in the compression testing machine. The 

ring-shaped surcharge weight was then placed on the surface of the specimen to be 

penetrated.  The specimens were penetrated at a steady rate of 1,0 mm/min to a total 

penetration depth of 9 mm. The aforementioned procedure was performed on all three 

specimens. The penetration procedure was automatically executed by selecting the 

required penetration rate and reading intervals.  Penetration data was recorded as the 

last step of the procedure  

3.4. X-ray fluorescence (XRF) 

The purpose of the test was to determine the mineralogical composition of the tailings. 

An X-ray fluorescence tool that emits X-ray radiation to detect the mineral constituents 

in a material was used to detect the occurrence of minerals in the tailing specimen.  

The first step was to sieve the dried tailings through a 0.125mm sieve to achieve fine-

grained tailings. The sample was divided into three specimens, and 3g of each sieved 

tailings specimen was weighed using a scale. Weighing involves measuring the pan's 

weight and adding 3g to it. Three specimens of tailings were prepared by placing three 

grams of fine tailings passing a 0.125mm sieve into an XRF container. The XRF 

container was tightly sealed with a plastic and a ring seal for proper X-ray beam 

radiation penetration and circulation of atoms within the tailing’s specimen.  Figure 

3.15 shows the tailings specimen being placed into an XRF container in preparation 

for an XRF test for mineral composition analysis. 
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Figure 3.15: Illustrating the placement of tailings into the XRF test container in preparation for the XRF test 

The XRF tool was switched on, and the mineralogy test option was selected; therefore, 

the XRF test was performed as depicted. The test procedure involved holding the XRF 

tool, pointing it directly at the XRF container containing the tailings specimen, and 

pulling the trigger to irradiate the tailings specimen with the X-ray beam. The XRF test 

conducted is illustrated in Figure 3.16 

 

Figure 3.16: XRF test results for mineral composition analysis on tailings 

The elements of the tailings’ specimen were digitally displayed on the tool, and the 

tailings' mineralogy was recorded. The test was repeated for the remaining two 

specimens, and the results were recorded and compared. 

3.5. Limit equilibrium analysis 

Limit equilibrium was performed using Slide 2 RocScience software. The geotechnical 

analysis method used for slope stability analysis is the limit equilibrium method. This 

method was selected due to its time efficiency when modelling, compared with other 

numerical methods such as Finite Difference method (FDM), Finite Element method 
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(FEM), and Boundary Element Method (BEM). The Limit Equilibrium Method (LEM) 

provides accurate factor-of-safety results, which align with the objectives of this study. 

The analytical method was undertaken specifically to determine the FoS of the TSF 

and to quantify the results of experimental analyses of other parameters that 

determine deformation, such as the triaxial tests in Chapter 4. The LEM is the proper 

tool for determining the FoS as compared to the aforementioned numerical modelling 

method. The model was run using three Limit Equilibrium Methods to obtain accurate 

results. The three Limit Equilibrium methods used include Bishop's simplified method, 

Janbu's simplified method, and Spencer's method. The tailings are assumed to obey 

the Mohr-Coulomb (MC) criterion of the LEM. The FoS was determined based on input 

parameters obtained from the experimental analysis. Each parameter was 

subsequently increased and decreased by two to observe fluctuations in the FoS. The 

model was run, and therefore, the FoS under the increased parameter values was 

determined. A similar process was repeated, with the geotechnical parameters 

reduced to compare the FoS when each parameter is low versus when it is high. This 

process was undertaken to study the impact of variation in the values of each 

geotechnical parameter of tailings on the FoS. The input parameters, including tailing 

cohesion, friction angle, unit weight of tailings, and pore water pressure, were utilised. 

The 2-dimensional geometry was drawn using Slide 2, incorporating the dimensions 

of the actual tailing dam, including the length and height of the benches and the TSF's 

overall elevation. The elevation of the tailing dam is 60 m, the height of each bench in 

a tailing dam is 18 m, whereas the width of each bench is 25 m. The steps undertaken 

to perform the simulation are illustrated in the flowchart in Figure 3.17. 
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Figure 3.17: A flow chart summarising the procedure for LEM analysis 

The steps undertaken in the LEM analysis are thoroughly explained in the flowcharts 

shown in Figure 3.17. The steps undertaken in the analysis are as follows: 

1. Creating a geometry by selecting the geometry tab, then adding a boundary. 

This allows for a free sketching of the TSF geometry. 

2. The geometry was drawn following the actual dimensions of the TSF 

Create geometry 

Select a geometry tab to add the boundary by drawing TSF 

geometry 

Set the project setting 

Set the failure direction from left to right,  

set the groundwater parameters such a PWP 

Select slip surface 

Select a circular slip failure surface 

Select the analysis method 

Bishop simplified, Janbu simplified and Spencer 

Define material property 

Set the unit weight of tailings, water table, and Mohr-Coulomb 

parameters 

Input geometry parameters 

Enter the actual TSF dimension and properties 

Run simulation 

Perform stability analysis 
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3. Set the project settings. The project settings involve general settings (failure 

direction). The failure direction is set from right to left because the geometry 

was drawn left-to-right. The pore water pressure was put on the groundwater 

icon under project settings 

4. Set the surface of the geometry to determine the slip surface failure type. The 

circular failure was selected. 
 

5. Set the method of analysis into Bishop simplified, Janbu simplified, and 

Spencer simplified to specify the LEM of analysis. 

 

6. The material properties were defined on the Define Material Tab. The properties 

defined include surface water properties (unit weight of tailings, water table). 

The selected failure criterion is Mohr-Coulomb, with shear strength parameters 

(cohesion, friction angle) added. 

7. The geometry was sketched with the dimensions of an actual tailing dam; all 

the parameters were specified according to the values of each parameter from 

experimental analysis. The analysis method was also set. After all, the model 

was set up, computed in accordance with all the LEMs, and interpreted to obtain 

the FoS.  

The model was rerun to assess the impact of each tailing’s geotechnical property on 

the FoS of the TSF slope. Results for the FoS were recorded after each change in the 

tailings' geotechnical properties.  

3.6. Challenges of the study  

Several challenges were encountered during the data collection for the study. The 

analysis of shear strength parameters required the use of a shear box; however, due 

to limited access to the tool, the triaxial test machine was utilised instead. This choice 

was made because the triaxial test offered greater flexibility, enabling simultaneous 

analysis of parameters such as pore water pressure (PWP) and shear strength. 

Additionally, obtaining the necessary permission letter from the mine for ethical 

clearance took longer than expected, resulting in delays to the study. Securing 

permission to access the tailing dam for sample collection also presented a significant 

challenge.  
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3.7. Concluding remarks 
This chapter has entailed the procedures followed in the experimental analysis of each 

geotechnical property. The standards used to analyse each geotechnical property 

were identified, and the steps followed were detailed.  The geotechnical parameters 

identified in the previous chapter were analysed using various test methods to achieve 

the second objective mentioned in Chapter One. The results of each experimental test 

are presented in Chapter Four, which follows this chapter. 
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Chapter 4 Effect of geotechnical properties of tailings on the stability of 

TSF  

4.1 Introduction 

This chapter presents and interprets the findings of laboratory analysis. The discussion 

focuses on how each geotechnical parameter of the tested tailings affects its stability. 

The debate is presented in comparison with the literature in Chapter Two to 

understand the correlation between the literature and the findings of this study. The 

relationships among various parameters were articulated. The findings presented in 

this chapter are based on the standard laboratory standards followed during the 

experimental analysis. Results on geotechnical properties are presented in graphs, 

charts, and tables. The geotechnical properties tested include optimum moisture 

content (OMC), maximum dry density (MDD), Pore water pressure (PWP), Atterberg 

limits, particle size distribution (PSD), shear strength, California bearing ratio (CBR), 

and permeability (Hydraulic conductivity). This chapter highlights the effect that each 

of these parameters has on the stability of the tailing dam. Other parameters, such as 

the elastic modulus, Poisson's ratio, and unit weight of tailings, were calculated to 

quantify TSF stability results based on geotechnical properties.   

4.2. Geotechnical parameters affecting the stability of TSF 

4.2.1. Shear strength 

The shear strength of the soil was tested using triaxial testing to determine the 

maximum load/force the tailing specimen can sustain before deformation. Shear 

strength parameters from the laboratory experiment results were recorded and 

illustrated in a Mohr-Coulomb chart in Figure (4.1) and a Table (4.2) respectively.  The 

Tables present the shear strength parameters determined in three undrained 

consolidated triaxial tests. 

Figure 4.1 illustrates the relationship between normal and shear stresses, presented 

in Mohr circles of Coulomb. The small triangular, star and circles surrounding the three 

circles of Mohr columb on graph were added to differentiate between the three 

specimens. 
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Figure 4.1: A Mohr-Coulomb circle chart depicting a relationship between vertical (normal) and horizontal (shear) 
stress 

Shear strength parameters were determined using consolidated undrained triaxial 

tests on three specimens. Results showed a friction angle of 31.5° and zero cohesion, 

classifying the tailings as cohesionless silt-sand (SM) under the Unified Soil 

Classification System chart.  Figure 4.1 (Mohr-Coulomb circle) illustrates the failure 

envelopes for the three specimens. Specimen 1 failed at approximately 120 kPa 

normal stress and 90 kPa shear stress, Specimen 2 at 300 kPa for both normal and 

shear stress, and Specimen 3 at 400 kPa normal stress and 250 kPa shear stress. In 

all cases, the failure envelope intercepts the y-axis at the origin, confirming that the 

material is cohesionless. The measured friction angle of 31.5° lies within the typical 

range for silty sands (30°–34%), indicating moderate shear resistance (Ubani, 2022). 

This suggests that while the tailings have sufficient strength to resist sliding under 

moderate loads, their stability relies mainly on interparticle friction rather than 

cohesion. Cohesionless material contains particles that do not adhere to each other 

because they lack the bonding agent (clay/electrostatic, or Van der Waals forces) 

between them. Consequently, stability may be reduced significantly under conditions 

of increased pore pressure or saturation (Hu et al., 2015; Shanmugam, 2016). 

The diagonal failure envelope describes the direct, proportional relationship between 

tailings failure and the stresses acting on the tailings. The normal stress was exerted 
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from 90 kPa to 260 kPa, as depicted on the x-axis (normal stress) from the Mohr-

Coulomb curve in Figure 4.1, which produced a failure envelope. The failure in 

specimen one, represented by 1st circle, began at the normal stress of 100 kPa and 

the shear stress of 65 kPa. The failure is shown at the point where the 1st circle 

intersects the dotted failure envelope line. The shear stress exerted by the principal 

stresses on the material caused the tailings grains to slide against each other, leading 

to failure, as depicted on the failure envelope. 

Specimen number two represents a failure that began at a normal stress of 300 kPa 

and a shear stress of 200 kPa. The failure in specimen number two is defined as the 

initial point at which the second circle touches the failure envelope line. Normal stress 

was exerted from 240 kPa up to 750 kPa. Whereas in specimen number three, the 

failure envelope began at 400 kPa normal stress and 255 kPa shear stress. The 

normal stress on specimen number three was exerted from 300 kPa to 940 kPa.  The 

envelope line begins to touch the y-axis, indicating the shear stress at zero, which 

characterises a cohesionless material (where cohesion equals zero). The tailings are 

non-plastic.   

Shear strength parameters were tested in accordance with the Mohr-Coulomb failure 

theory and the standards described in Chapter 3.  Table 4.1 depicts the shear strength 

parameters that were used to calculate shear strength. Shear strength was calculated 

using equation 3.1 in Chapter 3. 

Table 4.1: Depicts shear strength parameters 

Shear strength parameters 

in Mohr-Coulomb failure  values 

 Si 

units 

cohesion 0.0 kPa 

Internal friction angle 31.50  ° 

effective stress 77.76 kPa 

 

The strength of soil depends primarily on its frictional angle and cohesion. The friction 

angle determines the shear stress at which the soil fails (Liu et al., 2012). The friction 

angle is used to determine the friction shear. 

4.2.2. The relationship between pore water pressure and axial strain 
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Three tailings specimens were analysed to understand the relationship between pore 

water pressure in the tailings and axial strain. Figure 4.1 shows the results of each 

specimen on the response of the pore water pressure when the axial load/strain was 

exerted on it. The small triangles, stars, and circles along the graph lines have been 

added to clearly differentiate between the three specimens. 

 
Figure 4.2: Illustrating the relationship between axial strain and pore water pressure 

The relationship between the load applied to a tailings sample during triaxial testing 

and the resulting stress is illustrated in Figure 4.2. This figure shows how axial 

(vertical/longitudinal) strain affects the pressure within the pore spaces between 

tailings particles. Specifically, it depicts the relationship between pore pressure and 

vertical strain, ranging from 0 to 3 vertical strain and from 0 kPa to 180 kPa pore 

pressure at the beginning of the test. As vertical strain increases in the specimen, pore 

pressure also increases, indicating that pore water pressure is directly proportional to 

vertical strain. This increase in pore water pressure is due to compression between 

tailings particles during an undrained consolidation test.  This results in close particle 

packing, increasing grain-to-grain contact, and reducing pore space. Close packing 

reduces the volume of water between pore spaces, thereby increasing pore water 

pressure. The entire process of transferring stress to the pore is referred to as effective 

stress consolidation (Hueso, 2017).   

At the beginning of the test, pore water gradually escapes, dissipating the pore water 

pressure initially increased by the applied vertical strain.2 As the test progresses, the 

graph in Figure 4.2 shows a decrease in pore pressure, dropping to negative kPa 

values as strain increases. This trend is attributed to ongoing water escape from the 

pore spaces, leading to a sudden reduction in pore water pressure. Notably, there is 
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a sharp decrease in pore pressure between the 2 and 6 strain. Additionally, Figure 4.2 

illustrates a stable relationship between tailings strain and pore pressure over 6% to 

20% axial strain. This indicates that there is no further change in pore water pressure, 

indicating that the system has reached a stable undrained state. The parameters used 

to calculate the pore-water pressure in tailings are shown in Table 4.2. 

Table 4.2: Tailings pore water pressure parameters 

pore water pressure 
parameters     

unit weight  values SI unit 

γw 9.81 kN/𝑚3 

γ 20.76 kN/𝑚3 

Depth of TSF (h) 60 M 

waterhed 5 kPa 

PWP 588.6 kPa 

 

The tailings pore water pressure under undrained, consolidated conditions is 588.6 

kPa. The pore water pressure of tailings was calculated using equation 3.2 in chapter 

3. The tailings have a high PWP, indicating they are saturated. The tailings exhibit high 

pore water pressure, which tends to reduce their effective stress and thereby their 

ability to resist load (Oruabena et al., 2018). This PWP will then reduce the shear 

strength of tailings, thereby reducing tailings and TSF stability and posing a threat of 

TSF failure (Wu et al., 2025). A general tailings pore-water pressure of 588.6 kPa 

indicates a saturated condition, reduced stability, and a high risk of failure (Oruabena 

et al., 2018).  

An increase in pore water pressure decreases the effective stress between tailings 

particles, which therefore reduces the overall strength of tailings and their stability. A 

decrease in tailings strength reduces the tailings stability, which consequently 

increases the chances of TSF failure, as mentioned in the literature in chapter two. 

4.2.3. Effects of moisture content on the stability of tailings 

Moisture content fluctuations affect soil plasticity and swelling characteristics, 

particularly in the presence of fine particles. The plasticity, cohesion, and swelling 

characteristics of soil have an impact on the soil’s stiffness, deformation strength, and, 

consequently, its stability. 
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4.2.3.1. Expansive and plasticity behaviour of tailings  

Figure 4.3 (a) illustrates the expansive character of the tailings, which can be used to 

determine soil stability, while Figure 4.3 (b) illustrates the plasticity behaviour of the 

tailings. 

 

Figure 4.3: Tailing heave characteristics 

The blue dot on a potential expansiveness chart indicates the overall potential for 

tailings expansion. This blue dot corresponds to a tailings sample with a 3% clay 

fraction and a Plasticity Index (PI) of 0%. The low clay fraction signifies that the tailings 

are cohesionless and have a low PI. As a result, the tailings exhibit minimal swelling 

and shrinkage, indicating a low potential for expansion (Barbosa et al., 2023). This 

stability remains regardless of moisture content, whether from rainwater or any 

additional water added to the tailings (Firoozi et al., 2017). The absence of cohesion 

enhances the shear strength of the tailings due to increased frictional interlocking 

among the tailings particles, thereby stabilising the tailings storage facility (TSF) 

(Keaton, 2018). Consequently, the tailings dam remains stable despite variations in 

moisture content. 

Figure 4.3b presents a plasticity chart of the tested tailings, modified from the 

Casagrande chart. The charts reveal that the tailings exhibit low plasticity and low 

cohesion, as indicated by a low liquid limit and a plasticity index of zero. This suggests 

that the tailings are stable, contributing to a stable Tailings Storage Facility (TSF). The 
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plasticity index represents the range of water content over which the soil exhibits 

plastic behavior, meaning the particles adhere to one another. The liquid limit is the 

moisture content at which the soil transitions fr8om a liquid to a plastic state. In the 

chart, the blue dot indicates the category of the tested sample, which exhibits a zero 

liquid limit and a zero-plasticity index. The low plasticity is attributed to the relatively 

low clay and silt content in the tailing sample, which has a significant sand fraction, as 

determined by sieve analysis. According to the Unified Soil Classification System 

(USCS) established by the American Society for Testing and Materials, the tailings are 

classified as silt-clay (SM). The findings from the Particle Size Distribution (PSD) 

analysis were corroborated by hydrometer analysis. 

Figure 4.3b depicts the direct relationship between liquid limit (LL) and plasticity index 

(PI) of fine-grained soil for the general analysis of soil plasticity. An increase in liquid 

limit increases the plastic index of tailings; however, below 20% LL, PI remains 

constant. The tailing plasticity is represented by the blue dot, which depicts tailings 

with PL and LL equal to zero, resulting in a plasticity index of 0. The plasticity index 

was determined using the calculation following equation 3.3 in chapter 3. The blue dot 

is located under an A line, indicating low tailings plasticity and an overall low expansive 

characteristic.  

Soil with a high clay content exhibits expansive behaviour, swelling when saturated 

with water and shrinking when it dries (Lees, 2021). The low-clay fraction of tailings 

exhibits low to no plasticity, and therefore, fluctuations in moisture content will have 

no impact on their swelling and shrinkage properties. The low clay content has a 

negligible influence on the tailings heave, and it will maintain favourable stability 

conditions for the tailings and thereby the stability of TSF. This is because soil with 

less clay content is less compressible, which minimises volume change under loading 

and therefore remains stable under cyclic loading (Firoozi et al., 2017)  

4.2.4. Effects of particle size distribution (PSD)/ on TSF stability  

The greater percentage of particle size fraction in the tailings, as determined through 

a sieve analysis test, is the sand-size tailings particles. The table and the particle size 

gradation curve below indicate that 89% of the tailing’s particles are sand-sized, 7% 

are silt-sized, 3% are clay-sized, and the gravel-sized particles comprise only 1%. The 

tailings consist of a large fraction of sand and a smaller fraction of clay, gravel, and 
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silt, which may negatively affect their stability. This is because particle gradation plays 

a greater role in tailings stability. A well-graded material consists of a mixture of fine 

and coarse materials, where the fine materials act as a binding agent between the 

coarse materials (Vahidi-nia et al., 2024). This will enhance the stability of coarse 

material, unlike tailings, which consist mainly of coarse (sand-sized) particles that 

easily slide over one another under shear stress due to their cohesionless nature (Abu 

et al., 2025). 

Figure 4.4 shows a particle-size distribution curve from a sieve analysis test used to 

determine the cumulative percentage passing of the tailings. 

 

Figure 4.4: Depicts the tailings particle size distribution curve 

The tailings exhibit a grading modulus of 1.04, which indicates a moderate proportion 

of fine to sand-sized particles. This value suggests that the material is fairly graded 

and reasonably well distributed across particle sizes. The presence of a moderate 

amount of fine material is beneficial, as it improves stability and compaction 

characteristics. As previously stated, according to the USCS, the tailings are classified 

as silt–sand (S/M) and are predominantly cohesionless, with sand-sized particles 

predominating. Therefore, the relatively large pore spaces associated with sand-sized 

grains promote adequate drainage, allowing water to pass through easily (Paltseva, 

2024; Wolschick et al., 2021). When favourable drainage conditions are maintained, 

the stability of the tailings and the tailings storage facility (TSF) is enhanced. Moreover, 

under the COLTO classification system, the tailings fall within the G7 category, which 
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reflects a coarse-grained texture and a cohesionless, non-plastic behaviour. This 

classification indicates low compressibility; however, the lack of cohesion may limit 

compaction efficiency (Kolay, 2005), potentially adversely affecting overall stability if 

moisture content and drainage conditions are not adequately managed. 

4.2.5. The determination of Tailings bearing capacity using the tailings 

California bearing ratio (CBR)  
 

A high soil bearing capacity value indicates a soil with high stiffness, typically due to 

high compaction. Soil with high CBR has a high elastic modulus. This is because stiff 

soil usually has higher strength and is stable. Table 4.3 illustrates the CBR value under 

the influence of various compactions for three different moulds in the triaxial test.  

Table 4.3: CBR (%) values from three different tailings moulds named A-C 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 CBR SANS 300-GR-40   

 MOULD A   

Moulding moisture content (%) 3.3 

Dry density (kg/𝑚3) 
2119 

Relative compaction 100.0 

CBR (%) 24 

%swell 0.0 

 MOULD B   

Dry density (kg/𝑚3) 
2010 

Relative compaction 94.8 

CBR (%) 18 

%swell 0.0 

 MOULD C   

Dry density (kg/𝑚3) 

 1904 

Relative compaction 89.8 

CBR (%) 13 

%swell 0.0 
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Mould A has a CBR value of 24% at 100% compaction, resulting in a dry density of 

2119 kg/m³. Mould B, on the other hand, has a CBR value of 18% at 94.8% 

compaction, with a dry density of 2010 kg/m³. Mould C shows a CBR value of 13% at 

a compaction pore pressure of 89.8%, resulting in a dry density of 1904 kg/m³. The 

dry density values were determined from the compaction forces applied during triaxial 

testing, which affect the tailings volume and, consequently, density variations. The 

observed decrease in density, moisture, and compaction from Mould A to Mould C 

correlates with a reduction in CBR value. All three moulds exhibit zero swelling. 

According to COLTO standards, the analysed tailings fall under the G7 classification. 

G7 material tested at a compaction of 93% of MDD with a CBR of 15% or more is 

considered strong. Conversely, any G7 material below 15% at 93% MDD is regarded 

as weak due to its insufficient load-bearing capacity. Table 4.3 indicates a CBR value 

of 16% at 93% dry density, exceeding the 15% threshold and classifying it as a 

medium-strength material under COLTO standards. The CBR value of the tailings 

increased from 13% to 24% with greater compaction effort. This improvement occurs 

because increased compaction reduces the volume of tailings, thereby increasing their 

density and enhancing their CBR value. The tailings exhibit a medium-low average 

bearing capacity, resulting in good stiffness under compaction. High stiffness in the 

tailings suggests a high elastic modulus, indicating strong material properties that 

contribute to stability under load. 

4.2.6. Permeability/hydraulic conductivity of tailings  

This section discusses the results of a constant permeability test and their relation to 

the stability of Tailings and TSF. The parameters used to calculate hydraulic 

conductivity are depicted in Table 4.4. 

Table 4.4: Permeability/ hydraulic conductivity parameters of tailings samples 

Parameters value   Units 

Moisture content 3.5 % 

Flow (ΔV)  170.6 M3/s2 

Max dry density 2116 kg/m3 

Time 00:34:47 h:m:s 

water Head 5.0 kPa 

K 1.49×10−4  cm/s 
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The tailings pore water pressure test was conducted using an undrained triaxial test 

on a tailings sample with a moisture content of 3.5%. The hydraulic conductivity was 

calculated using Equations 3.3 to 3.5 in Chapter 3, yielding a calculated hydraulic 

value of 1.49 × 10-5 cm/s. According to Swiss standards, the coefficient of permeability 

for stable soil should range between 1 × 10-6 and 1 × 10-4 cm/s. The measured 

hydraulic conductivity of the tailings falls within this range, influenced by the tailings 

grains, which are classified as silty sand (USCS). 

This permeability value indicates that the tailings are sufficiently permeable, allowing 

water to pass through their pores, as outlined in Swiss standards in Chapter 3. 

Furthermore, this permeability helps maintain the tailing pore-water pressure at a level 

that does not negatively affect the stability of the TSF. During slurry deposition into the 

TSF, the pore water pressure may dissipate relatively quickly in permeable (coarse) 

tailings, leading to an increase in effective stress and shear strength. However, in fine-

grained tailings with low permeability, pore pressure dissipation is slow, which can 

reduce stability under undrained conditions. The permeability of the tailings was 

compared to the standards outlined in the permeability guideline (SN 670 010b) 

developed by the Swiss in the early 1990s, presented in Table 2.1 in Chapter Two.  

4.2.7. Maximum dry density (MDD) and unit weight of tailings 

The density of tailings measures the mass of tailings per unit volume of tailings 

specimen. Table 4.5 illustrates the MDD and the parameters used to calculate the unit 

weight of tailings. MDD is influenced by compaction and reflects the soil's stiffness. 

Well-compacted tailings are typically dense, making them stiff and high in strength. 

Denser tailings have tightly packed particles, which increase stiffness and reduce 

hydraulic conductivity, thereby enhancing TSF stability (Musbah et al., 2024; Shaheb 

et al., 2021). The maximum dry density of tailings, determined through experimental 

analysis under compaction, is 2116 kg/m³ at an optimum moisture content of 3.5%. 

The maximum dry density is the highest density achievable during compaction when 

there is sufficient water (optimum moisture content) to facilitate particle packing (Ali et 

al., 2024). 

 

The tailings exhibit a unit weight of 20.76 kN/m³, indicating that they consist of dense, 

saturated granular soil composed of well-graded sand-sized particles. A well-graded 
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sand usually has a higher unit weight due to its dense packing. This tends to increase 

tailings compaction and compressibility, reducing percolation of water and improving 

the overall stability of the TSF (Shaheb et al., 2021). The unit weight of the tailings 

influences their compaction characteristics, which, in turn, affects their stiffness and 

strength. A unit weight of 20.76 kN/m³ indicates that the tailings are stable (Musbah et 

al., 2024). However, other geotechnical parameters, such as moisture content and 

shear strength, can also affects stability. 

Table 4.5: unit weight variables 

Unit weight parameters  Value SI Unit  

MDD 2116 kg/m3 

g 9.81 m/s2 

γ 20.76 kN/m3 

 

4.2.8. Elastic modulus of tailings  

Table 4.6 depicts the physical parameters used to calculate the elastic modulus of 

tailings. Effective and vertical strain are the two parameters used to calculate the 

elastic modulus of tailings. The tailings have an effective stress of 77,76 kPa and a 

vertical strain of 0.25, obtained from triaxial tests of tailings shear-strength parameters. 

These parameters were used to calculate the elastic modulus of tailings using 

Equation 3.5 in Chapter 3.     

Table 4.6 Shear strength and elastic modulus parameters 

Calculated 

parameters     

Parameters Values  units 

σ' av 77.76 kPa 

c 0.0  kPa 

φ 

 31.5 ° 

τ 47.66 kPa 

Ɛaxial av  0.61 
 

E 0,31 MPa 

Ɛlateral av 0.25 
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The tailings have an elastic modulus of 0.31 MPa. Earth materials that have a stable 

elastic modulus are those that are stiff enough to resist elastic deformation. The 

tailings have a low elastic modulus compared to the elastic modulus of USCS silty 

sand-sized soil. The low elastic modulus resembles a low stiffness tailing that can 

easily be deformed even under the slightest load (strain) that can be applied to it. This 

tends to reduce the stability of tailings and poses a risk to the stability of the TSF. The 

classification of the elastic modulus of tailings was made by Kezdi (1974) and Prat et 

al. (1995), who classified the elastic modulus of silty sand soil as ranging between 7 

and 12MPa (refer to Table 2.1). 

4.3. Impact of Poisson’s ratio on the tailings’ compressibility behaviour  

The parameters used to calculate the poison’s ratio are presented in Table 4.7. 

Poisson’s ratio was calculated using equation 4.1. 

Pν=
𝜀𝑙𝑎𝑡𝑒𝑟𝑎𝑙

𝜀𝑎𝑥𝑖𝑎𝑙
       4.1 

The tailings have a Poisson’s ratio of 0.41, which represents slightly low compressible 

material. The poisons ratio of this value indicates material that can be easily laterally 

deformed under vertical strain and expands under axial strain (Essien et al., 2014). 

Table 4.7: values used for calculating Poisson’s ratio 

Parameters Values  SI unit 

σ' ava 77.76 kPa 

c 0.00 kPa 

φ 31.5 ° 

τ 47.66 kPa 

Ɛaxial av 0.61 
 

E 0.31 MPa 

Ɛlateral av 0.25 
 

Pν 0.41   

 

The tailings exhibit a high Poisson's ratio, as noted by Kumar Thota et al. (2021). 

Poisson's ratio for soil ranges from 0 (the minimum) to 0.5 (the maximum). Soils with 



82 | P a g e  
 

a high Passion’s ratio tend to exhibit significant lateral deformation relative to axial 

strain. The tailings with a Poisson’s ratio of 0.41 are therefore likely to display a near-

incompressible behaviour with notable lateral strain under loading. 

Highly compressible materials easily deform, which reduces their strength. The tailings 

have low effective stress, a low friction angle, and low compressibility, which 

collectively contribute to the overall reduction in tailings shear strength. The tailings 

have a sand-like texture and therefore exhibit lower compressibility compared to clay 

and silt. However, tailings of the SM grain size are usually compressible. The 

compressible tailings have responded to the strain/load applied during consolidation, 

indicating a volume change.  

 

Figure 4.5 shows the influence of lateral axial strain/load during the consolidation 

stage of tailings on the triaxial test. The graph illustrates the relationship between the 

volume change of tailings over time of consolidation. The sample was divided into 

three specimens to monitor how each specimen behaves under the influence of the 

applied load/strain. The graph illustrates the volume change over time for all 

specimens, ultimately resulting in a negative value. These indicate an intensive 

reduction in tailings volume over time under applied load or strain.  

 

Figure 4.5: Depicts a volume change of tailings in time throughout consolidation 
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4.4. Analysis of mineral composition of tailings 

The mineralogical content of the tailings is known to influence their mechanical 

behaviour; therefore, the mineral constituents were detected using XRF.  Minerals that 

are over one percent include quicklime (calcium oxide), hematite, quartz, 

diphosphorus pentoxide, and manganese oxide. Table 4.8 presents the mineral 

constituents of tailings that exceed 1%. The XRF results for Specimen 2 show only 

Fe2O3, which is more than 1%. 

Table 4.8: depicting high content minerals of tailings 

specimen 1 

  

specimen 2 

  

specimen 

3 

  average% 

mineral % mineral % mineral %   

Fe2O3 21.032 Fe2O3 12.83 Fe2O3 16.414 16.76 

CaO 25.494 CaO 24.677 CaO 25.004 16.83 

P2O5 1.807  P2O5 1.077 P2O5 1.724 1.18 

SiO2 4.013 SiO2  2.987 SiO2 3.332 2.44 

MgO 5.539  MgO  5.101 MgO 5.165 3.57 

 

The tailings consist of a large content of quicklime, which accounts for 16.8%, followed 

by hematite at 16.76%. manganese oxide has 3.57, with quartz content present in the 

tailings of 2.4 %. Diphosphorus pentoxide content in the tailings tested is at a low 

content of 1.1. XRF results revealed a diverse mineralogy; however, most elements 

and minerals exhibited very low concentrations, and therefore only those above 1% 

were recorded in Table 4.8.  This is because the other minerals appear in very low 

content that is as low as 0.007 and therefore does not make much impact on the 

overall mineralogy of the tailings. Quartz is known for its durability characteristics and 

resistance to weathering during rainy seasons (Kumar et al., 2024). A higher quartz 

content in tailings can increase the internal friction angle and shear strength due to the 

hardness, angularity, and resistance to crushing of quartz particles, which enhances 

inter-particle friction and interlocking. 

Diphosphorus pentoxide is a dehydrating agent, which absorbs water, and changes it 

into phosphoric acid, which acts as a binding agent between the tailing’s grains. This 

process reduces the swelling and shrinkage characteristics of tailings. Calcium oxide 
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and hematite act as a binding agent between tailings particles. Calcium oxide has the 

capacity to break clay structures within tailings and flocculate the clay particles that 

bind tailings particles together (Jawad et al., 2014). This may increase compressibility, 

as clay acts as a binding agent, enhancing electrostatic bonds between tailing 

particles. 

4.5 Concluding remarks  

This chapter discussed the geotechnical behaviour of the tailings based on grading 

characteristics, moisture content, pore water pressure, and shear strength 

parameters, among others. The results indicate that the tailings are predominantly 

cohesionless, with 89% of the particles sand-sized. This has mainly contributed to 

TSF's moderate stability. The experimental test results have shown different impacts 

on the tailings. Various geotechnical parameters, such as PWP, moisture content, and 

permeability, affect the shear strength of tailings, thereby determining the stability of 

the tailing dam. These findings provide a basis for the numerical stability assessment 

of the tailing’s storage facility, which is addressed in the following chapter. 
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Chapter 5 Limit equilibrium assessment of the stability of tailings storage 

facilities. 

5.1. Introduction 

This chapter presents the results and discusses the limit equilibrium analysis of the 

tailings dam's stability. This was done through employing a slope stability software 

called RocScience Slide2. Limit equilibrium analysis was performed to determine the 

FoS using the methodology outlined in Chapter 3. The model's input parameters are 

the geotechnical factors presented and discussed in Chapter 4. The simulation 

focuses on the parameters that most significantly control shear strength and stress 

conditions within the tailings, namely cohesion, unit weight, friction angle, and pore 

water pressure. These parameters were varied systematically in the LEM analysis to 

assess their individual and combined effects on slope stability and overall TSF 

performance. 

Table 5.1 presents the input parameters and their amended values. Each parameter 

was increased by 2, and the model was run to calculate the FoS. Subsequently, the 

value of each parameter was reduced by 2, and the model was rerun to determine the 

FoS. The parameters were assumed to have decreased by 2 to assess the effect of 

each parameter at its lower value (as per lab results) on the FoS. The value of each 

parameter was later increased by a constant value of 2 to assess the impact of a value 

higher than the original value of each parameter. The results for all three models, 

corresponding to each parameter, are presented in Figures 5.1-5.5. 

Table 5.1: Input geotechnical parameters used for the simulation 

 

The LEM analysis was initially performed using the original values of each 

geotechnical parameter presented in Table 5.1. Figure 5.1 reveals that the FoS for the 

original parameters, obtained from experimental analysis, is 0.63. The FoS is less than 

1, which represents the unstable slip slope (Bidyashwari et al 2017) 
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Figure 5.1: LEM results obtained from the original values 

Bidyashwari et al. (2017) and Wu et al. (2025) have shown in their studies that a FoS 

less than 1 indicates an unstable slope. In contrast, a FoS greater than 1 indicates a 

stable slope. The TSF has a FoS of less than one, which represents that a driving 

force that is produced by the shear stresses acting on the tailings dam slope is greater 

than the resistive forces (Wu et al., 2025). When shear strength parameters such as 

cohesion and friction angle are low, the tailings material's resistance to failure 

decreases, increasing its susceptibility to failure. On the contrary, when the water 

parameters, such as pore water pressure and the unit weight of tailings, are higher, it 

reduces the effective stress of tailings, which is an inter-particles pressure that directly 

influences the shear strength, thereby reducing the FoS. It is worth noting that 

although the limit equilibrium analysis yielded a FoS of 0.63, large-scale instability was 

not observed in the field. This apparent discrepancy may be attributed to limitations 

associated with representing the complex in-situ behaviour of tailings using laboratory-

derived material properties and simplified limit equilibrium assumptions. While the 

laboratory tests indicated negligible cohesion, the in-situ tailings may derive additional 

shear resistance from factors such as particle interlocking, density variations, and 

unsaturated conditions within portions of the deposit. Furthermore, the calculated FoS 
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represents a theoretical stability condition and may not fully reflect the current field 

response of the TSF. Consequently, the results should be interpreted as indicating a 

potentially unstable condition that warrants attention, rather than as evidence that 

failure has already occurred. 

5.2. Effect of cohesion on the safety factor  

To examine the impact of cohesion on slope stability, the cohesion values obtained 

from laboratory analysis were varied. Figure 5.2. illustrates the numerical simulation 

analysis of the TSF slopes and the corresponding fluctuation in the FoS with cohesion 

variation. The actual value of cohesion of tailings that was analysed through 

experimental analysis is 0 kPa (referred to as the original cohesion value). The 

cohesion value was assumed to have decreased initially (marked by fig 5.2b) and later 

increased (marked by Figure 5.2c) to understand the impact of cohesion variation on 

the FoS. A similar approach was followed, where Figure 5.2(a) shows the original 

cohesion value, Figure 5.2(b) depicts a two-fold decrease in cohesion, and Figure 

5.2(c) depicts an increase in tailings cohesion. 

 

Figure 5.2.: Depicting the cohesion variation influence on the FoS 

The FoS of the original value of cohesion of 0 kPa is 0.63 in Figure 5.2. (a). The FoS 

increases to 1.02 when cohesion is increased to 2 kPa in Figure 5.2.(c). Furthermore, 

in Figure 5.2.(b), the FoS remains 0.63 because it cannot be decreased below zero, 
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as negative cohesion is invalid. Instead, soil can be cohesionless/non-cohesive 

(Gautam, 2018).  

Generally, a FoS of one or above indicates a stable slope, whereas a FoS less than 1 

indicates an unstable slope that has a chance of failure (Wu et al., 2025). The tailing 

material analysed has a FoS of 0.63 on the original cohesion of the tailings material 

(Figure 5.2.a), indicating instability of the TSF slope. An increase in cohesion also 

increases the FoS as depicted in Figure 5.2(c). An increase in the FoS with increasing 

cohesion is due to the stiffness of tailings particles, resulting from the interlocking of 

grains and electrostatic bonds that cause particles to adhere to each other (Gautam, 

2018). The FoS is greater than 1 (Figure 5.2c), indicating a stable condition and 

reduced risk of failure. 

5.3. Impact of unit weight on the factor of safety  

A change in unit weight of tailings shows a negligible impact on the FoS. The liquid-

equilibrium analysis results for the FoS, with unit weight variation, are illustrated in 

Figure 5.3.  

 

Figure 5.3: Depicts the impact of tailings unit weight on the FoS 

The FoS of the TSF slope depicted in Figure 5.3 (a) is 0.63. As the unit weight 

increases, the FoS in Figure 5.3(b) remains at 0.63. The decrease in unit weight did 
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not change the FoS; it remained 0.63. Moreover, a decrease in unit weight by 2 values 

did not affect the FoS, instead the value of FoS remained less than 0.63.   The unit 

weight moderately affects the slope's safety factor, as its influence largely depends on 

the bulk density of the tailings material (Xu, 2025).  This is because an increase in unit 

weight represents an increase in the bulk density (mass/Volume) of tailings, which 

increases the gravitational forces pulling the slope down, reducing its stability (Xu, 

2025).  

5.4. Impact of friction angle on the factor of safety  
Friction angle has a significant influence on the stability of TSF. Figure 5.4 illustrates 

the relationship between the friction angle and the FoS of the TSF slope. The FoS 

decreased from 0.63 to 0.59 when the friction angle was reduced from 31.50 to 29.50°, 

as depicted in Figure 5.4(b). In Figure 5.4 (c), the FoS has increased to 0.69 when the 

friction angle increased from 31.50° to 33.5°, as illustrated in Figure 5.4 (c).  

 

Figure 5.4: The influence of friction angle variation on the FoS 

Figure 5.4 depicts that the friction angle is directly proportional to the strength of the 

tailing material. When the friction angle increases, the strength of the tailings material 

exceeds the stresses driving the material to failure. This increases FoS and stabilises 

the TSF slope. The friction angle influences the stability of TSF as depicted in Figure 

5.4. Increasing the friction angle increases the shear strength of the tailings, thereby 

improving the stability of the TSF slope. Conversely, a decrease in the friction angle 
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lowers the shear strength and reduces the TSF’s stability as assessed by the FoS. A 

higher friction angle increases inter-particle friction and promotes greater angular 

contact between tailing particles, allowing them to resist sliding more effectively 

(Cárdenas-Barrantes and Ovalle, 2025). Hence, the increase in FoS as the friction 

angle increases.  

5.5. Effect of PWP on the factor of safety  
The pore water pressure was modified to understand the impact of PWP variation on 

the FoS of the tailing dam slope. Figure 5.5 shows the relationship between the pore 

water pressure and the FoS. The models are arranged in the same manner as the 

other analyses of other tailings' geotechnical properties.   

 

Figure 5.5: The relationship between tailings PWP and the FoS 

The FoS decreased to 0.59 as pore water pressure increased (Figure 5.5b). A high 

pore water pressure reduces the effective normal stress that is responsible for 

decreasing the frictional resistance between tailings particles and the tailings shear 

strength, thereby reducing the FoS (Arya et al., 2020; Troncone et al., 2019). When 

the pore water pressure is reduced, the FoS increased to 1.06 as shown in Figure 

5.5c. A decrease in pore water pressure reduces the driving forces/shear stresses, 

increasing the effective normal stress and the frictional resistance between tailings 

particles, thereby increasing the safety factor of the TSF slope (Arya et al., 2020). The 
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PWP is inversely proportional to the FoS, as illustrated in Figure 5.5. As the FoS 

decreases, stability decreases due to increased pore water pressure.  The results 

show that an increase in pore water pressure reduces the shear strength of earth 

materials (soil, tailings, rock, etc.) and, consequently, the stability of the slope (Brown 

and Gillani, 2016). This is because low PWP reduces effective stress, thus reducing 

the frictional interlocking between particles and shear tailings strength (Arya et al., 

2020; Troncone et al., 2019).  

5.6 Concluding remarks 
This chapter presented a LEM analysis of TSF stability using RocScience Slide2, 

based on geotechnical parameters determined through laboratory testing and field 

characterisation. The slope stability analyses indicated that the TSF slope is unstable 

under the original material and hydraulic conditions, with a FoS of 0.63, which is below 

the generally accepted stability threshold. A systematic analysis was conducted to 

evaluate the influence of key geotechnical parameters on slope stability. The results 

showed that cohesion, friction angle, and pore water pressure have a pronounced 

effect on the FoS, whereas variations in unit weight have a negligible effect. An 

increase in cohesion and friction angle improved slope stability by enhancing the shear 

strength of the tailings material. Conversely, increased pore water pressure 

significantly reduced the FoS by lowering effective stress and frictional resistance, 

confirming its critical role in TSF instability. 

Overall, the LEM results highlight the sensitivity of the TSF slope to shear strength 

parameters and hydraulic conditions. These findings of this chapter form the 

foundation for the conclusions and recommendations presented in Chapter 6. 
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Chapter 6 Conclusion and Recommendation 

6.1. Introduction 

This study aimed to analyse the effect of tailings' geotechnical properties on the 

stability of tailing storage facilities. The main geotechnical properties examined include 

moisture content, pore water pressure (PWP), shear strength, hydraulic conductivity, 

elastic modulus, maximum dry density (MDD), permeability/density ratio (PSD), and 

the bearing capacity of the tailings. The conclusions are drawn by synthesising the 

results of the geotechnical characterisation and numerical stability analyses 

conducted for the tailings storage facility. The chapter highlights the main outcomes 

of the research, reflects on the study's limitations, and provides recommendations to 

improve the safety of the tailings dam and to guide future research. 

6.2 Summary of findings 

This section summarises the study's core findings in accordance with the research 

objectives. Each objective is revisited, and the extent to which it was addressed 

through laboratory testing and numerical modelling is highlighted. 

6.2.1. To determine the key geotechnical factors of tailings contributing to the failure 

of tailings dams. 

This objective was achieved through laboratory testing and literature analysis, which 

identified shear strength as the primary geotechnical factor controlling tailings dam 

stability. The study demonstrated that shear strength is strongly influenced by moisture 

content, permeability, pore water pressure, cohesion, friction angle, and effective 

stress, all of which directly affect shear strength. This makes shear strength the key 

parameter that influences the stability of a tailing dam. Elevated pore water pressure 

and increased moisture content were found to reduce shear strength and increase 

susceptibility to instability, consistent with mechanisms reported in the literature. 

6.2.2. To evaluate the impact of various geotechnical properties of tailings material on 

the stability of tailings dam facilities. 

 

The results indicate that the geotechnical properties of the analysed tailings have both 

stabilising and destabilising effects on TSF performance. The tailings were classified 

as silty sand (SM) with low clay content, zero cohesion, and a relatively high friction 
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angle of 31.5°, resulting in high shear strength and low compressibility. These 

characteristics contribute positively to TSF stability. However, high pore water 

pressure of 975 kPa was identified as a potential destabilising factor due to its 

reduction of effective stress. The tailings permeability of 1.49×10-4 cm has a significant 

influence on the build-up of high pore pressure within the tailings. Overall, the findings 

confirm that TSF stability is governed by the interaction of multiple geotechnical 

parameters rather than a single property. 

6.2.3. To assess the stability of tailings dam slopes using the limit equilibrium analytical 

method by quantifying the FoS under varying geotechnical conditions. 

 

The FoS of the tailing dam slope, estimated through the numerical modelling, is 0.63, 

which is less than 1 (indicating an unstable slope). The factor of 0,63 represents a 

tailing dam slope with low stability and a high risk of failure. The FoS was low due to 

the low cohesion of the cohesionless material (0 kPa) and the high pore water 

pressure. 

6.3. Conclusion 
The geotechnical parameters of tailings have a greater effect on the stability of the 

tailings dam. A decrease in soil shear strength reduces the stability of a tailing dam, 

thereby increasing the risk of failure. Water parameters are the key factor that drives 

shear stresses acting on the tailing materials, and the increase in water parameters 

reduces the shear strength. In conclusion, water parameters such as moisture and 

PWP need to be maintained below their maximum required levels, as defined by 

USCS, ASTM, etc., to ensure a tailing with stable geotechnical properties and a tailing 

dam. The experimental analysis has shown that shear strength has more impact on 

the stability of TSF. Numerical modelling has demonstrated that increasing shear 

strength parameters (cohesion and friction angle) enhances the FoS and stability of 

TSF. An increase in pore water pressure reduces the stability of TSF, whereas a 

decrease in pore water pressure increases the stability of TSF.  The tailing dam 

analysis shows a low FoS, indicating instability. 

The study's findings support the literature review on the impact of geotechnical 

parameters on soil. The contribution factor to soil stability is similar to that for tailings 
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stability. The study has contributed to the understanding of the stability of the tailing 

dam based on the geotechnical properties of the tailing 

6.4 Limitations 
The study focused on the analysis of the geotechnical parameters of tailings from a 

copper tailings dam, due to time constraints that prevented coverage of the 

geotechnical impact of tailings from various other ores. Therefore, the results are 

limited to only the geotechnical properties of a copper tailing ore.  Factors such as 

liquefaction have not been thoroughly studied. There is limited information on how the 

liquefaction process occurs and on the geological factors that trigger it. Additionally, 

there is a lack of knowledge on how to assess the likelihood of seismic activity leading 

to liquefaction before it occurs. This lack of information hinders the ability to warn mine 

workers and nearby residents about potential safety risks. For example, the collapse 

of the Fundão dam was attributed to liquefaction; however, the specific triggers of the 

seismic waves that caused the liquefaction were not well investigated. Furthermore, 

the bearing capacity of the foundation soil underlying the tailing storage and its impact 

on stability are not well documented. This study solely covered the bearing capacity 

of a tailing in a tailing dam, which was analysed due to financial constraints attached 

to studying the bearing capacity of foundation soil. Lastly, the scope of this study was 

restricted to the evaluation of the FoS of the TSF. Since the objective was a stability 

assessment rather than a deformation failure analysis, a limit equilibrium method was 

employed. 

6.5 Recommendation  
This study strongly recommends the proper monitoring of pore water pressure, 

particularly in areas where the highest pore water pressure of tailings may occur, as 

this can contribute to sliding between tailings grains and lead to TSF instability, making 

the TSF susceptible to failure. The study also recommends further research on the 

liquefaction process and the stabilisation of clay soil to increase its cohesion, friction 

angle, and plasticity. Furthermore, it recommends cost-effective measures to 

determine excess water content in TSF, warning of an excess water level before 

failure, and implementing mitigating measures to reduce the risk of TSF failure due to 

such excess water. Future studies should consider remote methods to maintain the 

geotechnical properties of tailings, such as installing sensors around dams to monitor 

them. Technological solutions must be developed to monitor and control water 
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parameters in a dam during rainy seasons, as well as those that immediately reduce 

water when slurry is continuously deposited into the TSF. There must be new 

technological innovations in computer-operated tailing dam stability control machines. 

 This study recommends comprehensive research focused on the effects of seismic 

waves produced by earthquakes on the bearing capacity of foundation soils and the 

stability of structures, including tailings storage facilities (TSF) and other infrastructure. 

This includes examining how geological factors influence seismic waves that may 

trigger liquefaction, as well as developing effective prevention methods. This will 

provide detailed results on the effects of tailings' geotechnical properties on the 

stability of tailing dam facilities. The findings will be useful during TSF design and 

constant monitoring of the active TSF. A three-dimensional analysis is highly 

recommended as a further study to quantify the FoS of the TSF slope. 

The TSF design should include embankment stability, drainage, and a seepage flow 

management/control plan.  The dam embankment must be stable under dynamic and 

static dam loading, and seepage through the foundation soil must be controlled and 

collected during TSF operation. The TSF foundation design should consist of a low-

barrier drainage system that controls water drainage both below and above the barrier. 

The barrier above the liner ensures drawdown of the phreatic surface, reducing the 

seepage gradient and the likelihood of liquefaction of the tailings material. In contrast, 

the barrier beneath the liner serves as a detector layer. This will increase the shear 

strength and stability of foundation soil, thereby reducing the risk of undrained shear 

failure. It is advisable to use foundation soil that has low moisture content to increase 

foundation slope stability. Moisture content should be monitored to prevent excess 

moisture and ensure a stable foundation for the tailing dam.  

Tailings texture needs to be improved by mixing the coarse (sandy) tailings with fine-

texture material to increase its cohesion and thus the FoS. More compactions can be 

undertaken in the tailing dam continuously after each slurry disposal to increase the 

slope's FoS to a stable value greater than 1. Slope grading is needed to improve the 

slope safety factor. 
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8. Appendix  

      

Table 1: Depicts shear strength1 from number 1 to 590 consolidation on specimen 

one 
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 Table 2: Depicts specimen one from no 592 to 1178 consolidation on specimen no 1 
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The following diagram illustrates the shear strength results from specimen no 

two tested 

     

Table 3: Depicts shear strength from no 1 to 590 consolidation on specimen 2 
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Table  4: Depicts specimen two from no 592 to 1178 consolidation  
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The following tables illustrate laboratory shear strength results from specimen 

3 tested  

Table 5: Depicts specimen three from no 1 to 592 consolidation  
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Table  6: Depicts specimen three from no 592 to 1178 consolidation  
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Table 7: Depicts a consolidation stage of triaxial test for shear parameter analysis 
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Consolidation stage 

Table 8: depicts the initial stage of consolidation 

 

Initial 

conditions 1 2 3 SI units 

Cell Pressure 499 599 798 kPa 

Back pressure 399 399 398 kPa 

Void ratio 0.535 0.535 0.535   

Side drain used yes yes yes   

 

Table 9: depicts the final stage of consolidation 

Final conditions  1 2 3   

Volume change  -1.6 -3,6 -5.3 ml 

Volumetric strain 

 -0.82 

 -1,85 -2.70 % 

Corrected length  99.73 99,38 99.10 mm 

Corrected diameter  49.69 49.69 49.54 mm 

Void ratio  0.523 0.506 0.494   
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Table 10: depicts the final results based on consolidation stage 

Final sample 

details 1 2 3   

Dry density 2026 2048 2065 kg/𝑚3 

density 2427 2410 2445 kg/𝑚3 

Void ratio 0.523 0.506 0.494   

Moisture content 19.79 17.69 18.39 % 

 

 

Shear stage 

Table 11: depicts the shear stage of triaxial test for  shear strength parameters test 

shear 1 2 3 si units 

σ' 1 at failure 257.3 753.1 937.8 kPa 

σ' 3 at failure 83.0 229.0 299.0 kPa 

Failure criteria MSR MSR MSR   

Deviator stress at 

failure 174.3 524.1 638.8 kPa 

Stress Ratio at 

failure 3.1 3.3 3.1   

Strain at failure 2.2 11.8 13.0 

 
Calculated shear 

speed 0.0167 0.0167 0.0167 mm/min 

Actual shear speed 0.0170 0.0166 0.0163 mm/min 
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SUMMARY FOR ALL STAGES (INITIAL STAGE, SHEAR, CONSOLIDATION, AND 

FLUSH) 

 

Sample details before 

analysis 

sample condition Disturbed   

remould effort 95.00 % 

remould MDD 2116 kg𝑚3 

remould OMC 3.5 % 

φ' 

31.5 ° 

c' 0.0 kPa 

 

 

Initial sample 1 2 3   

Sample length 100 100 100 mm 

Sample diameter 50 50 50 mm 

Sample mass 408.4 408.5 408.4 g 

Dry density 2010 2010 2010 kg/𝑚3 

Bulk density 2080 2080 2080 kg/𝑚3 

Void ratio   0.535 0.535   

Moisture content   3.5 3.5 % 

Specific gravity   3.085   mg/𝑚3 

    

Flush stage 1 2 3   
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Volume change N/A N/A N/A ml 

% Volume 

change N/A N/A N/A % 

 

Saturation stage 1 2 3   

Final B pressure 0.95 0.96 0.98  kPa 

Final back pressure 400 400 400 kPa 

 

Consolidation stage 1 2 3  SI unit 

Effective stress 100 200 400 kPa 

Volume change 

-

1.602 -3.635 -5.304 ml 

height after 

consolidation 99.73 99.38 99.10 mm 

Diameter after 

consolidation 49.86 49.69 49.54 mm 

Void ratio before 

consolidation 0.535 0.535 0.535   

Void ratio After 

consolidation 0.523 0.506 0.494   

Coef of volume (mvi) 0.125 0.142 0.104 𝑚2MN 
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Shear stage 1 2 3  SI unit 

Rate of shear 0.01702 0.01655 0.01627 mm/min 

Failure 

criteria MSR MSR MSR   

Deviator 

stess at 

failure 174.3 524.1 638.8 kPa 

stress ratio at 

failure 3.1 3.3 3.1   

Strain at 

failure 2.2 11.8 13.0 

 
 

Calculations and 

Parameters 1 2 3  SI unit 

Calculated Shear 

Speed: 0.0167 0.0167 0.0167 mm/min 

Coeff of Volume Comp 

(mᵥᵢ): 0.125 0.142 0.104 𝑚2MN 
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Table 12:  A table depicting tailings poissan’s ratio  parameters    

Calcul 

parameters    SI unit 

Parameters Values   

σ' ava 77.76 kPa 

c 0  kPa 

φ 

31.5 ° 

τ 47.66 kPa 

Ɛaxial av 0.61 

 
E 311.04 kPa 

Ɛvlateral av 0,25 

 
Pv 0.41   

 

 

Table 13: Shear strength parameters 

Parameters Values  Si unit 

σ' ava 77.76 kPa 

c 0  kPa 

φ 

31.5 ° 
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Table 14: Depicts results of the percentage material passing from sieve analysis 

Screen analysis 

(%passing)- SANS 3001-

GR1   

sieve size %passings 

75.00mm 100 

63.00mm 100 

50.00mm 100 

37.50mm 100 

28.00mm 100 

20.00mm 100 

14.00mm 100 

5.00mm 100 

2.00mm 99 

0.425mm 81 

0.075mm 17 
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Table 15: Depicts tailings sand particles size distribution 

Soil mortar percentage- SANS 

300-PR5     

Grain fraction grain range % 

Coarse sand 

2.000-

0.425mm 19 

coarse fine sand 

0.425-

0.250mm 20 

Medium fine sand  

0.250-

0.150mm 25 

Fine fine sand 

0.150-

0.075mm 20 

 

Table 16: Tailings particle size 

Particles size distribution 

%clay 3 

%silt 7 

%sand 89 

%gravel 1 
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Table17: depicting the hydrometer analysis results and tailings classification based on 

USCS (Unified Soil Classification System)  

Hydrometer analysis (%) 

passings SANS 3001:GR3   

67𝝁m 10% 

39𝝁m 6% 

16𝝁m 5% 

7𝝁m 3% 

2𝝁m 1% 

 Grains classification   

%clay 3% 

%silt 7% 

 %sand 89% 

%gravel 1% 

 

Table 18: Atterberg limits properties 

Atterberg limits 

SANS 3001-GR10   

LL 0 

PL NP 

LS 0 

Grading modulus 1.04 

Classification A-2-4 (0) 

USCS SM 

 



132 | P a g e  
 

 

Table 19:  Unit weight parameters 

Unit 

weight(y) 

variables     

MDD 2116 kg/m3 

g 9.8 m/s2 

γ 20736.8 Nm3 

 

Table 20: Tailings Atterberg limits results 

Atterberg limits 

SANS 3001-GR10   

LL 0 

PL NP 

LS 0 

Grading modulus 1.04 

Classification 

A-2-4 

(0) 

USCS SM 
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Table 21: PWP parameters 

pore water 

pressure 

parameters     

unit weight  values SI unit 

γw 9.81 kN/m3 

γ 20.76 kN/m3 

Height/depth 60 m 

waterhead 5 kPa 

PWP 588.6 kPa 
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Table 22: Mineral composition of tailings from XRF analysis 

 

 

specimen 

1   

specimen 

2   

specimen 

3   

mineral % mineral % mineral % 

U 0.01 U 0.02 U 0.09 

Th 0.018 Th 0.023 Th 0.014 

Pb 0.03 Pb 0.004 Pb   

Rb 0.003 Ba 0.076 Ba 0.058 

Sn 0.045 Sn 0.047 Sn 0.055 

Y 0.005 Y 0.008 Y 0.004 

Sr 0.265 Sr 0.375 Sr 0.230 

Fe2O3 21.032 Fe2O3 12.832 Fe2O3 16.414 

MnO 0.100 MnO 0.053 MnO 0.080 

Zr 0.031 Cu 0.119 Zr 0.029 

Ni 0.007 Ni 0.003 Ni 0.006 

TiO2 0.334 TiO2 0.23 TiO2 0.258 

CaO 25.494  CaO  24.677 CaO 25.004 

K2O 0.088 K2O 0.033 K2O 0.051 

Cu 0.417  Cu  0.417 Cu 0.126 

S 0.043  S  0.022 S 0.073 

P2O5 1.807  P2O5  1.077 P2O5 1.724 

SiO2 4.013  SiO2  2.987 SiO2 3.332 

Al2O3 0.690  Al2O3  0.590 Al2O3 0.426 

MgO 5.539  MgO  5.101 MgO 5.165 


