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ABSTRACT 

This thesis addresses rheological characterization of mine tailings and paste materials as 

saturated solid-liquid or homogenous mixtures. Thickened tailings and paste fill can be 

classified as viscoplastic or time-independent non-Newtonian fluid material. Viscoplastic 

fluids deform plastically when the applied shear stress is less than a critical stress, which 

is known as "yield stress". When the shear stress exceeds the yield stress this type offluid 

flows like a viscous material with finite viscosity. 

In terms of pipeline design for transportation of mine tailings or paste material, one of the 

most important rheological parameters that must be measured would be yield stress. 

There are numerous techniques and equipment that can be used for rheological 

characterization and specifically for yield stress measurements. Literature review shows 

that the vane method is one of the best rheometery techniques for determining the yield 

stress ofhomogeneous fluids directly. 

There is also a method for calculating the yield stress from slump height. Any geometry 

of slump moulds, cone or cylinder, with different dimensions can be applied in this 

method. The standard conical slump test is basically used for controlling the workability 

of fresh concrete. This method was then modified for yield stress and viscosity 

calculation of cemented mixtures. These slump tests can be categorized as in-situ 

methods of yield stress measurements. 

Several rheometery and in-situ experiments were carried out to measure the yield stress of 

two mine tailings sampI es in this study. A rheometer was used in controlled shear rate and 

controlled shear stress modes for yield stress measurements with the vane method. The 

resuIts were satisfactory for cemented and non-cemented mixtures. The effect of mixing 

time on the yield stress of material combined with cement was also assessed using the 

vane method. No significant difference emerged between increased yield stress of the 

mixtures after 4 minutes and 12 minutes of mixing. 

The accuracy of calculated yield stress values using in-situ methods was also determined 

by drawing comparisons between these series of data and actual yield stresses measured 

using a rheometer. Modified conical slump tests overestimated the values of yield stress 

and did not obtain reliable data for viscosity calculation of the mixtures. 
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RÉSUMÉ 

Cette thèse vise la caractérisation rhéologique des résidus miniers et des matériaux en 

pâte en tant que matériaux solide liquide saturés ou mélange homogène. Les résidus 

épaissis ou les remblais en pâte peuvent être classés comme des matériaux viscoplastiques 

ou fluides non Newtonien stationnaire. Les fluides viscoplastiques se déforment 

plastiquement lorsque la contrainte de cisaillement est inférieure à une valeur critique, qui 

est connue comme le seuil de contrainte. Lorsque la contrainte excède ce seuil de 

contrainte le liquide s'écoule comme un matériau visqueux avec une viscosité déterminée. 

Pour le design des conduits de transport des résidus miniers ou des matériaux en pâte le 

paramètre le plus important devant être mesuré serait le seuil de contrainte. Il y a 

plusieurs techniques et équipements pouvant servir à la caractérisation rhéologique et plus 

spécifiquement à la mesure du seuil de contrainte. La revue de la littérature montre que la 

méthode du scissomètre est une des meilleures techniques pour directement déterminer le 

seuil de contrainte pour un fluide. 

Il y a également une technique permettant de calculer le seuil de contrainte à partir d'un 

essai d'affaissement. Pour cette méthode n'importe quelle géométrie de moule, conique 

ou cylindrique, de différentes dimensions peut être utilisée. L'essai d'affaissement 

standard utilisant le moule conique est utilisé couramment pour caractériser le béton frais. 

Cette méthode a ensuite été modifiée pour calculer le seuil de contrainte et la viscosité 

des mélanges cimentés. Ces essais d'affaissement peuvent être classés comme des essais 

in situ de mesure du seuil de contrainte. De nombreux essais rhéologiques et d'essais in 

situ ont été réalisés dans le cadre de cette étude pour mesurer le seuil de contrainte de 

deux résidus miniers. Un rhéomètre a été utilisé en mode taux de cisaillement contrôlé et 

en mode de contrainte de cisaillement contrôlée pour mesurer le seuil de contrainte avec 

scissomètre. 

Les résultats ont été satisfaisants pour les mélanges cimentés et non cimentés. L'effet du 

temps de mélange sur le seuil de contrainte du matériau combiné au ciment a aussi été 

évalué avec la méthode du scissomètre. Aucune différence n'a été observée sur la valeur 

du seuil de fluage pour des temps de mélange de plus de 4 minutes et de 12 minutes. 

La précision des valeurs de seuil de contrainte c:alculées en utilisant les méthodes in situ a 

aussi été déterminée en comparant les données avec des seuils de contraintes mesurées en 

utilisant un rhéomètre. L'essai d'affaissement conique modifié a surestimé le seuil de 

contrainte et n'a pas fourni de données fiables pour le calcul de la viscosité des mélanges. 
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CHAPTERl 
INTRODUCTION 

1.1. Research Description 

This research addresses the methods of measuring yield stress of paste as a fluid material. 

The key issues, therefore, are: 

a. Definition of "yield stress" as one of the rheological parameters of fluids. 

b. Description and characterization of "paste" material as one of the solid-liquid 

mixture types. 

c. Identification of the "methods for measuring" the yield stress of paste material. 

Paste technology has been accepted in the mining industry for many years. Two of its 

main applications are: 

• underground backfilling; and 

• disposaI of tailings and mineraI wastes. 

One of the latest surveys of mine-fill practices in Canada indicates that developments in 

the production, transportation and placement aspects of backfill operations are necessary 

to estabHsh more efficient, safer and less-costly mine-fill practices (De Souza et al., 

2001). Recent surveys indicate that the mining industry is increasing employment and 

research funding in these areas and is developing new methods and techniques to address 

total tailings and use of paste backfill in Canadian mines. 

Although paste technology has been used for more than 20 years, the 'science' of 

granular-viscous flow for analysing paste mixtures and designing pastereticulation 
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systems is poorly understood (Cooke, 2001 and Li et al, 2002). Therefore, the 

transportation of paste through pipelines, one of the main stages of backfill operations or 

waste deposition, is of utmost importance. In this regard, the rheological behaviour of 

paste as fluid should be understood to design an efficient pipeline system in any specific 

mine. There are several existing methods of measuring the yield stress of fluid mixtures. 

AIl these techniques, as weIl as the background of their usage will be described in this 

text. 

1.2. Research Background 

-

There are numerous techniques for detennining the rheological behaviour of solid-liquid 

mixtures. Sorne of the mixtures, such as concentrated suspensions, thickened tailings and 

paste fin, behave as viscoplastic fluids (Bird et al 1983, Utracki 1988, Nguyen et al 

1992). By applying shear stress, these fluids begin defonning plastically like solids. 

When the applied shear stress is more than a certain critical stress, these fluids flow as 

viscous material with finite "viscosity". This critical stress, which depends on the 

characterization of the mixture, is called "yield stress". The transitional behaviour of 

paste between soil and slurry resulted in the study of paste as a unique science, which is 

caIled the science of granular-viscous flow (Li et al 2002). 

Nguyen and Boger (1992) described several methods for measuring the yield stress of 

fluids. According to them, there are two main methods of measurements; indjrect and 

direct methods. With indirect methods, yield stress will be obtained by the extrapolation 

of the shear stress-shear rate data (rheogram) at the point where the shear rate is zero and 

is known as "extrapolated" or "apparent" yield stress. Nguyen and Boger also explaîned 

seven techniques for the direct measurement of yield stress. As the value of yield stress 

. measured by direct methods is usually done under static situations, it is named the "static" 

or "true" yield stress. 

The main characteristics of several types of rheometers/viscometers such as "capillary 

rheometery", "concentric cylinder viscometery" and "cone and plate viscometery" were 

also described by Nguyen et al (1992). These instruments are used for obtaining yield 

stress by direct methods. Cooke and Paterson (1996) also ~ompared capillary rheometery 



Chapter 1 Introduction 3 

and concentric cylinder viscornetery. conc1uding that using the ('tube viscorneter" is better 

than using the "rotational viscometer" for mine slurries. In addition, it has been noted that 

the rotational viscometers are not suitable for characterizing solid-liquid mixtures 

(Lazarus and Slatter 1986, Cooke 2001). 

Nguyen et al (1983) adopted the vane method for measuring rheologïcal propèrties of 

concentrated suspensions. The vane method is basically a technique in soil mechanics 

used for in situ measurements of the shear strength of cohesive soils. The American 

Society for Testing and Materials has devised standard procedures for miniature vane 

tests in saturated fine-grained clayey soils (ASTM D 4648- 87). 

Nguyen et al (1985) developed their studies on this subject by assuming a uniforrn stress 

distribution along a cylindrical yield surface using a four-bladed vane. They concluded 

that the results achieved from this method were reasonable, and comparable to the 

conventional method employed in soil mechanics for yield stress calculation. The vane 

method has for many years been established as a simple and accurate technique for direct 

yield stress measurement. Many researchers have confirrned the accuracy of this method 

and noted that the vane method is most suitable for deterrnining the yield stress of greater 

than 10 Pa. (James et al 1987, Yoshimura et al 1987, Nguyen et al 1992). 

Liddell et al (1996) employed the vane method in a stress-controlled and a rate-controlled 

mode for yield stress measurements of a 65 wt. % suspension. In addition, they described 

the advantages of using the "Bohlin" rheometer for the stress-controlled mode, as weIl as 

the differences between the "Haake" rheometer and a modified "Weissenberg" 

rheogoniometer employed for rate-controlled measurements. They also investigated the 

effect of rotational speed, vane dimensions and stifthess of the system on the measured 

yield stress. 

A very unsophisticated method that has been used for measuring the yield stress in situ or 

in the laboratory is the slump test; this method is known as "a fi ft y cent rheometer" when 

using a cylinder (Pashias et al 1996). The standard cone slump test was initially 

developed to determine the "workability" or consistency of fresh concrete (ASTM C 143-

95). Pashias et al (1996) adopted tbis method for cylindrical geometry, and developed a 

relationship between slump height and yield stress. It should be mentioned that Murata 
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(1984) was the first person to offer a model relating the slump height to yield stress for 

conical geometry in concrete industry. 

A series of experiments have been conducted to assess whether the slump test is 

appropriate for yield stress measurements. The effect of aspect ratio of cylinder, lift rate, 

mixture structure, type of material and measurement time on slump height were 

investigated by Pashias et al (1996). They concluded that the measurement time and the 

surface material have no effect on the slump height. It was also reported that the cylinder 

should be lifted at the speed ofbetween 1 mis (approximate to manuallifting) and 10 mis. 

The aspect ratios of frustum were suggested to be around one. It is good to mention that 

with a large aspect ratio (Iarger than one), the material collapses rather than flowing and 

with a small aspect ratio (Iess than one) the degree of slumping would be very small. 

Paterson (2002) debated on the validity of slump as a suitable measurement of rheological 

properties in mining industry. He compared two models of yield stress prediction; the 

model of Pashias et al (1996) that uses cylindrical slump, and the model employing the 

Bingham yield stress measurement in the concrete industry, as suggested by Ferraris et al 

(1998). 

Ferraris and de Larrard (1998) modified Hu's equation for estimating yield stress of 

plastic concrete from slump height (Hu et al 1995). This equation was based on finite 

element analysis of the slump test as weIl as on the empirical method of measurement. 

Ferraris and Larrard improved Hu's model in conducting several experiments, and also in 

evaluating the plastic viscosity of con crete by measuring the time when the sluJ1lP. height 

is 100 mm after lifting the mould. 

According to Paterson (2002), both Pashias' and Ferraris' equations are most accurate for 

those mixtures with dimensionless slump greater than 0.333. However, there is a huge 

difference between the yield stresses predicted by these two methods at the given slump. 

On the other hand, the equation employed in the concrete industry overestimates the yield 

stress when used for slurries (Paterson 2002). 

It has been reported that although the analysis for a conical slump is different for a 

cylinder, the results of slump are similar if the bottom diameter of both the cylinder and 

cone are the same (Paterson 2002). Of course, the validity of this statement has been 

postponed as the author is investigating this further. In addition, Paterson (2002) reported 
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that there are no timed slump data for evaluating Ferraris'method of viscosity 

measurement. 

The slump test has found wide industrial application, particularly in mine tailings disposaI 

and mine paste-fill operations, as a simple method for controlling consistency of materials 

(Pashias et al 1999, Kuganathan 2001, Crowder et al 2002, Brackebusch 2002). In this 

regard, Clayton et al (2003) reviewed the theory and applicability of the slump test using 

a cone and a cylinder. He demonstrated that the cylinder has greater advantages over the 

cone due to its geometry, it is less mathematically challenging for modeling, and it has 

increased reliability for measuring the yield stress of materials. He also conducted several 

experiments to assess the effect of cylinder height on measured slump, and he mentioned 

that the slump is not an independent value while the yield stress is a unique property of 

the material. However, according to Gawu et al (2004), sorne researchers believe that true 

yield stress is not a reliable value of material property. It seems that this topic is still open 

for discussion. 

Gawu et al (2004) conducted several experiments to assess the cylindrical slump test as a 

measure of yield stress for qualifying transportation and deposition of thickened tailings. 

Three methods, the rotational rheometer in controIled-stress mode, the circular cylindrical 

slump test, and the vane method were applied to the materials and the results were 

compared to each other. Gawu et al conc1uded that the yield stresses of different tailings 

measured by rheometer and' slump method have shown a good correlation to the yield 

stresses obtained by the vane method. It was also emphasized that the yield stress is an 

important parameter in characterizing the rheological behaviour of thickened tailings 

(Gawu et al 2004). 

The relationship between yield stress and solid concentration has been considered by 

many engineers (Boger 1998, Clayton et al 2003, Gawu et al 2004). It was usually found 

that high solid concentration of material results in an increased yield stress. It should be 

mentioned that although there is a relationship between yield stress and slump, slump is 

not dependent on solid concentration. Slump is related to partic1e size distribution and 

water content of paste or thickened tailings (Brackebusch 2002, Crowder et al 2002) as 

weIl as chemical composition, mineraI shape and specifie gravit y of particles 

(Brackebusch 2002, Clayton et al 2003). 
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1.3~ Goals and Objectives 

According to the literature review and the existing background on this subject, which was 

previously detailed, the goals and objectives of this research can be articulated as follows: 

• Assessment of the modified sIump test as a measure of the yield stress of paste 

mixtures by using cylinders. 

• Consideration of diameter and aspect ratio of cylinders on the value of slump, and 

consequently on the estimated yield stress of paste mixtures. 

• Comparison of yield stresses measured by direct methods (such as the vane 

method) and of those determined by slump tests using cylinders (standard cone 

and modified conical sIump). 

• Estimation of plastic viscosity of paste mixtures by adopting the modified cone 

slump technique employed in concrete testing technology. 

• Evaluation of the influence of water content, particle size distribution, additives 

and binders on the rheologïcal properties of paste mixtures. 

1.4. Research Plan and Methodology 

Mineralogy and size distribution of tailings, process history and final application of the 

paste mixtures are the three main factors that control the properties of each paste and its 

application. This means that every paste mixtures is unique and its application should be 

subject to detailed evaluation and testing to properly assess local conditions. Therefore, 

the method of research is based on experimental applications for a specific type of mine 

tailings and paste fill. In addition, the applicability of the empirical models for measuring 

the properties of paste fill and the accuracy of theoretical methods will be considered in 

this research. 

In order to ensure that all goals and objectives are achieved, several experiments will be 

completed for each paste backfill type, including: 

• vane method rheometery; 

• standard slump test; 

• modified slump test using cylinders with different diameters and aspect ratios; and 
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• modified cone slump for measuring the viscosity of paste. 

This thesis includes 6 chapters. The definition of mine paste material, its advantages and 

disadvantages, and the methods of preparation of paste backfill will be described in 

Chapter 2. The science of rheology including rheological measurements of material is the 

topic of Chapter 3. Chapters 4 and 5 address two types of mine tailings used to measure 

the basic and rheological properties of the samples and to interpret the results. Lastly, the 

conclusion and recommendation for further study appear in Chapter 6. 



CHAPTER2 
PASTE TECHNOLOGY 

2.1. Defmition of Paste 

Paste can be defined through different approaches. Paste is basically a unifonn fluid 

mixture composed of fill materials, which can be divided into three groups: inert material 

(solid-water), binding agents and chemical additives (Hassani and Archibald, 1998). 

The inert materials commonly used are total tailings or alluvial sand and silt with a 

relatively solid concentration between 70-75% and 85%, or water content between 15% 

and 25-30% (Hassani and Archibald, 1998; Brackebusch, 1998). 

The density of paste depends on both the partic1e size distribution and the specific gravit y 

of solids. A wide range of size distributions has been employed to produce paste. 

However, paste should have a minimum weight of 15% of the partic1es that are smaller 

than 20 microns. (Cincilla et al., 1997; Tenbergen, 2000). The role of fine particles «20 

microns) is to preserve the water to obtain a non-segregated mixture. AIso, the surface 

area of aggregate partic1es affects paste properties. The finer the partic1e size distribution, 

the more water exists surrounding the partic1e surface area. This is due to an increase in 

aggregate partic1e surface area. The density of paste decreases with an increase in fines of 

the particle size distribution. The specific gravit y of mineraIs, which makes up the solid 

parts of the mixture, controls the density of paste at a given water content (Brackebusch, 

1998). 
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Binder agents such as Portland cement, slag and fly ash are employed to increase the 

mechanical properties, strength and durability of the paste. Cement (usually Type 10) 

should be added at the time of preparation. Variations of cement percent used in paste 

and its effect on paste properties have been reported by many engineers. For example, 

Ouellet et al. (1998) have reported the cement ratio of paste backfills of sorne Canadian 

mines between 3 and 6.5 percent of the dry weight. Also, Brackebusch (2000) mentioned 

that small amounts of Portland cement (0.5%) would increase the shear strength of 

tailings, up to 20 KPa, which is acceptable in terms of safety and stability for the purpose 

of tailings disposaI. The combinations of cement-slag and cement-fly ash have different 

effects on the strength and mechanical behaviour of paste (Benzaazoua et al 2004). 

Chemical additives such as flocculants, accelerators and retard ers may be employed to 

improve the permeability or consolidation of fill or to increase the flowability of the 

mixture. 

As mentioned previously, paste requires sufficient fine particles to retain the water within 

the mix matrix, resulting in a no segregating mixture even if paste is not in motion. A 

small percent of water bleeds to the surface of the paste when it remains without 

movement. This bleeding causes shrinkage in the paste volume, which has been reported 

to bé about five percent of total volume in many cases (Brackebusch, 1998). 

Within the context of rheology, paste is a non-Newtonian fluid material. It is a saturated 

and homogenous mixture that may show time-independent or time-dependent behaviour. 

For example, most paste materials from base metal mines have time-independent 

characterizations while pastes from kimberlite mines demonstrate time-dependent 

behavior (Brackebusch, 2002; Li et al, 2002, Crowder et al, 2002). Paste as a fluid has its 

own consistency and shear strength and it can be transported at varing velocity or with 

shear rate through the pipes. 

Consideration of paste as a material, which is fitted between moist soil and slurry, is . 

another approach used to define the characteristics of paste. Figure 2.1. illustrates a 

variety of particulate materials, from dry powder to pure water, when the water content 

has been changed from zero to one hundred percent. 

Arrangement of particles in paste resembles soil in the way that they must be essentially 

in contact, while in a slurry they are separated. This transition al state of paste can be 
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shown in the status of saturation. While soils are unsaturated and slurries are over 

saturated, paste is a saturated mixture. However, to describe the behaviour of paste it can 

be applied to either slurry rheology or to soil mechanics (Li et al 2002). 

Mechanics of dry 
granular flow 

Soil 
mechanics 

Granular
viscous flow 

Rheology-solid 
suspensions 

Fluid 
Mechanics 

[Ik;î => rs;;nl => rP;;;.î => 1 Slurry 1 => 1 Water 1 

~D~D~D D 
Water Water Water Water 

Figure 2.1. Status of science for flow of bulk particulate material at various moi sture 
contents (After Li et al 2002). 

As discussed above, it is concluded that each paste application is unique (Tenbergen, 

2000) or the paste is not an engineered product (Li et al, 2002) because of the following 

reasons: 

• Changes in tailings mineraI ogy 

• Variation of size distribution 

• History of mineraI processing 

• Final application of the paste 

These reasons are valid not only for different mines but also for a single mine over time. 

Each application should be subject to a precise review in order to properly assess local 

conditions so that a practical and cost-effective paste application may be designed. 

Figure 2.2. shows the relative science and application of paste technology. 

2.2. Advantages and Disadvantages 

The most important benefit of paste according to the definition is that paste is a low water 

content material with low permeability. The other advantages and disadvantages of using 



paste as a filling material in the mining industry can be classified as follows (Hassani and 

Archibald, 1998): 

Advantages: 

• Reduction of mining cycle due to reaching a high compressive strength within a 

short period of time; 

• Decrease ofbinder usage such as cement; 

• Increase of total tailings consumption as inert material; 

• Elimination of slimes draining from the stope in a backfill process; 

• Decrease of adjacent ore dilution due to Iow water content, and consequently high 

early strength; 

Disadvantages: 

• The need for dewatering technology, and consequently increase of technical 

consideration; 

• Increase of pressure in pipelines while transporting. 

The concept of thickened tailings disposaI and its advantages have been recognized for 

more than a decade. In terms of solid concentration, paste is situated between thickened 

tailings and filter cake. Paste technology has been suggested as a suitable material for 

surface tailings disposaI due to its environmental and economic advantages. (Brackebusch 

and Shillabeer, 1998). These are sorne of the advantages: 

• Less water inventory and increased safety of impoundment failure; 

• Less acid mine generation due to low permeability and capillary action; 

• Limitation of ground water pollution resulting from decrease of land usage as weIl 

as the reasons mentioned above; 

• Constructional cost saving due to elimination of impoundment dikes; 

• No need for liners, and capability ofusing paste with rock waste. 

The disadvantages of paste for tailings disposaI could be described as the disadvantages 

for backfilling, which include increased dewatering costs and higher pressure needs for 

pumpmg. 
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2.3. Mechanical Properties 

Paste used for backfill purposes usually necessitates a certain strength after its placement 

underground. Depending on the type of mining method, early and long-tenu paste 

strength are required (Tenbergen 2000). Generally, there are several parameters that may 

affect the mechanical properties of paste fill materials. As described by Benzaazoua et al 

(2004), these parameters can be articulated as follows: 

2.3.1. Macroscopic Parameters 

In this category, all phenomena occurring are involved in interaction between paste and 

adjacent rock at the scale of a stope filled with paste material. For instance, the effects of 

the following phenomena are more pronounced: 

• Interface of the paste fill-rock wall, 

• Consolidation due to the pressure change, 

• Drainage and cracks in the rock, which may have an effect on the amount ofwater 

within the paste fill. 

2.3.2. Intrinsic Parameters 

In this category, aIl the parameters depend on the inert material (solids and water), binder 

agent and the changes occurring during the curing process. 

These two groups of parameters, macroscopic and intrinsic, influence one another. 

Among allparameters, the physical and mineralogical characteristics oftailings as a solid 

·part of the paste material have a significant effect on the mechanical strength of the paste. 

Mineralogy of tailings determines the chemistry of them. The mineraIs with sulphides and 

the portion of the sulphides in mine tailings are very important. The amount of sulphides 

changes the density of the tailings and the amount of binder requirements. It has been 

mentioned that the strength of paste fill depends on the sulphides proportion. For sulphide 

contents less than 12%, there is an adverse effect on the strength of the paste 

(Benzaazoua et al 2004). 

Particle size distribution of tailings is another factor that controls the strength of paste. 
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It has been shown that the paste fill reaches higher strength for a unifonnity coefficient 

(Cu=D601DIO) value of 12 if the other variables such as the type ofbinder and the curing 

time remain constant (Benzaazoua et al 2004). 

The type of binder and the proportion of binder are two other factors that affect the 

strength of paste. It is clear that an increase in the percent ofbinder in a mixture results in 

an increase in the strength of the paste material. As discussed before, Portland cement 

(usually Type 10) is a popular binder agent used for paste fill. Benzaazoua et al (2004) 

have shown that a combination of cement and slag (20/80) results in a very good strength 

(higher than cement by itself) while the binders containing fly ash (e.g. cement/fly ash, 

50/50) have a weak strength performance for certain types of fill. It is important to note 

that the mixture with sI ag-cement binder has shown a very high strength in medium term 

curing time (28 days), while the long-term paste strengths for aIl binders vary 

significantly. 

Water content of the mixture is another parameter that controls the paste strength. The 

higher the water content the lower the strength of paste fiIl. The uniaxial compression test 

may be employed for measuring the strength of the paste. 

AlI the parameters described above which affect the strength of paste backfiIl material are 

the subject of paste strength determination for the purpose of tailings surface disposaI. 

The difference between these two applications is that, only minimal strength is required 

for stability of paste as stacks or mounds in tailing disposaI techniques. It has been 

mentioned that a drained .triaxial compression test is useful for measuring the internaI 

angle of friction (Brackebusch, 2002). 

2.4. Paste Preparation and Dewatering 

Paste preparation systems have been developed both underground and on surface. While 

paste technology needs sorne high fines content and high solid concentration, dewatering 

systems become increasingly important as an essential part of paste preparation. It has 

been mentioned that the preparation stage involves expensive dewatering costs when 

convention al dewatering is followed by filtration techniques (Newman 1992, Hassani et 

al 1998). However, economical dewatering methods and innovative solutions are required 

for this pmpose. Sorne of the dewatering systems are described in this chapter. 
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2.4.1. Convention al Thickening 

Thickeners are often employed in the first step of the dewatering stage, although paste as 

a backfill material will necessitate more dewatering processes such as vacuum filtration, 

after being passed througha thickener. Thickeners are able to condense large volumes of 

tailings slurry quickly, and the operation is very simple. 

Dorr patented the first commercial thickener in 1907, which utilized revolving rakes. It 

was a sedimentary machine that worked on the basis of settling particles using gravity. 

According to sedimentation theory, the rate of settling is directly proportional to the 

difference in density between the particIe and the surrounding Iiquid (Newman 1992). 

Slurry enters through a feed-well to the thickener tanks. The purpose ofusing a feed-well 

is to dampen the turbulence of the incoming feed in order to produce a laminar flow and 

reduce interference with solids that are already inside the tank. The settled solids are 

raked from the periphery to the central outlet in the tank, and are then pumped away. 

There are two types of rake driving mechanisms: 

• centrally driven; and 

• peripherally driven. 

Figure 2.3. shows the two main thickener groups and their various configurations. A large 

number of thickeners are available with different capacities and materials of construction. 

The capacities of thickener have developed from 0.45 ton/m2 of thickener area per hour to 

2.7 ton/m2fhr over recent decades (Tenbergen, 2000). 

1 Convention al Thickener 1 

1 
1 1 

1 Central Drive 1 Peripheral drive 

1 r 1 i 
Bridge Type Column Type No 

Lifting Deviee 

1 1 
1 1 1 1 

Centrally Mounted Platfonn Mounted Telesc~ic Cage Telescoping Column 
Lifting Deviee Lifting Deviee Lifting Deviee Lifting Deviee 

Figure 2.3. Conventional thickeners with diverse configurations (www.solidliguid
separation.coin ). 
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Thickener tanks may be constructed from either concrete or steel. Sorne parameters such 

as mineralogical properties of tailings and process of production to dewater the tailings 

should be considered when choosing a suitable construction material. In order to improve 

thickening efficiencies, flocculent may be added in the process. The purpose of flocculent 

is to aid agglomeration of the solids and speed settling. 

2.4.2. Deep Tank Thickeners 

Deep tank thickeners have a significant function in surface paste disposaI and in 

underground paste fill manufacture. They may be employed to produce a fluid material 

with a higher slump for surface disposaI purposes. The underflow produced by a deep 

tank thickener can be mixed with aggregate to obtain the required structural strength for 

underground backfill. It can also be used without aggregate when paste strength is not 

very important (Tenbergen, 2000). 

As described by Tenbergen (2000), on the basis of plant design systems, continuous or 

batch, there are two common types of deep tank thickeners. The fol1owing deep tank 

dewatering systems have been accepted in both the paste backfill and the paste disposaI 

industry. These dewatering units produce a solid-liquid mixture with a yield stress near 

the part of the curve in Figure 2.4. where it begins to increase rapidly. 
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Figure 2.4. Deep tank thickener operating curve (Jewell et al 2002). 
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1. Paste Production Storage Mechanism 

One of the continuous paste production systems is called PPSM (Naylor 1997, Hassani et 

al 1998). This type of deep tank thickener was designed by GL& V and INCO Ltd. and 

was developed for backfill purposes. This system inc1udes a taU tank with a typical height 

of 13 meters and a diameter of 10 meters (Tenbergen, 2000). A shaft helix and raking 

mechanism inside the tank control paste consistency solids. Tailings are initiated with a 

flocculent into a feed-well and the paste is removed from the discharge pod that is at the 

base of the hemispherical bottom ofthe tank (Figure 2.5.). 

The circulation of tailings paste in the tank keeps them sheared and fluid while the 

reorganization of partic1e distribution to provide high concentration mixture is attempted 

(Landriault et al 1996). Indeed, the material has been maintained in storage for up to 2 

weeks. Besides, the circulation mechanism of the PPSM results in an increased material 

strength and prevents the formation of rat-holes when paste is discharged, unlike 

conventional thickeners. There is anticipated potential of the PPSM for use in mineraI 

processing flow sheets for high thickening and storage in a mine backfill preparation 

system. Figure 2.6. shows the application of the PPSM for mine paste backfill purposes. 

Figure 2.5. Paste production Storage System (GL&V, ProcessEquipment Group INC.). 

2. Baker Process Deep Tank 

Baker Process of Salt Lake City (Utah) has marketed another continuous paste production 

system that has considerable experience with red mud disposaI (Tenbergen 2000). The 
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typical height and diameter of the unit are 15 and 10 meters respectively. There is a 

specialized raking system to keep the settled material mobile in the discharge pod at the 

bottom of the tank. This system, as with the PPSM, uses flocculent to speed settling, and 

consequently increases the capacity of the tank. 

Figure 2.6. PPSM in a mine paste backfill production system (GL&V, Pro cess Equipment 
Group INC.). 

3. Fluidization 

This type of deep tank batch system has been designed and marketed by Mag Engineering 

International (Sudbury, Ontario). As described by Hassani et al (1998), fluidization 

should be considered as an alternative to filtration and PPSM in dewatered tailings 

preparation to produce high-density material for paste backfill and surface disposaI of 

mine tailings. 

The number of tanks or silos that are used in the system depends on the tonnage and 

turnover requirements. These tanks will be fitted with specialized equipment including 

dewatering devices and fluidization nozzles. Each tank may be in different modes. For 

example, in a three-tank system where the first tank is filling and settling the material, 

another would be in the compaction and decantation mode, and the third in the 

fluidization mode. 
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The tailings are added to the top of the silos using a feed-well device after milling. The 

aspect ratio of the silos varies approximately from 2 to 1 and depends on the type of 

material. Tailings at the first stage are allowed to settle and densify while the water is 

removed at the same time. The specific gravit y of dry solids and the percent of fine 

partic1es are two effective factors in this stage. This process typically iakes between 3 to 6 

hours. No flocculent or other agents are required and there is no raking aspect in this 

system. 

The next stage in the fluidization of dewatered tailings involves employing nozzles. It 

depends on the physical properties of the materials and normally takes 30 to 90 minutes 

to complete. The nozzles, which are placed in the silos, mix the material and keep it 

agitated to prevent fluctuations in discharge density. In addition, due to the use of these 

nozzles there is no rat holing or hang-ups required at the time of discharge of tailings 

material from silos to the binder mixer. Figure 2.7. shows a schematic of paste 

preparation using the fluidization process. 

4. Deep Cone Paste Thickener 

A deep cone thickener has been produced and marketed by Eimco Process Equipment for 

paste disposaI of mine tailings (Brackebusch, 2002). The discharged underflow from this 

thickener has workability near the limit of flow ability. 

Cement 
FlyA5h 

(option al) 
Fluldizalion 

Silo 
Fluidization 

Silo 

Figure 2.7. Paste fill preparation plant using the Mag Engineering fluidization process 
(Hassani et al 1998). 
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The capacity for containing high-density flow is up to 20 times greater than for 

conventional thickeners, while the capability of hydraulic loading is ten times greater 

(Figure 2.8.). 

Figure 2.8. Schematic of paste disposaI production using Eimco deep cone thickener 
(www.mining-technoIogy.com). 

5. Outokumpu High Compression and Paste Thickener 

The Outokumpu high compreSSIOn and paste thickeners provide constantly higher 

underflow density. The principle of paste thickeners is that the compression zone is much 

deeper (more than 3 metres) than on high compression units (Figure 2.9.). Longer bed 

settling time and higher compressive force on settling flocs are two reasons for increasing . 

underflow density at a given flux rate (tph/m2
) while the compression zone becomes 

deeper. The advantages of these types of thickeners can be articulated as increasing 

tailings dam capacity, filter capacity as weIl as recovery of process water. 

These types of thickeners can be employed in a paste backfill preparation system. Sorne 

other features ofthese thickeners are as follows: 

• Floc-Miser feed-well 

• De-aeration chamber 

• Controlled bed level 

• Free standing or in-ground tanks 

• High rake torque capacity 
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Hindered 
Settling Zone 

Compression 
Zone 

Figure 2.9. A schematic of a high compression thickener (www.outokmnpu.com). 

2.4.3. Filter Methods of Dewatering 

Filtration is an expensive and relatively complicated method of dewatering. Filters are 

usually employed in the final process of dewatering. There are two common types of 

filtration techniques, vacuum and pressure filtration. 

1. Pressure Filtration 

The most common types of pressure filtration equipment are the vertical chamber filter 

press, the continuous belt horizontal chamber and the pressure filter type with an enclosed 

disk or ceramic disk filter. Sorne vertical chaJll.ber filters have been used for dewatering 

of tailings in surface disposaI industry (Tenbergen 2000). While pressure filters are able 

to dewater the slurries up to 90 per cent (wt%) of solids concentration, it seems that they 

are an overkill, and not suitable for paste fill preparation. 

The basic operation in all types of pressure filters involves squeezing the mixture against 

the filter cloth, employing either mechanical or hydraulic pressure. The four processing 

steps can be defined as feeding into the chamber, pressing, cake washing and filter cloth 

cleaning. This cycle depending on a situation that takes between 8 to 30 minutes. 



Chapter 2 Paste Technology __________________________________________________ ;;;;;;;;;;;;;;a 22 

2. Vacuum Filtration 

Various types of vacuum filtration equipment are available. Disk, drum and belt filters are 

common types, while belt presses and ceramic media disk filters are more sophisticated. 

Belt Filters: The first belt filter was the Landskrona filter built in the 1920's and installed 

at SUPRA, Sweden (Hassani et al 1998). A variation of cake formation and dewatering 

zone size are accepted by belt filters. One of the most important features of this system is 

to separate the filtration zones and multiple cake washings by separating mother and wash 

filtrates. A typical flow scheme of this filter is shown in Figure 2.10. The operational 

sequence on a belt filter at the maximum configuration consists of the cake formation and 

pre-drying, two washing and pre-drying stages, and final washing and drying. 
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Cake 
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Pump 

Figure 2.10. A flow-scheme horizontal belt filter (www.solidliquid-separation.com). 

Disk Filters: As described by Hassani et al (1998), the original prototype for aIl 

continuous vacuum disk filters was developed in 1906. In the late 1980's a disk filter 

specifically for the production of "high density backfill" was developed. The filter 

includes several disks (up to 15 disks at the maximum condition), which are made up of 

pie-shaped sectors covered by a suitable filtering medium. A side view of this filter is 

shown in Figure 2.11. 
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During operation, each sector is covered by solids white the disk revolves through the 

slurry. Consequently, a cake is formed on the face of the disk. It then passes into the 

drying zone. At this stage the liquid drains into the vacuum receiver via a central barrel. 

In the discharge zone the vacuum is shut off and a snap or Iow-pressure blow is applied to 

fall the cake. Scraper blades on the sides of the disk guide the cake to discharge chutes. 

This system requires minimal maintenance. The sectors are easily removed and replaced 

and the only consumable parts of the machine are the filter cIoths. It has been mentioned 

that the capacity of the machine for tailings dewatering to produce paste backfill is very 

good (Hassani et al 1998). 

Barrel and Valve 

Disk Sectors 

Overflow Box Swing Btades 

Tank 

Agitator Discharge Chute 

Figure 2.11. Side view of disk filter (www.solidIiguid-separation.com). 

Drum Filter: The vacuum based rotary drum filter is the most common type of drum 

filter, and offers a wide variety of solid-Iiquid separation options. Although this machine 

is an older filtration system, it has been reported that a vacuum drum filter was used at the 

Lucky Friday Mine during the paste preparation process. 

The operational sequence on a drum filter can be described as cake formation, cake 

washing and drying, and cake discharge (Figure 2.12.). Once a sector enters 

submergence, the vacuum is applied and a cake starts to form up to a point where the 
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sector emerges from the slurry. The drying stage of the cycle begïns right after making a 
\ 

cake. 

Figure 2.12. Operational cycle of drum filter (www.solidliguid-separation.com). 

For sorne applications there is no wash portion and therefore the drying continues up to 

vacuum shut off. After the vacuum is shut off, a low-pressure blow is applied to assist 

cake discharge. After discharging, and in order to prevent vacuum loss on the entire drum 

surface, there are bridges to block the air. This area is called the dead zone. 

2.4.4. Centrifuge Dewatering 

According to Tenbergen (2000), the centrifuge technique of dewatering would not be 

considered for base metal mine tailings. If the mine tailings are very fine with a low 

specifie gravit y in a brine solution, centrifuge dewatering may be employed. 

There is a special centrifugaI dewatering equipment, called Tailspinner (Hassani et al 

1992). This equipment was designed by Joy Manufacturing in the 1970' s for use 

underground. It is able to produce a high-density mixture with a solid concentration of 76 

to 84 percent (wt%) by dewatering hydraulic fill (60%) at the entrance of the stope. The 

advantages of this system consist of mobility and design sturdiness. Low capacity, low 

soIids recovery and a poor maintenance record are its disadvantages. 
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2.5. Paste Plant Design 

The design of a paste fi11 system is related to the characteristics of the material used, the 

transportation method and the engineering end-use of the paste (Jewe1l2002). Two ofthe 

most important characteristics of material that may affect design are the mineralogy and 

the size distribution of tailings (Slottee 2004). In addition, other factors that may control 

the design of a plant process are expected final paste strength, cost of binders and paste 

quality control requirements (Tenbergen 2000). 

As discussed by many authors (Landriault et al 1996, Hassani et al 1998, Tenbergen 

2000, and Jewell 2002), continuous and batch systems are two common plant 

arrangements for paste preparation. Two key processes in both systems can be classified 

as dewatering and mixing. Figures 2.13. and 2.14. show the flow sheets of these two 

systems. 

lAIUlfGS FRDM MU CCflllNLVil 'HATER 
ADIlTD.I 

BIIIDI;R 
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Figure 2.13. ContinuaI paste preparation plant (After Landriault et al 1996 and Hassani et 
al 1998). 

ContinuaI mixers are not seIf-caIibrating and it is not possible to recognize the quality of 

fluid material properties quickly when a mixture is passing through them. It is unlikely 

that batch mixers have the capability to readjust incorrect mixture properties by water 

addition and before discharge into the underground distribution system. It is obvious that 

a continuaI system requires a high level of maintenance for calibrating equipment in order 

to provide acceptable quality production on an ongoing basis. 
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Figure 2.14. Batch paste preparation plant (After Landriault et al 1996, Hassani et al 
1998). 



CHAPTER3 
RHEOLOGY 

3.1. Basic Rheological Concepts 

According to the Concise Oxford dictionary, rheology is the sCIence of flow and 

defonnation of matter. Rheology, in the context of paste pipeline flow, is detennined as 

either the viscous characteristics of a fluid that indicates laminar flow phenomenon or as a 

homogenous solid-liquid mixture that refers to the unifonnity of distribution of solid 

particles across the pipe section. (Slatter 1994, Cooke 2001). As mentioned previously, 

paste can be such a homogenous mixture. 

Generally, fluid materials may be classified as Newtonian or non-Newtonian fluids. The 

relationship between shear stress (1) and shear rate (y) can detennine the type offlow or 

rheologïcal behaviour of a fluid. 

Inelastic Newtonian fluids present a linear relationship between shear stress and shear 

rate. The coefficient of this relationship can be described as constant viscosity (11), as 

shown in Equation 3.1. 

r 
17 = -;

r 

where 't = shear stress (Pa) 

i = shear rate (S-I). 

(Equation 3.1) 

While shear stress demonstrates a frictional force due to applied force to the fluid, shear 

rate can be defined as a gradient ofvelocity (du/dy) across the fluid layers. 
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A fluid can be identified as non-Newtonian when only one of the following 

characterizations is valid: 

• no linear relationship exists between shear stress and shear rate; 

• a linear relationship between shear stress and shear rate exists, but the line does 

not pass through the origin; 

• the relationship between shear stress and shear rate demonstrates time 

dependency. 

Two common types ofnon-Newtonian fluids are classified as time-independent and time

dependent. There are many models that describe non-Newtonian fluids or solid-liquid 

mixture behaviour. For ex ample, the Casson (1959) model describes the laminar flow of 

time independent fluids in a number of instances; Herschel-Bulkley or the yield power 

law model (1926) shows many different types of fluid for laminar flow, the Govier and 

Aziz (1972) model classifies non-Newtonian flow as time-dependent and viscoelastic 

(Cooke and Paterson 1996). The Ostwald-De Waele model (Power law) is used for 

classification of time-dependent material (Boger 2002). Figure 3.1 shows the 

classification of non-Newtonian fluids. Figure 3.2 indicates the rheogram of all tÏme

independent fluids as weIl as the linear behavior of Newtonian fluid based on the yield 

power law mode!. 

Yield dilatant Dilatant 

Yiled pseudoplastic Pseudo plastic 

Blngham plastic 

Figure 3.1. Non-Newtonian fluid classification based on the yield power law model. 
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Figure 3.2. Rheogram of different types oftime-independent fluids and Newtonian fluid. 

There are two types of time-dependent fluids, thixotropic and rheopectic. The viscosity of 

rheopectic fluid increases with time, while that of thixotropic fluids decreases (Figure 

3.3). Generally, the following reasons cause the time dependency offluid rheology: 

• mixing and shearing energy input; 

• temperature and pressure changes; 

• progression of chemical, electrochemical and surface reactions (Li et al, 2002). 

't --
Figure 3.3. Rheological behaviour oftime dependent fluids (Li et al 2002). 



The tenns shear thinning and shear thickening have been used for both time-independent 

and time-dependent fluid materials. Table 3.1 explains this tenninology. 

Table 3.1. Shear thinning and shear thickening behaviour. 

Bebaviour 
Shear-thinning Shear-tbickening 

(Decreased viscosity) (Increased viscosity) 

Time-independent 
Pseudoplastic & Yield-pseudoplastic Dilatant and Yield-dilatant 

(with increasing shear rate) (with increasing shear rate) 

Time-dependent 
Thixotropic Rheopectic 

(with increasing time) (with increasing time) 

3.2. Rheological Models and Pararneters 

There are several empirical flow models for different fluids. The most common equations 

can be categorized as follows: 

• Herschel-Bulkley or Yield Power Law Model: 

(Equation 3.2) 

where 'ty = yield stress 

K = fluid consistency 

n= flow behaviour index. 

For a Newtonian fluid (n=1 and 'ty = 0 substituted in Equation 3.2), the viscosity (K= 11) is 

represented by the slope of the rheogram, and is constant, as function 3-2 demonstrates a 

linear relationship between shear stress and shear rate. 

The yield power law model is usually employed for non-Newtonian (time independent) 

materials. The rheological parameters of time independent fluids are presented in Table 

3.2 and the relevant curves are shown in Figure 3.2. 

• Ostwald-De Waele or Power Law Model: 

(Equation 3.3) 

This model is used for shear thinning and shear thickening materials. For 'ty = 0 in 

Equation 3.2, the yield power law model is reduced to the power law mode!. 



Table 3.2. Rheological parametersof different types ofnon-Newtonian fluids. 

Behaviour 'ty n 

Pseudo-plastic 0 <1 

Dilatant 0 >1 

Bingham plastic >0 =1 

Yield pseudo-plastic >0 <1 

Yield dilatant >0 <1 

• Bingham Plastic Model: 

T= TyB +KB.Y (Equation 3.4) 

where 'tB = Bingham yield stress 

KB = Bingham plastic viscosity. 

This model presents a linear equation and is very suitable for use when measuring the 

yield stress of material. 

• Casson Model: 

(Equation 3.5) 

It has been mentioned that K = (11 p) 1/2 where 11 p is the plastic viscosity (Yan et al 1997). 

The first three models are more generally used in paste technology and in the mining 

industry. 

General1y, factors that may affect rheology of solid-liquid mixtures are (Cooke 2001): 

• Solids characteristics: particle size and shape, density, chemical composition, 

surface charge and concentration; 

• Liquid properties: density, viscosity, temperature and chemistry; 

• pH, binder type and dosage. 

Two main rheological properties of fluid can be described in the following subtitles. 
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3.2.1. Yield Stress 

The concept of yield stress in fluid material was recognized and introduced by Bingham 

and Green in 1920. The yield stress of a fluid is usually defined as the minimum shear 

stress required to initiate significant flow (Uhlherr et al 2002). This stress is related to the 

strength of the bond network structure (Nguyen & Boger 1983 and Bhattacharya 1999). 

Generally, the mechanical behaviour of a non-Newtonian fluid, such as paste, is elastic at 

shear stresses less than yield stress. The fluid is supposed to flow like a viscous material 

with a finite viscosity when the shear stress exceeds the yield stress (Pashias & Boger 

1996). The "shear yield stress" may be a better term, but for reasons of economy it is 

called yield stress (Gawu et al 2004). 

According to Liddell et al (1994), the value of yield stress depends on pH for the 

suspension fluid or thickened tailings. The yield stress of mixtures usually changes with 

percentage of solid, and the correlation between the two has been used by many designers 

for surface disposaI of mine tailings and prediction of pumping energy requirements in a 

pipeline transportation system (Sofra and Boger 2000, Sofra and Boger 2001, van Dijk 

2001, Gawu et al 2004). If paste is considered a mixture, it is preferable to use water 

content due to the definition of paste as a saturated mixture and its dependency on size 

distribution. However, the yield stress of paste or thickened tailings is one of the 

important parameters that must be determined prior to applying them to paste fill or 

tailings disposaI. 

According to the yield power law model, the yield stress of fluid material (if 'ty > 0) is 

presented as the intercept of the shear stress-shear rate curve, and can be measured by 

different techniques. The Herschel-Bulkley model, which is a combination of power law 

and Bingham plastic models, is usually used for indirect determination of yield stress. 

3.2.2. Viscosity 

For non-Newtonian fluids, the viscosity is not constant and is referred to as apparent 

viscosity (Cooke 2001, Slatter 2004). Based on the rheological models discussed earlier, 
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the following equations have been introduced to describe the viscosity of fluid materials 

(Steffe 1996, Yan et al 1997, Slatter 2004). 

• Herschel-Bulkley Model: 

if't > 'ty, 

(Equation 3.6) 

For the Bingham model (n=I, K= KB) and the power law model ('ty = 0), the viscosity 

relationships can be derived from equation 3-6, as follows: 

K ·n-l 
1]= r 

(Equation 3.7) 

(Equation 3.8) 

These equations show the apparent viscosity as a function of shear rate for non

Newtonian fluids. Figure 3.4 presents the viscosity-shear rate curves for different time 

independent fluids. These tbree models offer a suitable calculation of viscosity for paste 

pipeline designers but they are not satisfactory at high and low shear rates (Saltter 2004). 

There are other models for calculating viscosity of time independent fluids, such as the 

following (Steffe 1996): 

• Van Wazer Model (1963): 

_ + 110 -11«> 
11-11«> 1 K OK (O)n) , 

+ \+Y 2 Y 
(Equation 3.9) 

• Cross Model (1965): 

= + 110 -11«> and 
11 11«> I+K\Ü)"' 

(Equation 3010) 



• Carreau Model (1968): 

(Equation 3.11) 

where KI and K2 are arbitrary constants and n is a power indicate determined from 

experimental data. 

Time-Independent Flulds 

NeW'tonian .JJ' 

Shear Raie, 1/5 

Figure 3.4. Behaviour of apparent viscosity of time independent fluids (Steffe 1996). 

Slarter (2004) has described the Cross model as a replacement equation that can improve 

the fundamental shortcomings of the other models at high and low shear rate (Figure 3.5). 

3.3. Yield Stress Measurements 

A number of techniques have been developed for measuring the yield stress of fluid 

material. These techniques can be classified as direct and indirect methods. Generally, 

indirect methods refer to themeasurement of yield stress with extrapolation of shear 

stress- shear rate data. The yield stress value is obtained in the limit of zero shear rate. A 

rheological model can be considered for the measurement, and the related value can be 

named as "apparent" or "extrapolated" shear stress (Nguyen and Boger 1992). 

Direct methods are involved in the independent assessment of yield stress, and the 
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measured value can be referred to as "true" yield' stress , describing the critical shear 

stress when the fluid begins to flow. 
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Figure 3.5. Cross model viscosity curve. 

3.3.1. Indirect Methods 

Two common types of indirect methods are described below: 

1. Direct Data Extrapolation 

The procedure for this fast method involves obtaining a rheogram of fluid and taking the 

shear stress intercept (y=O) as the yield stress. The data may show a linear or non-linear 

curve. Obtaining the yield stress from a linear curve is very straightforward, and the 

behaviour of the flow is called the Bingham plastic fluid behaviour. With non-linear 

behaviour, obtaining the yield stress becomes more sophisticated due to the dependence 

of yield stress on the lowest shear rate data. Therefore, it is vary important to assess the 

reliability of the low shear rate data before extrapolation can be made. Wildemuth & 

Williams (1985) presented a simple method for this assessment (Nguyen et al 1992). 

2. Extrapolation Employing Flow Models 

One of the visco-plastic flow models can be employed to extrapolate the data. This 

method of extrapolation is very straightforward, particularly when the Bingham plastic 



model has been selected as a fitting curve. In most cases, such as suspension fluids, this 

model can approximate an over-prediction of the yield stress value. It has been mentioned 

that the yield stress of a fluid can be determined by different models, and consequently 

more than one yield stress value can be measured for a specifie fluid. Therefore, such 

assumptions are not recommended for extrapolation of fluid data. 

3.3.2. Direct Methods 

As described by Nguyen and Boger (1992), a number of techniques have been developed 

for measuring the yield stress directly. The criteria used for determining the yield stress 

differ for each technique, although the basic principle of considering yield stress between 

flow and non-flow is usually applied. 

1. Stress Relaxation 

The yield stress is measured when an applied constant shear rate or shear stress is 

suddenly or gradually brought to rest. Therefore, the residual stress remaining in the fluid 

upon termination of flow is representative of the yield stress. In this method, a rotational 

viscometer can be used for shearing the fluid. It has been mentioned that the stress 

relaxation method is appropriate for the yield stress measurement of fluids that have 

previous shear history independency due to pre-shearing action. 

While the yield stress is interpreted as the residual stress that remains at equilibrium on 

the stationary body, the characteristics of the rotating body, such as wall slip, inertia and 

damping, may affect the measured residual stress. These characteristics, which reproduce 

poorly, are limitions of this technique (Bantoft 1959, Cokelet et al 1963, Nguyen and 

Boger 1983, Magnin and Piau 1990 and Nguyen and Boger 1992). 

2. Strain Recovery 

In this method, yield stress is measured when a constant shear stress is applied to the 

fluid. A shear strain (creep )-time curve can show the behaviour of fluid during the test. In 

the elastic zone, the strain increases with time up. to a constant value, and it is obviously 
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possible to have a strain recovery after removing the shear stress. The shear stress in this 

zone is less than the yield stress. For stresses that exceed the yield point, the strain also 

increases with time and the fluid behaves like a viscous flow with a finite shear rate. 

Figure 3.6 shows a number of typical strain-time curves for yield stress measurement of 

fluids using this method. The yield stress can be determined from sharP changes in the 

curve slope. However, in sorne systems such as suspensions it is somewhat difficult to 

recognize yield stress of material from shear strain- time curves. 

This method can be applied using a rotational viscometer and is very sensitive in terms of 

assessing the characteristics of flow and deformation. One of the drawbacks of this 

technique as weIl as other techniques using a rotational viscometer is the effect of wall 

slip under slow flow state on the estimation of yield stress. The effects of two other 

characteristics of this instrument, damping and inertia, on the measurements have also 

been reported for this method (Davis 1971, Komatsu et al 1973, Krieger 1990 and 

Nguyen and Boger 1992). 

Figure 3.6. Typical strain (creep)-time curves at different shear stresses (Nguyen and 
Boger 1992). 

3. Stress Growth Experiment 

A constant Iow shear rate is applied to the fluid, and shear stress is measured as a function 

of time in this method. A typicaI shear stress-time curve presents three regions; the linear 
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region, the non-linear region and the stress decay portion (Figure 3.7). The peak (point A) 

of the curve, which shows the maximum shear stress and corresponds to a complete 

breakdown of the fluid structure, has been suggested by Pryce-Jones (1952), Van den 

Temple (1971) and Papenhuijzen (1972) as a value of the yield stress (Nguyen and Boger 

1992). According to several other researchers, such as Lin & Brodkey (1985) and Nagase 

& Okada (1986), the stress overshoot depends on applied shear rate and the value of yield 

stress can be considered at the end of the elastic region (point B) where fluid begins 

yielding. Hence, upper and lower yield stress values should be considered with these two 

points ofview (Nguyen and Boger 1992). 

Figure 3.7. Typical stress-time curve with applying constant shear rate (Nguyen and 
Boger 1992). 

A rotation al viscometer can also be employed for this method, and sorne limitations and 

difficulties can be expected when using such rotational devices for measuring yield stress. 

In this method, the poor reducibility of the result has been identified due to wall slip, 

instrument inertia, sensitivity to external distribution, and fluid fracture after yielding. 

4. Cone Penetration 

The cone penetration technique has been employed in many fields of engineering and in 

other industries. In this method, a cone penetrates under a constant force into a fluid 

horizontal surface. While the cone is entering the fluid, the surface area of shear between 
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the cone and the fluid increases~ and consequently the shear stress decreases. The yield 

stress can be considered at the equilibrium state of the shear stress and the yield stress of 

the fluid where the cone stops penetrating. Figure 3.8 shows the geometry of the cone~ 

and the yield stress can be determined as follows (Equation 3.12): 

K.F 
't =

y Z2 

where: Fis the force (including the weight of cone) 

Z is the indentation depth 

(Equation 3.12) 

K is a geometrical factor and may be detennined from the following equation. 

K = (cot\jJ)2 / 1t~ (Equation 3.13) 

where 2'1' is the cone angle. 

It has been mentioned that this method is most suitable for a fluid material with a high 

yield stress or low viscosity due to minimal effect of viscous resistance to penetration of 

the cone. On the other hand, the lesser the penetration time the more reIiable the yield 

stress value (Nguyen and Boger 1992). 

Figure 3.8. Cone geometry and the equilibrium state in cone penetration method (Nguyen 
and Boger 1992). 

The vane method is another method of direct measurement of yield stress. As the vane 

method has been chosen for this study due to its applicability and advantages, details of 

the principles and theory of the method are discussed in this chapter. 



3.4. Vane Method 

Basically, the vane method has been used for measuring the shear strength of cohesive 

soils. A standard test method for a laboratory miniature vane shear test for saturated 

clayey soil (<(>=0) has been devised and published by ASTM (ASTM D 4648-87). Nguyen 

and Boger (1983) adopted this method to determine the yield stress of concentrated 

suspensions. Although Russell (1936) and Hobson (1940) had used tbis method for 

measuring the yield value, they did not obtain a direct relationship between the true 

rheological yield stress and the value measured by them (Nguyen & Boger 1983). 

As described above, the effect of wall slip on the yield stress was the major problem for 

many methods using a rotating cylinder. The idea of using the vane method was to 

eliminate this problem, which is due to the geometry of the vane, as weIl as to minimize 

any disturbance caused by immersing the vane in the fluid. 

This method is used in the mining industry for measuring the yield stress of thickened 

tailings and paste material (Crowder et al 2002, Gawu et al 2004) as well as concentrated 

suspensIOns. 

3.4.1. Principles ofVane Measuremenfs 

In this method, a vane spindle, including 2-8 small blades, is inserted into the sample held 

in a beaker. In order to prevent the effect of rigid boundaries, the depth and diameter of 

the beaker should, as a rule of thumb, be twice as large as the length and the diameter of 

the vane (Nguyen and Boger 1983). Figure 3.9 presents the installation of a vane in a 

sample as weIl as the dimensions of the vane and beaker. Nguyen and Boger (1985) 

suggested the following criteria for vane and container dimensions: 

H/Dv <3.5; DT/Dv> 2.0; Zl/Dv > 1.0; and Z2/Dv > 0.5. 

After the vane is fully immersed it is rotated at a very low constant rotational speed, and 

the torsion required to maintain the constant motion of the vane is measured as a function 

of the time. A typical torque-time curve is shown in Figure 3.10. The first region of the 

curve shows linear behaviour, which is responding to the elastic deformation of the fluid 

close to the edges of the vane blades. 
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Figure 3.9. Schematic of a four-bladed vane installed in a sample (After Nguyen et al 
1985). 

It has been mentioned that the stretching of the "network bonds", which are connecting 

the structural elements of the fluids, may manifest the same deformation behaviour. This 

means that the resistance of the network increases due to the involvement of more bonds, 

and consequently, more torque would be required to maintain a constant rotational speed. 

The network bonds start breaking at the maximum torque, and after collapsing aIl of the 

network bonds the fluid may manifest viscoplastic behaviour. It has been mentioned that 

the appearance of maximum torque in the torque-time curve is a true characteristic of 

fluid materials with a yield stress, and that this value can be related to the yield stress 

(Nguyen and Boger 1983). 

3.4.2. Calculation of Yield Stress with Vane Method 

In order to calculate the yield stress of material from maximum torque, Nguyen and 

Boger (1983 and 1985) cited two main assumptions as foIlows: 

• yield surface is considered to be a cylinder whose dimension is equal to the vane; 



• shear stress is uniformly distributed on the cylinder. 
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Figure 3.10. Typical torque-time curve obtained with a vane method. 

The third assumption, made by Barens et al (1990), is that: 

• There is no secondary flow between the blades. 

The reliability of these assumptions has been investigated for Herschel-Bulkley and 

Casson plastic fluid using a numerical method (Yan et al 1997). Based on these 

assumptions, the total torque measured is equal to the two components created on the 

cylindrical wall and the two end surfaces due to shearing of material. The force balance is 

given as follows: 

T = (2JrRyH)'wRv + 2[ 2Jr (v 'e(r).r.dr.r l 
where T = torque; 

Ry = radius of the vane; 

H = length of the vane; 

'Lw = shear stress at the cyl indri cal wall; 

'Le (r) = shear stress at the end surface. 

(Equation 3.14) 

For the small diameter vane, 'Le is equal to Lw (second assumption) and at the maximum 

torque (Tm) the shear stress Lw is equal to the material yield stress 'Ly. Therefore, the 

Equation 3.14 can be re-written as Equation 3.15. 
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(Equation 3.15) 

It is obvious that the yield stress of material in this method depends on the maximum 

torque and the vane dimensions. 

As described by Nguyen and Boger (1983), the error of the second assumption can be 

estimated by either empirical techniques or analytical methods. The analytical technique, 

which has been developed for this estimation, can be explained as follows. 

If: 0::; r::; Rv, (which satisfies the boundary conditions) 

where P ( ~ 0) is a constant describing the radial distribution function of 'te. 

With substituting 'te in Equation 3.14 at maximum torque, then: 

T = ffD: (li+_l_)r . 
m 2 Dv P+3 y 

(Equation 3.16) 

It is obvious that with a P = 0, Equation 3.16 is the same as Equation 3.15. Table 3.3 

shows the error involved in employing Equation 3.15 as a function ofHJDv and P. 

Yoshimura et al (1987) suggested placing the vane in the fluid (emulsion) such that there 

is no space between the top edges of the blades and the surface of the fluid. This 

positioning causes the elimination of one of the end surfaces of the assumed cylinder, and 

consequently, the following equation has been used for yield stress calculation: 

T = ffD~ (li + !)r 
m 2 D 6 y 

v 

(Equation 3.17) 

Table 3.3. Estimation of errors involved in employing Equation 3.15 compared with P=O. 

HlDv P=l P=2 P=3 
1 6.67% 11.11% 14.29% 
2 3.7% 6.06% 7.69% 
4 1.96% 3.17% 4.00% 

3.4.3. Vane Dimensions 

As discussed above, a vane spindle consists of several small blades joined around a 

cylindrical shaft. There should be between 2-8 blades. The common type of vane has 

/ 
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four blades. The number of blades has no effect on the measurement. For example 

Yoshimura et al (1987) have not detected any difference between four-bladed and cight

bladed vanes. The aspect ratio of the vane ranges between 1-3.5, as suggested by Nguyen 

and Boger (1983), or between 1.5-4, as suggested by Steffe (1992). These criteria, which 

are very similar, have been used by several researchers (e.g. Liddell et al 1996, Gawu et 

al 2004). There are numbers of commercial vanes for different applications and for 

different ranges. 

3.4.4. Rotational Speed ofVane 

As described in the principle section, for detecting the maximum torque in the shear rate 

controlled mode, the vane spindle should be rotated at very low speeds. Due to viscous 

resistance associated with instrument inertia and insufficient damping at very high 

rotational speeds, significant errors may occur when measuring the maximum torque and 

calculating the yield stress (Nguyen and Boger 1983). It has therefore been suggested that 

the stress-controlled mode should be used rather than constant shear rate due to 

independence of the maximum stress on rotational speed (Y oshimura et al 1987). 

However, to discover the suitable range for rotational speed whereby the maximum 

torque is independent of the shear rate, several experiments should be conducted on the 

fluid (Nguyen and Boger 1983, Liddell et al 1996, Bames et al 2001). For example, 

Figure 3.11 presents the maximum torque measured for a 70 % titanium suspension at 

different rotational speeds. It is obvious that the suitable rotational speed for the Haake 

rheometer Is between 0.003-0.007 (rad/sec), and for the Weissenberg Rheogoniometer is 

between 0.01-0.03 (rad/sec). In another instance, the rotational speed of 0.3 (rpm) has 

been used for yield stress measurements of thickened tailings and paste with the vane 

method (Crowder et al 2002 and Gawu et al 2004). 

3.5 Rheometeryl Viscometery 

The following rheometers and viscometers are more commonly used for measuring 

rheologïcal properties of slurry and paste materials. 
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Figure 3.11. Maximum stress vs. rotational speed for titanium suspension (Liddell et al 
1996). 

3.5.1. Tube viscometery 

This type of viscometer, which is also called the capillary viscometer, has been used and 

recommended by several engineers in the mining industry (Cooke & Paterson 1996, 

Cooke 2001 and SIatter 2004). 

In this rheometer, a fluid flows at a constant velocity V through a tube with a length L 

and an inside diameter D. This demonstrates exactly what may happen in a pipeline fluid 

transportation system. Figure 3.12 shows a schematic of a tube viscometer. If L\P 

considered as pressure drops within the rheometer tube, for a laminar of inelastic fluid, 

the shear stress and shear rate are given as: 

rM 
T =--

rz 2L 
(Equation 3.18) 

f=f(Trz)=- ~: (Equation 3.19) 

These rheological parameters at the wall of the tube can be determined as: 

DM 
T =--

w 4L 
(Equation 3.20) 
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(Equation 3.21) 

where ( ~ ) is called apparent shear rate and is defined as: 

(Equation 3.22) 

Figure 3.12: Schematic of tube viscometer (Nguyen and Boger 1992). 

The Equations 3.21 and 3.22 are known as the Rabinowitsch-Mooney and the 

Rabinowitsch-Weissenberg equations, respectively (Slatter 2004). As mentioned by 

Nguyen and Boger 1992, if fluids have yield stress, they will not be sheared uniformly 

across the tube cross-section. Fluid flows as a plug zone in the centre of the tube and is 

sheared between ry::::r:S (D/2), where 't~'ty (Figure 3.13). In this condition, the lower limit 

ofthe integral in Equation 3.22 is replaced by 'ty. 

The steadyand fully developed flow is assumed to be a principle of the rheometery. End 

effects and wall effects are two major sources of errors that may occur in this equipment. 

End effects are caused by losing pressure when the flow enters and leaves the rheometer, 

and wall effects may be caused from an apparent reduction in viscosity when suspensions 

flow through small tubes. 
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Figure 3.13. Schematic of tube cross-section and plug zone. 

3.5.2. Concentric Cylinder Rheometery 

This type of rheometer appears to be very popular in most research laboratories (Nguyen 

and Boger 1992, Slatter 1997, Slatter 2004). This rheometer consists of a rotating inner 

cylinder (bob) and a stationary hollow cylinder (cup). Torque is required for rotating the 

bob at a constant rotational speed (Q) when fluid is located between the cup and the bob 

(Figure 3.14). 

Figure 3.14. Simplified diagram ofa concentric cylinderrheometer (Nguyen et al 1992). 



The torque (T) is related to shear stress, and the rotational speed is related to shear rate. 

For time-independent fluids with sorne assumptions such as steady laminar flow, no slip 

at the surface and no end effect, the rheological parameters at the surface can be described 

as follows: 

~ _ 1 {bob.( ) dr 
~,,-- r r -, 

2 cup r 
(Equation 3.23) 

T 
r = and 

bob 2-T 2 
/LLrbob 

T 
r =---

Clip 2_T2 
Jr.LrCllp 

(Equation 3.24) 

This type of rheometer is very simple to operate and is not very expensive. The shear rate 

usually ranges up to 1000S-1 and the rheometer has no sensitivity at below 1 S-I. The main 

disadvantage of this equipment is the tedious procedure for data reduction with non

Newtonian fluids. The ends effects and the apparent wall slip are two main sources of 

! errors (Nguyen et al 1992). Paterson and Cooke (1996) compared the advantages and 

disadvantages of tube viscometers and rotation al viscometers for measuring the rheology 

of slurries (Table 3.4). 

Table 3.4. The advantages and disadvantages of the tube and rotationalviscometers 
(After Paterson and Cooke 1996). 

Rotational viscometer 
Advantages Disadvantages 

• Time dependency can he measured • The annular gap must he much larger than 

• Widely accepted, commercially available the largest particles 
instruments • Fluid type must be assumed to account for 

• Compact, and can be installed as a "bench non-Newtonian end effects 
top" instrument • No indication oflaminar/turbulent 

• Small slurry samples are required transition 

• Rheograms can be obtained directly when • The centrifuge action causes a size 
linked to a PC distribution and a concentration gradient in 

the annulus 
Tube viscometer 

Advantages Disadvantages 

• Mechanically simple • Sample is subject to a varying shear rate 

• Geometrie similarity over the tube cross-section 

• Can attain high shear rates • The same sample of fluid cannot be 

• Can measure the laminar/turbulent subjected to sustained flow for measuring 
transition time-dependent fluids 

• Can measure diameter dependent effects • Larger sample volumes are required 

• The apparatus is large 
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3.5.3. Cone and Plate Viscometery 

This type of rheometer basically consists of a cone and a plate, whereby both can act as 

the rotation body. The fluid is sheared within the gap, as shown in Figure 3.15. A torque 

(t) is required to rotate the cone or plate at the constant angular velocity (Q), and the 

rheological parameters are given as follows: 

Hr) = f{'r) = ~, 
tane 

3T 
't=--

2nR 3 
' 

where e is the cone angle and R is cone radius. 

(Equation 3.25) 

(Equation 3.26) 

In tbis rheometer, both shear stress and shear rate are constant and can be calculated 

directly from torque and cone angle, which is hs advantage. There are several commercial 

types of this equipment with a different range of shear rate, usually from 10-3 to 103s-1
• 

The cone and plate device is not very suitable for aIl types of fluids due to a small gap 

requirement. 

Figure 3.15. Diagram of a cone and plate viscometer. 

The alternative case for the cone is a truncated cone, and can be used for suspensions 

where the minimum gap is at least ten times greater than the largest particle size (Nguyen 

and Boger 1992). 
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3.6. Siump 

The slump test has been used recently as a very simple method of measuring the yield 

stress of solid-liquid fluid materials. For many years this method has typically been 

employed to estimate the workability or consistency o!' fresh concrete. "Workability is a 

qualitative term used to describe a combination of effects due to varying yield stress and 

viscosity" (Pashias et al 1996). The flow ability and the strength of the final hardened 

concrete are of the greatest importance. The higher the water content, the Iesser the 

strength of the concrete. However, the slump test is a good measurement for controlling 

the quality and the balance of flow ability and strength. 

A similar concept can be adopted for other types of solid -liquid mixtures. For example, 

the flow properties of mine tailings should be optimized for the assessment of slope 

deposition in surface disposaI ofwaste material (Ritcey 1989, Pashias et al 1996), or for 

the assessment of final paste fill strength in an underground mine. 

3.6.1. Standard Slump Test Method 

The standard test method for evaluating the consistency of concrete has been developed 

by using the frustum of a cone-shaped mould (ASTM C143-90a 1998). The mould should 

be made of metal that is cement paste-resistant with the geometry shown in Figure 3.16. 

Figure 3.16. Mould for standard slump test method (ASTM 1998). 
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The test method involves three stages: first, the sample is placed and compacted in the· 

mould; second, the mould is removed vertically and the mixture is allowed to subside, 

and finaIly, the distance between the original and final· position of the centre of the top 

surface of the sample is measured. This distance is called the slump height. Figure 3.17 

shows the test method schematically. 

Figure 3.17. Standard slump test method (Clayton et al 2003). 

As described by Clayton et al (2003), the slump height is related to both the density of 

material as weIl as the yield stress. In other words, the slump depends on chemical 

composition, particle size and specific gravit y of particles. Among these variables, the 

yield stress is preferred as an indicator of material consistency due to its unique material 

properties. 

The idea of relating the slump height to the yield stress was innovated by Murata (1984) 

for a conical geometry. The materials used in his experiments were limited to concrete. A 

simple integration error was observed and corrected in the original Murata theory by 

Christensen (1991). The results of both values calculated by the models were compared 

with the yield stress of material measured directly by rotational devices (Pashias et al 

1996). Further investigations on conical slump models have been made by Rajani and 

Morgenstern (1991), Schowalter and Christensen (1998) Ferraris et al (1998), and 

Clayton et al (2003). 
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3.6.2. Yield Stress Measurement Using Conical Geometry 

The generalized cone slump model for measuring the yield stress has been developed for 

a cone regardless of base and top diameter of the cone (Clayton et al 2003). Several 

assumptions should be made for tbis model: 

• Initial material shape is considered as a perfect truncated cone 

• No effects on material form while rernoving the cone 

• Perfect slip at the inner surface of the slump cone 

• Material weight causes the only (vertical) stress on the material. 

Figure 3.18 presents the initial and final state of the material shape and stress 

distributions. On the basis of these assumptions, the pressure (P) in the material at a 

certain height (z) below the top surface can be expressed as follows: 

pgH( R J z R -R 1 . p!z = -- 0 x 1 + -( HO) - 2 ,(Equatton 3.27) 
3 RH - Ro H Ro (z R - R J 1+-( H 0) 

H Ro 

where H is the initial height of the material, p is the density of the material and the other 

variables are shown in Figure 3.18. 

Unyiclded 

Yiclded 

Figure 3.18. Initial and final state of the material shape and stress distributions in a 
conical slump model (Schowalter and Christensen 1998 and Clayton et al 2003). 

Another assumption is to have an elastic solid material for which 'tmaximum=I/2 Plz 

(Hibbeler 1997 and Clayton et al 2003). For the dimensionless form, the variables are 

defined using the following form: 
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'tz' = 'tz IpgH and z'=zJH. and also: 

't' y = 'ty /pgH = dimensionless yield stress, 

s' = s 1 H = dimensionless slump height, 

h' 0 = hol H = dimensionless height ofundefonned region, 

h' 1 = hl / H = dimensionless height of defonned region. 

If a = Ro , which is a dimensionless quaritity, the equation is then given: 
RH -Ro 

a (z') 1 
riz' =6" 1+ a -( Z')2 

1+
a 

(Equation 3.28) 

The material subsides along the yielded zone until the stress is reduced to the yield stress 

('t' y). The stress does not exceed the yie1d stress for the material above the yielded zone, 

and it remains unyielded. The interface layer between the yielded (below) and unyielded 

(ab ove) material is assumed to be a horizontal surface. This surface descends as the 

material flows in the slumping process. Therefore, the final height of material consists of 

an unyie1ded zone (ho) and a yie1ded zone (hJ). The height of the dimensionless unyielded 

zone (h'o) can be obtained by substituting ('t'y) for 'tlz' in Equation 3.28. 

, a (1 h~) 1 
r y = 6" + -;;- - ( h' )2 

l+~ 
a 

(Equation 3.29) 

For the yielded section of material, the height can be divided into two elements, thickness 

(dz) and radius (rz). These e1ements change to dz} and rzl at their final position. 

Figure 3.19 shows the defonnation of e1ements. It is assumed that the volume of each 

e1ement remains constant. Thus: 
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(riz )2 dz1 = (ri )2 dz 
1 Z 

(Equation 3.30) 

dz 

Figure 3.19. Deformation of an element ofthickness dz to thickness dZI (Clayton et al 
2003). 

Slump occurs untiI the cross-section area increases such that the yield stress needed to 

support the weight of material above any given plane is reduced to the yieId stress. 

Therefore, the product of stress and cross-section area is proportional to the weight of 

material above the plane: 

(Equation 3.31) 

then the height hl can be calculated as: 

h1 = rdZ1 (Equation 3.32) 

When substituting Equations 3.28, 3.30 and 3.31 into Equation 3.32 the relationship 

between h' 1 and 't' y is given as: 

h' = 2r' ln 1 y (Equation 3.33) 

As s' = 1 - h' 0 - h' 1 (Equation 3.34), the final expression relating dimensionless slump and 

dimensionless yield stress can be defined by substituting Equation 3.33 into 3.34. 



s' = 1- h~ - 2r~ ln 
(I+H -1 

( h')3 1+; -1 

(3.35) 

To calculate the actual yield stress, it is obvious that the diinensionless yield stress 

obtained from Equation 3.35 should be multiplied by pgH. 

3.6.3. Cylindrical Slump Test Method 

The conical mould was first changed to a cylindrical geometry by Chandler (1986). The 

cylindrical slump method was used for controlling the flow behaviour of bauxite residue. 

Pashias et al (1996) developed a model relating the slump height and the yield stress of 

material for a cylindrical mould. The test procedure is the same as the one used for the 

conical geometry (shown in Figure 3.17), and the procedure of calculating the yield stress 

is more suitable than for the conicalmould due to the simple geometry of the cylinder. 

According to Pashias et al (1996), the slump height does not depend on factors such as 

sample structure, cylinder material, aspect ratio of the cylinder (HID), lift rate, and 

measurement time. Meanwhile, they have used a cylinder made from PVC or stainless 

steel with an aspect ratio between 0.78 and 1.28. It has been mentioned that the surface on 

which the materials are tested has no effect on the sIump height. There are several 

surfaces that have been chosen for testing, such as stainless steel, rubber, .smooth wood, 

and rough wood (Pashias et al 1996). 

3.6.4. Yield Stress Measurement Using Cylinder Geometry 

When developing a relationship between the yield stress and the slump height of a 

cylinder, the same assumptions shou1d be considered for that of a conica1 mould. Figure 

3.20 presents both initial and final situations of material structure using a cylinder. The 

pressure (P) at any given height below the top surface can be expressed as: 

plz = zpg . (Equation 3.36) 
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For the elastic model, ('tmaximum=1I2 Plz), the stress in a dimensionless mode can be 

expressed as 

ri, = !z' 
z 2 

(Equation 3.37) 

The height of dimensionless unyielded region (h' 0) can be determined by substitutipg 'r' y 

for 'rI' z in Equation 3.37. 

ho 

dz -*
T 

Il 

r 

z 

(Equation 3.38) 

li 

-t,.-+-+ Stress (t) 

Figure 3.20. Initial and final state of the material shape and stress distributions in a 
cylindrical slump model (Pashias et al 1996 and Clayton et al 2003). 

When considering the Equations 3.30, 3.31, and 3.37, and substituting them into Equation 

3.32, the dimensionless height ofthe yielded region is ca1culated as: 

(Equation 3.39) 

As s' = 1 - h' 0 - h'}, the expression which relates the dimensionless yield stress to. the 

dimensionless slump height can be presented as: 

s' = 1- 2r~ ll-ln(2r~)J (Equation 3.40) 

The actual yield stress is then ca1culated by multiplying the dimensionless yield stress by 

pgH. 

3.6.5. Modified Conical Slump Test 

A survey by Ferraris (1996) concluded that none of the methods employed for measuring 

the rheological parameters of fresh concrete are able to estimate the plastic viscosity. This 

parameter appears to be more important in modern concretes~ Ferraris and De Larrard 
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(1998) then empirically modified the standard slump test apparatus, test procedure and 

calculation for detennining both the yield stress and the plastic viscosity of fresh concrete 

based on the works produced by Tanigawa et al (1989 and 1991) and Hu et al (1995). 

Tanigawa et al (1989 and 1991) considered the slump to be a function of time, and 

suggested simulating the slump-time curve by finite element analysis for fresh concrete, 

which was considered as a Bingham Plastic material. Hu et al (1995) then developed the 

relationship between slump height and yield stress based on finite element analysis as 

Ty = :;0 (300-s), (Equation 3.41) 

where p (kg/m3
) is density, 'ty (Pa) is yield stress and s (mm) is slump. According to Hu et 

al, if the plastic viscosity of concrete is more than 300 Pa.s the correlation is poor for 

Equation 3.41. There is an average error and underestimation for yield stress in this 

model. Its accuracy was improved empirically by sorne modification and addition in 

Equation 3.41 (Ferraris & De Larrard 1998). The modified equation is given as: 

T y =L(300-s)+212 . 
347 

(Equation 3.42) 

The comparison between direct measurements and predictions from Equation 3.42 

indicates a 162 (Pa) average deviation for yield stress measurement. 

In addition, a semi-empirical model has offered the following equations when estimating 

the plastic viscosity offresh concrete (Ferraris and De Larrard 1998): 

TJ p = pT x 1.08 x 10-3 (s -175) for 200< s < 260 mm 

TJp = 25x 10-3 pT for s<200mm (Equation 3.43) 

where T is the time of 10Omm-slump and p is the density of fresh concrete. For slumps 

less than 200 mm, the plastic viscosity is independent of slump height. These equations 

have been generalized and derived from the correlation between final slump (s) and the 

factor l1/pgT, where 11 is the plastic viscosity measured directly with a rheometer. 

In this method, the procedure for measuring the slump and time can be described as 

follows: 

A small plate which can slide on a centrally located rod has been designed to measure the 

time (T) when the top surface of a sample falls 100 mm after the mould is lifted. Figure 

3.21 presents the details of top plate dimensions, base and attached rod. The mould is 



located on the base where its axis coincides with the rod. The rnould is then filled with the 

sample, as is done for standard slurnp test. Finally, the plate is placed on the top of the 

sample. A stopwatch is started as soon as the slurnp cone is lifted, and is stopped when 

the sliding plate reaches the stop on the rod. 

TopPbte 

6.35 mm rod 
Stop 

BASE 

TOP PLATE 

Tube 6.35 mm ID 1 ...... 1 6.35mm 

~ 
"<t 
1() 
N 

V/////////1 / / LLLLLLLj 

1. 95.25mm~ ... 1 

0-ring 6.3.'; mm ID 

Figure 3.21. Experimental set-up for the rnodified slump test and top plate dimensions 
(after Ferraris and De Larrard 1998). 

The measured time is used for calculating the plastic viscosity, and the final slump is 

rneasured for calculating the yield stress. Sorne other considerations regarding equipment 

can be articulated as follows: 

• The weight of the top plate must be 212 g. 



• The rod, top plate and base should be made of stainless steel. 

• The purpose of the rubber O-ring seal is to prevent fine materials from interfering 

with the faH of the disks. 

The rod should be coated with petroleum jelly. Figure 3.22 presents the relationship 

between dimensionless yield stress and dimensionless slump for both Ferraris'and 

Pashias' models. The most accurate part of the curve for Pashias' model (equation 3-40) 

corresponds to dimensionless yield stresses less than 0.15, which shows dimensionless 

slump values of 0.333 or greater. Interestingly, Ferraris' equation (Equation 3.42) is also 

more accurate for concretes (p=2400 kg/m3
) with a sIump greater than 0.333 (Paterson 

2002). 

0:1 MostacclJrate if 
ditnensrdnleSsyierd. 
strè$s<.0'.15 

--,..- FelrarWelël O~~8) 

- PashÎaset al.(199!i> 

o~----~--~----~~~~----~----~----~----~----~--=--o 0.2 0.4 0.5 0.6 0.7 O.S· 0.9 1 

Dimensionless·Slump 

Figure 3.22: Dimensionless yield stress versus dimensionless slump for the cyl indri cal 
and modified slump models (after Paterson 2002). 

It is obvious that there is a significant difference between these two models at the given 

slump. The accuracy of each model will be assessed by experimental investigation for 

paste and thickened tailings. 



CHAPTER4 
MINE TAILINGS CHARACTRIZATION & 
EXPERMENTALPROCEDURE 

4.1. Mine Tailings Samples 

To achieve the goals and objectives of the thesis, two different samples of tailings were 

obtained :from two mines, LaRonde and Louvicourt. The general information about the 

mines can be articulated as follows: 

4.1.1. LaRonde Mine 

The LaRonde Mine is located in northwestem Quebec between the cities of Rouyn

Noranda and Val d'Or, which can be reached by highway 117. LaRonde is a polymetallic 

mine that contains gold, silver, copper and most recently zinc. Geologically, LaRonde is 

situated in the southem portion of Archean-age Abitibi volcanic belt within the Bousquet 

Formation of the Blake River volcanic group (see Figure 4.1). 

Agnico-Eagle Mines Limited Company, which is a leader among mid-sized gold 

producers, is operating this mine. Table 4.1 represents the total production of metaIs from 

1988 to 2004. The combined proven and probable mineraI resources of LaRonde are 

estimated to include 45.3 million tons of ore with 3.4 grams per ton gold (Table 4.2). In 

addition, the LaRonde Mine hosts a possible mineraI resource of 15.9 million tons of ore 

with 5.4 grams per ton gold. It is noteworthy that LaRonde is Canada's largest gold 

deposit. 
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Figure 4.1. Location of LaRonde Mine (www.agnico-eagle.com). 

Gold-copper and zinc-silver mineralzation occur in the form of massive and disseminated 

sulphide lenses throughout the southern felsic unit of Black River Group. This unit is 

characterized by the dominance of quartz and feldspar porphyritic rhyodacite to rhyolitic 

flows and pyroclastic rocks. 

Table 4.1. Statistics of production of gold, silver, copper and zinc 
in LaRonde Mine (1998-2004) (www.agnico-eagle.com). 

Gold (ton) Sllver (ton) Copper (klloton) Zinc (klloton) 

67.9 382.3 51.4 182 

Table 4.2. Proven-probable mineraI reserves and possible mineraI resource of LaRonde 
Mine as of February 2004 (www.agnico-eagle.com). 

Prodnction Scale Proven and Probable Possible 

Gold 
Grade of ore (giton) 3.4 5.4 

Tonnage (ton) 154 85.8 

Silver 
Grade of ore (giton) 44.17 32.56 

Tonnage (ton) 2001 518 

Copper 
Grade ofore (%) 0.32 0.35 

Tonnage (million ton) 14.496 5.565 

Zinc 
Grade ofore (%) 2.51 0.94 

Tonnage (million ton) 113.703 14.946 

4.1.2. Louvicourt Mine 

The Louvicourt Mine is located 25km east of Val D'Or in the SE part of the Archean 

Abitibi Sub-Province. The Louvicourt deposit is a Cu-Zn-Au-Ag volcanic hosted massive 
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sulphide. In the Val D'Or area, the volcanic rocks form an east-west striking, steeply 

dipping, overturned and south-facing sequence comprised of thick matic and ultramafic 

flows of the Lower Malartic group. 

The Louvicourt property consists of 170 daims and covers 8277 acres of land. It is 

operated by Aur Resources but is owned by three partners, Novicourt (45%), Aur 

Resources (30%) and Teck Cominco (25%). Aur Resources has become a major 

Canadian-based mining company with 95% of its revenues from the production of copper 

at the Quebrada Blanca, Andacollo and Louvicourt Mines in 2002. The mineraI reserves 

and resources as of December 2002 are 2,629, 000 tonnes and 3,143,000 tonnes, 

respectively. A breakdown of the current metal grades of reserves and resources is found 

in Table 4.3. 

Table 4.3. Breakdown of Louvicourt's reserves and resources. 

Variables Unit ~ineral1teserves ~ineral Resources 
Tonnage Tons 2,629 3,143 

Gold Grade of ore (giton) 0.81 0.83 
Silver Grade of ore (giton) 25.4 25.6 
Copper Grade of ore (%) 2.97 2.91 
Zinc Grade ofore (%) 1.93 2.01 

Louvicourt has sufficient reserves to sustain production until approximately mid-2005 at 

which time it is expected to dose. In 2004, production from Louvicourt is expected to be 

29000 tons of copper, 19000 tons of zinc as weil as silver and gold. A detailed mine 

dosure plan has been prepared and submitted to the Quebec Ministry of Natural 

Resources. This dosure plan will ensure that environmental redamation at the highest 

standards will be carried out in this region (www.aurresources.com). 

4.2. Basic Characterizations of Mine Tailings 

The following experiments were carried out to characterize the physical and chemical 

properties of LaRonde and Louvicourt mine tailings. 
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4.2.1. Chemical Composition 

A series ofXRF analyses were performed to determine the chemical compositions of the 

mine tailings samples. Table 4.4 presents the weight percent of 10 major oxides of 

LaRonde and Louvicourt mine tailings and their detection limits. The detection limits are 

based on three times the background sigma values. 

Total iron present has been recalculated as Fe203. In cases where most of the iTOn was 

originally in the ferrous state (usually the case with unaltered rocks) a higher total is the 

result. According to Table 4.4, more than 78% of LaRonde and 74% of Louvicourt 

samples include Si02, Fe203 and Ah03. 

Table 4.4. The chemical composition of LaRonde and Louvicourt mine tailings. 

Variable LaRonde (%) Louvicourt (%) Detection Limits (ppm) 
Si02 37.71 35.12 60 
Ti02 0.464 0.418 35 

Ah0 3 8.66 8.2 120 
Fe203 33.35 30.93 30 
MnO 0.03 0.279 30 
MgO 0.19 3.49 95 
CaO 0.67 2.23 15 
Na20 1.26 0.62 75 
K20 0.75 0.77 25 

P20S 0.054 0.161 35 
LOI 17.43 17.65 100 
Total 100.57 0 --

Another analysis was conducted on the mine tailings for 5 base metals, Cu, Zn, Ni, Pb 

and Cr. The results are shown in Table 4.5. Although during the mineraI processing aIl 

the Cu and Zn must be extracted, there are still sorne small amounts of these two metals 

in the mine tailings. 

Table 4.5. The value of the base metals in LaRonde and Louvicourt mine tailings. 

Variables Cr Cu Ni Zn Pb 
LaRonde (ppm) 42 1108 44 3403 942.9 
Louvicourt (ppm) 43 944 31 2426 600.5 
Detection Limit (ppm) 15 2 3 2 1 
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The amounts of sulphur (S) are as much as the percents of LOI for both samples. 

According to these tables, there is no significant difference between the chemical 

compositions ofLaRonde and Louvicourt mine tailings. 

4.2.2. Mineralogy or Mine Tailings 

To determine the mineralogy of the sampI es, the x-ray diffraction method was empIoyed 

for both LaRonde and Louvicourt. The results indicate the two major mineraIs are quartz 

(Si02) and pyrite (FeS2) for both types of mine tailings (Figure 4.2 and Figure 4.3). Pyrite 

is the source of sulphur in the mine tailings which can potentially generate acid mine 

drainage after deposition. There are also sorne minor mineraIs such as Ca (Mg2AI) (Ah.s 

Si1.2) OlO(OH) 2 and 1<.0.27 Mn 02 (H20) 0.54 for both sorts of mine tailings and NaN3 for 

Louvicourt sampI es onIy. 

Figure 4.2. LaRonde XRD graph. 
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4-2-3 Particle Size Characterization 

Two test methods were employed to determine the particle size distribution of coarse and 

fine aggregates of mine tailings. The standard sieveanalysis method (ASTM C 136-93) 

was used to determine the size of particles which are more than 150 microns. 

600 
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10 20 30 40 50 60 70 so 90 100 

Posilion ['2ThetaJ 

Figure 4.3. Louvicourt XRD graph. 

The tailings were sampled in accordance with the Standard Practice for Sampling (ASTM 

D 75-87) and the sample was dried to constant weight at atemperature of 110±5° C. As 

the aggregates passed sieve number 8, the total weight of each sample sieved was 250 

grams. Seven sieves, numbers 30, 35, 40, 50, 60, 80, 100, were employed for this 

purpose. The amount of each sample, which was passing sieve number 100, was collected 

to be characterized by the Laser Light Diffraction Techniques (Ji1lavenkatesa et al). This 

technique showed an error of less than 3% for the particles passing sieve No. 100 when 

using standard sieve analysis. Figures 4.4 and 4.5 represent the distribution of particle 

size of LaRonde and Louvicourt mine taili:t:lgs finer than 150 microns respectively. 
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After merging the data derived from these two techniques, the final size distribution 

curves were achieved as shown in Figure 4.6. According to this figure, the size of 

particles varies from medium clay to medium sand for LaRonde and from fine clay to 

medium sand for Louvicourt. The distribution curves also show that more than 40 percent 

of particles are less than 20 microns, this ratio makes an ideal paste mixture. 

Figure 4.4. Particle size distribution of fine portion of LaRonde mine tailings. 
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Figure 4.5. Particle size distribution of fine portion of Louvicourt mine tailings. 

The other characteristics such as the uniformity coefficient, Cu, and the coefficient of 

gradation, Cc, are presented in Table 4.6. There is a significant difference between the 

percent of clay « 2 microns) particles ofLaRonde and Louvicourt mine tailings. 
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Table 4.6. The size distribution characteristics. 

Cu Cc Clay (<2pm) Fines (<20 pm) Fines «75pm) 
7.25 1.04 3% 42% 80.21% 
72 4.5 20% 47% 74.24% 
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Figure 4.6. Particle size distribution of LaRonde and Louvicourt total tailings. 

4.2.4. Specifie Gravity and pH 

The specifie gravit y oftwo mine tailings sampI es were determined in accordance with the 

ASTM Test Method (D 854-83). LaRonde and Louvicourt mine tailings had specifie 

gravities of3.228 and 3.213 at the temperature of 20°C respectively. 

An eleetronic pH meter was used to determine the pH of the tailings. The test procedure 

employed for pH measurement is ASTM D 4972-89. The Laronde mine tailings sample 

had an average pH of 7.2 at the temperature of 20°C. The average pH of Louvicourt 

tailings was 6.7 at 20°C. 
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4.3. Sample Preparation for Rheologieal Measurements 

The tailings received from mmes had been sealed in barrels and covered by 

approximately 10 cm of water. The initial water content was about 21 % for LaRonde and 

17% for Louvicourt taiIings. In this study, for each mine tailings two different types of 

mixtures were prepared, the mixture without binder and the mixture with binder. 

4.3.1. Mixing 

The mixtures without additives werè prepared by adding sorne tap water to the mine 

tailings to create suitable water content for testing. The materiaI was then mixed for a 

minimum of 15 minutes at two different rotational speeds to ensure the materials were 

well blended by using a Hobart mixer shown in Figure 4.7. 

Figure 4.7. Hobart Mixer. 

For the mixture with binder, the same procedure was carried out, but the procedure 

differed by adding the binder after 15 minutes and mixing the paste for 3 more minutes. 

For slump tests and vane rheometery experiments a maximum of 1 minute mixing was 

needed to adjust or replace the sample for testing. In sorne rheometery experiments in this 
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study, two different mixing-times were considered to evaluate their effects on the 

rheological properties of material. 

4.3.2. Binders 

Portland cement type 10 was utilized as a binder in this study. The percent of cement 

added to the mixture was 5 wt% of solid particles. 

4.4. Slump Test Procedures 

In this study, three test methods for measuring the slump of paste materials were used: 

• Standard slump 

• Cylindrical slump 

• Modified-conical slump. 

After preparation of mixtures in accordance with the mentioned procedures, the slump 

heights of the mixtures were measured and consequently the relevant yield stresses were 

calculated. 

4.4.1. Standard Slump Test Procedure 

In this method a standard cone was used. The upper (2Ro) and the lower (2RH) diameter 

of the cone are 10 cm and 200 cm respectively. Therefore: 

a = Ro = 1 and with substituting this value in Equations 3.29 and 3.35, the 
RH -Ro 

dimensionless slump and yield stress are given as: 

S'=1-h~-2't~ln(( 7)' ) 
1 +h~ -1 

't~ = !((l+h~)- ( 1 y) 
6 l+h~ 

(Equation 4.1) 

(Equation 4.2) 
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After recording the slump height for each mixture and calculating the s' by dividing the 

slump height by H (300 mm), the variables ho' and T' y are calculated by using the trial 

and error method from Equations 4.1 and 4.2. The yield stress is then estimated by 

multiplying T'y by pgH. 

4.4.2. Cylindrical Slump Test Procedure 

Two PYS cylinders with diameters of 150 mm and 200 mm and aspect ratios of 1.17 were 

employed to evaluate the effect of diameter on the slump height and consequently yield 

stress (Figure 4.8). The test procedure was similar to the test procedure for the standard 

method but filling the moulds and calculating the yield stress in this method were less 

challenging. After recording the height of slump and dividing the slump value by the 

height of cylinder H, which is 175.5 mm for the small size and 234 mm for the large 

cylinder, the dimensionless yield stress is calculated for each mixture by using the trial 

and error method from Equation 3.40. The yield stress was then calculated by multiplying 

T'yby pgH. 

Figure 4.8. 150 mm diameter cylindrica1 mould (Ieft) 200 mm diameter cylindricaI mould 
(right). 

4.4.3. Modified Conical Slump Test Procedure 

As was mentioned in Chapter 3, this method has been designed for measuring the yield 

stress and the plastic viscosity in the cement industry. The additional equipment that must 

be used in this method includes a base-rod"and a top plate shown in Figure 4.9. 
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Figure 4.9. Modified conical slump test equipments. 

Several experiments were conducted to measure the height of slump and to record the 

time. Unfortunately, it was observed that at the time oflifting out the mould and slumping 

of the material, the adjusted plate on the top of the material did not slide by gravit y along 

the rod. It led us to increase the inside diameter of the top plate to 1 cm and to decrease 

the height of the edge to 0.5 cm without any changes in the total weight (212 g) of the 

plate. This plate must be placed in the centre of the rod on the upper diameter of the 

mould so it will distribute a uniform load to the entire material. As the material slumps 

concentricaIly, the adjusted plate on the top of the material follows the speed of the 

mixture. The final shapes of the mixtures confirm that these changes have no effect on the 

slump when the top plate can drop freely (Figure 4.10). 

After recording the final slump height and the time of slump when it drops 10 cm, the 

yield stress of the mixture is calculated from Equation 3.42 and the plastic viscosity is 

estimated from Equation 3.43. This test method of slump is challenging in terms of test 

procedure. The results derived from aIl these test methods and their accuracy and 

practicability will be discussed in Chapter 5. 

4.5. Vane method 

After sample preparation in accordance with the mentioned procedure, the yield stress of 

each mixture was determined by using the RlS-CPS Brookfield Rheometer in two modes, 

controIled-shear-rate (CSR) and controIled-shear-stress (CSS). Before explaining the test 
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procedure, it is useful to discuss the features and characteristics of the rheometer and the 

other equipments. 

Figure 4.10. Modified conical slump test procedure and the final shape of mixture. 

4.5.1. Equipments 

1. R/S-CPS Brookfield Rheometer 

This rheometer provides the possibility to measure the viscosity of Newtonian fluids, to 

record the flow curves as weIl as to detennine the viscosity functions of non-Newtonian 

fluids in steady shear flows. 

The measuring system of the RJS-CPS Rheometer is basically designed for cone and plate 

rheometery measurements according to DIN 53018. It is also possible to employ it as a 

rotational rheometer with a vane spindle. The measuring drive developed for this 
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instrument is characterized by a highly dynamic system of integrating motor and shaft 

encoder without mechanical force transducers, by torque measurement without detlection 

and by an optical shaft encoder (Brookfield Ltd.). Figure 4.11 indicates the main parts of 

the RlS-CPS Rheometer, vane spindle installed for vane method and the Peltier thermo 

regulator. 

1. Measuring head of rheometer 2. Cooling flange 

3. Measuring element coupling 4. Six-bladed vane spindle 

5. Bottom measuring plate 6. Nonius (fine adjustment) 

7. Stand 8. Height adjusting lever 

9. Peltier thermo regulator 

Figure 4.11. The RlS-CPS Brookfield Rheometer and Peltier thermo regulator. 

The electronic unit and measuring drive have been put together in one casing. There is an 

interface, centronics, for connecting the rheometer directly to a printer when there is no 

computer available and there is another interface, RS232, for computer connection. These 

two interfaces are located at the backside of the measuring head. The rheometer can be 

connected to a computer with a special data transmission cable and the computer seriaI 

port (e.g. "COM 1 "). However, the rheometer can be controlled by a computer in 

connection with the software "Rheo 2000" which has been developed for this purpose. 

There is a temperature sensor for measuring the temperature under the bottom measuring 

plate and its connecting cable must be inserted into the socket "Ptt 00" at the backside of 
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the rheometer. The technical and mechanical features of the rheometer are shown in Table 

4.7. 

Table 4.7. Technical features ofRiS-CPS Brookfield Rheometer (Brookfield Ud.). 

Parameter Scale Minimum Maximum 

Torque mNm 0.05 50 
Speed min-1 0.7 800 
Temperature oC 0 150 

Shear rate S-1 0 4,800 

Shear stress Pa 0 16,000 
Viscosity Pas 0.009 10,000 

2. Vane Dimension and Adjustment 

In this study, a custom-made, 20 mm diameter, six-bladed stainless steel vane with a 

height to diameter ratio of 2 was used (see Figure 4.12). A beaker, 80 mm diameter-80 

mm height, was used to hold the mixture. In this case, the vane must be immersed into the 

mixture in such a way that the diameter of the sample around the vane is at least 40 mm; 

the distance between bottom of the cup and the lower edge of the vane is at least 10 mm; 

and, the distance between upper level of the mixture in the cup and the upper edge of the 

vane is 20 mm. Once the vane is immersed, a short period (e.g. 30 sec) should be allowed 

for the paste to stabilize from the insertion action of the vane. Gentle tapping can help 

restore the paste structure around the inserted vane. 

Figure 4.12. Custom made six-bladed stainless steel vane. 



Chapter 4 Mine Tailings Characterization & Experimental Procedure ..................... 75 

3. Computer System and Software 

In this study a computer was used to represent the measuring results graphically. It was 

also possible to transfer the data from different files and sources to an excel sheet to 

provide the results in a graph or table. The minimum requirements for a computer, which 

is very basic computer, to use the Rheo 2000 software can be articulated as follows: 

• CPU 486 DX2 66 MHz 

• 8MBRAM 

• 10MB free hard disk capacity 

• VGA graphic cardo 

In this study, Version 2.7 of the software "Rheo 2000" was employed for the data 

acquisition system. Figure 4.13 shows the start up menu of the software which includes 

three options, the Block-editor, the Sequence-editor and the Measure/Analysis. 

Version 2.7 
Brookfie/d Engineering Laboratories 

2004 

Figure 4.13: Start up menu ofthe software Rheo 2000. 
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4.5.2. Rheometery Test Procedure 

In this study, after turning on the rheometer, the remote option from the main menu of the 

rheometer is selected for controlling the rheometer by software. At the same time, the 

Measure/ Analysis option is actuated after starting up the software. The communication 

between computer and rheometer can be monitored from the Measure/ Analysis box. 

Before placing the cup on the bottom plate of the rheometer and adjusting the height of 

the vane by the rheometer lever, a rheological program file should be loaded by pressing 

the "Load a pro gram file" key button from the Measure/Analysis box. Now, the computer 

would be ready to send the command of "start" to the rheometer (Figure 4.14). The 

software procedures for creating a pro gram file, and the modes in which the rheological 

properties of materials are measured are described in the following. 

4.5.3. Controlled Shear Rate Mode 

In this mode, the software is programmed to ron at a fixed rotational speed (in this study 

0.3 rpm for LaRonde tailings) for 120 seconds. The torque is measured during the ron and 

the maximum torque is picked from the torque-time curve to calculate the yield stress. 

1. Yield Stress Calculation 

The yield stress of each mixture was calculated according to Equation 3.15. In this study, 

the relationship between yield stress and maximum torque can be considered as follows: 

H=0.04m 

Dv= 0.02 m 

. nD
3 (H IJ From Equatton 3.15: Tm = __ v - + - 'ty then: 

2 Dv 3 

'ty (Pa) = Tm /(2.93E - 5) (Equation 4.3) 

The torque values in the rheometer are presented in the form ofM [%0] that corresponded 

to unit per thousand of ca 50 mNm. Therefore, Equation 4-3 can be changed to: 

'ty (Pa) = L706096x Mm (Equation 4.4) 
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TEST PROCEDURE 

Twnon 
the rheometer 

Select the mode 
"remote" 

Twnon 
the computer 

Start the software 
"Rheo 2000" 

Actuate 
"Measure/Analysis" 

Wait for communication between rheometer and 
computer 

No 

Communication 

Rheometer can be controlled 
by software 

Place the prepared sample on 
the rheometer and adjust the 

vane 

Load a program file 
(CSR or CSS type) 

1 Press "START" 1 

Check the cables 
and connections 

1 
Press "Open 
communication" 

Figure 4.14: Test procedure for rheometery experiments using data acquisition software. 
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2. Software Programming 

The first step to control the rheometer in the CSR mode is to create a block file. The 

block-editor option can be chosen from the start up menu for this purpose. After 

determining the values of parameters, a block file can be created by pressing the save 

block key. Figure 4.15 shows detail of the values chosen in this study. 

Figure 4.15. Creating a block file. 

This file is then loaded from the "load pro gram-file" in the Measure/Analysis option. The 

Measure/ Analysis box also shows the situation of connections between computer and the 

rheometer (Figure 4.16). After loading the program file successfully, the rheometer 

begins working by pressing the "start" key. 

3. Rotational Speed 

As mentioned before, the rotational speed (n) of 0.3 rmp was considered in this study. It 

is very important to use a reliable rotational speed for measuring the maximum torque. 

The fact is that the maximum torque mostly increases with an increase in rotational speed. 
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In order to understand which rotational speed is more reliable, a series of experiments 

must be done on the mixtures. LaRonde mixtures with five different water contents and 

Louvicourt mixtures with six different water contents were prepared for this purpose. 

The maximum torque value for each mixture was measured in six different rotational 

speeds. 

Figure 4.16. Measure/Analysis box. 

Figure 4.17 only shows the maximum torque values for aIl the tests derived from torque

time curves. It is obvious that for each mixture three values are closer to each other. For 

example at the low water contents (where the maximum torque values are high) three 

rotational speeds of 0.3, 0.4 and 0.5 nnp are the most frequent values. The maximum 

torque values at 0.2, 0.3 and 0.4 nnp have approximately the same values for the mixture 

with high water content (more than 32%). However, the rotational speeds of 0.3 nnp and 

0.4 nnp are the two most frequent in this figure. For the final rheometery experiments in 

this study the rotational speed of 0.3 nnp was chosen due to the existence of good 

correlation between the values measured in this mode and the css mode. 

4.5.4. ControDed Shear Stress Mode 

In this mode, the stress or the torque is ramped up logarithmically and yield stress is then 

calculated from the rheogram when the shear rate is zero. It is also possible to apply any 
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rheological model for calculating other rheological properties. The Herschel-Bulkley 

model was applied in this study. 
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Figure 4.17. The effect of rotational speed on the maximum torque. 

Figure 4.18 represents the values and parameters for creating a block file in this mode. 

This file is then loaded as such as a CSR file. The data can be presented as a graph on the 

monitor or can be transferred to an Excel sheet. The "Startvalues" for torque were 

changed from 1 (%0) to 100 (%0) and it depends on the yield stress of the mixtures. For 

the "Endvalues", the values range from 100 (%0) to 1000 (%0) to achieve the yield stress 

point in the slowest possible way. 

If the chosen Endvalue is less than the torque it needs to initiate the flow, there is no 

motion and the mixture deforms plastically. When the chosen Endvalue is very higher 

than the yield point and the torque increases rapidly, the system underestimates the yield 



Chapter 4 Mine Tailings Characterization & Experimenta.I Procedure ==:;;;= 81 

stress of the mixture. On the other hand, the Startvalue and the Endvalue in one-step of 

loading control the rate of increase of torque. 

Figure 4.18. Creating a block file in the CSS mode. 



CHAPTER5 
RESULTS AND DATA ANAL YSIS 

5.1. Classification of Results 

The results of the experiments can be presented into two groups, non-cemented mixtures 

and cemented mixtures. The results are then interpreted for each type of mine tailings 

separately to estimate the reliability of the techniques employed for yield stress 

measurements. In addition, the results of two mine tailings are compared for determining 

the effect ofbasic properties of the mixture on the yield stress. 

5.2. The Results of Non-cemented Mixtures 

This group includes the results of the vane method in two modes and three methods of 

slump tests for both LaRonde and Louvicourt mine tailings. 

5.2.1. Vane Rbeometery Results of Non-cemented Mixtures 

Severa! experiments were carried out to determine the yield stress of LaRonde and 

Louvicourt mine tailings at different water contents. In a controlled shear rate (CSR) 

mode, the torque-time curves were obtained in order to determine the maximum torque. 

Figures 5.1 and 5.2 show the curves at the rotational speed of 0.3 for LaRonde and 

Louvicourt tailings mixtures at the temperature of 20°C respectively. 
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Figure 5.1. LaRonde torque-time graph for non-cemented mixtures with different water 
contents. 
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Figure 5.2. Louvicourt torque-time graph for non-cemented mixtures with different water 
contents. 



Chapter 5 Results and Data Analysis "'"""''''"''''''''"''''''''"''''''''"''''''''"''''''''"''''''''"''''''''"''''''''"''''''''"''''''''"''''''''"''''''''"''''' ....... 84 

In accordance with these figures the maximum torque values are presented in Table 5.1 

for each mine tailings. The yield stress values were then calculated ~ased on Equation 

4.4. 

The water contents of the tested LaRonde mixtures vary from 26% to 36%. It is 

noteworthy that LaRonde mine tailings have a liquid limit of 25.9%. The lowest water 

content mixture tested for Louvicourt mine tailings was 28% due to its liquid limit of 

26.5%. According to Table 5.1 there is a significant difference between the yield stress 

values of LaRonde and Louvicourt mixtures at the same water content. 

Table 5.1. Maximum torque and yield stress values of LaRonde and Louvicourt. 

Water LaRonde Mine Louvicourt Mine 
Content (%) M(%o] Yield Stress (Pa) M(%o] Yield Stress (Pa) 

26 358.45 611.55 - -
28 251.06 428.33 144.1 245.85 
30 188.65 321.85 85.86 146.48 
32 128.09 218.53 59.03 100.71 
34 89.83 153.26 36.8 62.78 
36 70.27 119.88 27.89 47.58 

The same mixtures were considered to detennine the yield stress using the vane method 

in a controlled shear stress (CSS) mode. Figures 5.3 and 5.4 present the behaviour of 

mixtures for LaRonde and Louvicourt tailings respectively. These mixtures present 

"yield-pseudoplastic" behaviour at low shear rates and can be categorized as time

independent or viscoplastic fluids. At high shear rates, it seems the relationship between 

shear stress and shear rate is linear. The linear behaviour is particularly evident with 

mixtures at high water content. The yield stress values of mixtures were then calculated 

based on these two rheograms while Herschel-Bulkley model had been applied at the time 

of measurements. Table 5.2 shows the calculated values in this mode for LaRonde and 

Louvicourt. 

Table 5.2. Yield stress values in controlled shear stress mode. 

Water Content (%) LaRonde Yield Stress (Pa) Louvicourt Yield Stress (Pa) 
26 564.611 -
28 387.754 216.929 

30 319.404 142.346 
32 202.499 88.792 
34 153.128 62.266 
36 119.223 46.63 
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Figure 5.3. LaRonde non-cemented mixtures rheogram. 
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5.2.2. The Comparison Between CSR and CSS Resnlts 

A graph of yield stress versus water content for each mine tailings was drawn to 

determine the correlation and relationship between the yield stress values in controlled 

shear rate mode and in controlled shear stress mode (Figures 5.5 and 5.6). Overall, the 

data obtained in different modes show an exponential feature for the range of tailings 

tested for each mine. The exponential equation, which defines the yield stress (l'y) as a 

function ofwater content (w) is as follows: 

l' = aeb(w) 
y 

The constant parameters a and b and the average relative error associated with this 

estimation for each series of data are shown in Table 5.3. 

Table 5.3. Curve-fitting parameters and the average relative error. 

~ 
LaRonde Louvicourt 

Parameters CSR css CSR css 
a 45293 33214 75503 49117 

b -0.166 -0.1574 -0.2066 -0.1951 

Average relative error (%) 2.759466 4.433646 4.972951 4.474889 

According to the results and the defined equations, the correlation coefficient between the 

yield stress values in CSR mode and CSS is more than 0.99 for both mines. The percent 

of error based on the average value is then calculated as 1.09% for LaRonde and 1.54% 

for Louvicourt. Therefore, there is no significant difference between CSR and CSS mode 

in terms ofyield stress measurement. 

5.2.3. Standard and Cylindrical Slnmp Test Resnlts 

As mentioned in Chapter 4, a series of slump tests with different geometrical moulds 

were carried out to evaluate the accuracy of yield stress values calculated from measured 

slump heights. 
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Figure 5.5. The yield stress values in CSR and CSS modes for LaRonde mine tailings. 
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The slump height measured for LaRonde and Louvicourt non-cemented mixtures at 

different water contents using cylinders with the diameter of 150 mm and 200 mm are 

shown in Tables 5.4 and 5.5 as weIl as the calculated yield stress values from the slump 

height. 

Table 5.4. The results of cyl indri cal slump tests with 150mm diameter cylinders. 

LaRonde 
Water Slump Dimensionless Dimensionless Yield Stress 

Content (%) (cm) Slump Yield Stress (Pa) 
28 7.6 0.43304 0.114638 445.388 
29 7.8 0.44443 0.110815 427.1993 
30 9 0.51282 0.089568 342.5942 
31 10.5 0.59828 0.066601 252.7399 

31.3 11.3 0.643877 0.055755 211.0792 
32.6 12.3 0.701048 0.0434 162.6069 
33 11.6 0.660968 0.051921 193.9074 

33.2 12.4 0.706552 0.04228 157.647 
34.2 13.35 0.76087 0.031855 117.817 

Louvicourt 
28.2 10.4 0.592593 0.068019 254.6442 
28.8 10.2 0.581197 0.070905 264.8307 
29.2 10.9 0.621083 0.061062 227.711 
29.6 11.3 0.643875 0.055756 207.5946 
29.7 11.8 0~672365 0.049432 183.9608 
29.8 11.6 0.660969 0.051921 193.1215 
30.1 12.3 0.700855 0.04344 161.3688 
30.9 12.8 0.729345 0.037768 139.8863 
32.3 14.1 0.803419 0.024467 90.09256 

The result of measured slump height using a standard conical mould is presented in Table 

5.6. Equations 4.1 and 4.2 were used to calculate the yield stress values of non-cemented 

mixtures for each mine. 

For aIl the methods, the calculated yield stress from slump height versus water content for 

each mine are shown in Figures 5.7 and 5.8. 

Generally, these two figures illustrate the trend of yield stress values calculated from 

slump as an exponential feature due to the employed equations. The yield stress values 

measured with the vane method have also been presented in these figures for comparison 

between the data. 
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Table 5.5. The results of cylindrical slump tests with 200mm diameter cylinders. 

LaRonde 
Water Slnmp Dimensionless Dimensionless Yield Stress 

Content (0/0) (cm) Slump Yield Stress (Pa) 
28 10.8 0.461531 0.105235 545.1411 
29 11.9 0.510736 0.090175 463.5077 

29.5 12.1 0.517356 0.088255 451.8656 
30.5 13.4 0.57123 0.07348 373.2701 
31 15.5 0.662393 0.051607 261.1216 

31.5 15.3 0.654086 0.05345 269.3748 
32.4 15.2 0.649319 0.054521 272.803 
33 16.1 0.685693 0.046588 231.9868 

33.6 18.9 0.805899 0.024057 119.2136 
34.5 18.7 0.797681 0.025424 125.0688 

Louyicourt 
26.7 12.7 0.542734 0.08111 407.3276 
28.2 14.8 0.632479 0.058381 291.4294 
28.5 15.5 0.662393 0.051607 257.276 
28.9 15.2 0.649573 ·0.054464 271.0881 
29.3 16.1 0.688034 0.046096 229.075 
29.5 17.5 0.747863 0.034249 170.0818 
29.9 18 0.769231 0.03035 150.4817 
30.0 17.3 0.739316 0.035857 177.7147 
31.1 19 0.811966 0.023064 113.8028 

Table 5.6. The results of standard slump tests. 

LaRonde 
Water Slump Dimensionless Dimensionless Yield Stress 

Content (0/0) (cm) Slump Yield Stress (pa) 
28.5 13.6 0.453333 0.07679 508.0108 
29 14.3 0.476667 0.071995 474.4359 

29.5 17 0.56667 0.054977 360.8733 
30 15.5 0.516667 0.064156 419.4802 

30.5 19.5 0.65 0.041054 267.3716 
31 19 0.633333 0.043709 283.5394 

31.4 20.9 0.696667 0.033949 219.5245 
32 20.7 0.69 0.034934 224.8167 
33 21 0.7 0.033458 213.5984 

33.7 23.2 0.773333 0.023288 147.8306 
Louyicourt 

27.4 19 0.633333 0.04371 309.2808 
28.2 21.8 0.726667 0.029628 247.6232 
28.8 21.4 0.713333 0.031524 283.3777 
29.1 23 0.766667 0.024165 248.3761 
29.3 22.5 0.75 0.0264 168.1831 
29.7 23.7 0.79 0.021135 203.0145 
30.3 24.4 0.813333 0.01822 139.2136 
31.2 25.4 0.846667 0.014262 90.16455 



Chapter 5 Results and Data Analysis ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;- 90 

700 

600 
1 -1 

500 1 .ii. ,. .. 1. 

~ • ~ • -A 
'-' 400 1 
ri> 
ri> 

1 _ 1 .. 
.t:: 
ri> 

~ 300 
;.:: 

200 

100 

25 26 27 28 29 30 31 32 33 34 35 36 37 

Water content (% ) 

$ Cylinder 150 _ Cylinder 200 

A Standard Cone -Vane Method 

Figure 5.7. Calculated yie1d stress from slump height for LaRonde non-cemented 
mixtures. 

300 

250 

"iiJ 
~ 
II) 200 II) 
QI. 
!: 
CI) 

"tI 150 
Qi 
>= 

100 

50 

, 
,4\ 

26 27 28 29 30 31 32 33 34 35 36 37 

Water Content (%) 

$ Clyinder 150 • Cylinder 200 

A Standard Cone -Vane Method 

Figure 5.8. Calculated yie1d stress from slump height for Louvicourt non-cemented 
. mixtures. 



Chapter 5 Results and Data Analysis =;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; ....... 91 

The range of water contents at which the mixtures have shown a typical collapse was 

between 28% and 35% for LaRonde samples and mostly between 28% and 32% for 

Louvicourt samples. On the other hand, it is impossible to measure the slump height, and 

consequently, to calculate the yield stress of a mixture with a water content of more than 

35% for LaRonde or 32% for Louvicourt mine tailings. This impainnent is due to the 

limitation of dimensionless slump used in calculating the yield stress. Figure 5.9 

illustrates the range of dimensionless slump for LaRonde and Louvicourt mixtures at 

different water contents that are categorized by the type of moulds. 
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Figure 5.9. The relationship between dimensionless slump and water content of non
cemented mixtures. 

The accuracy of the yield stress values calculated from slump height can then be assessed 

through comparison between slump values and the yield stress values obtained with the 

vane method. The average percent error for each slump test and the relevant correlation 

coefficient is shown in Table 5.7. The general equation that is used for caIculating the 

errors is given as follows: 

IcaIculated - measuredl 
%error = xl 00 

measured 

where calculated refers to slump data and measured refers to the exponential curve fitted 

to the van~ method data. 
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Table 5.7. The average percent error and the correlation coefficient for slump tests. 

LaRonde Louvicourt 
Parameter Cylinder Cylinder Standard Cylinder Cylinder Standard 

150mm 200mm Cone lS0mm 200mm Cone 
Average error (%) 12.1 22.6 14.9 16.9 20.6 20.0 

Correlation coefficient 0.978 0.971 0.952 0.970 0.972 0.906 

5.2.4. Modified Conical Slump Test Results 

As it was described in Chapter 4, a small top plate is used in this method for recording the 

time of slump when the material drops 10 cm from the initial state. The final slump height 

and the time measured for LaRonde and Louvicourt non-cemented mixtures with 

different water contents are shown in Table 5.8, as weIl as yield stress values of each 

mixture. 

Table 5.8. The results of modified conical slump test. 

LaRonde 
Water Content (%) Slump (cm) Time (sec) Yield Stress (Pa) 

26.4 14.2 0.48 1251.97 
27.3 16.3 0.58 1107.67 
27.2 16.8 0.68 1075.82 
28.3 19.1 0.35 918.99 
28.4 21 0.34 795.60 
28.6 21.2 0.53 781.62 
30.0 21.3 0.9 768.94 
29.1 22 0.61 727.79 
30.3 23.1 0.65 652.68 
30.5 23.1 0.55 652.12 
30.0 23.4 0.52 634.41 
31.0 24.1 0.37 586.76 
31.3 25 0.36 528.91 
31.4 25.3 0.52 509.64 
31.8 25.5 0.35 496.01 

Louvicourt 
26.7 20.5 0.7 811.05 
27.5 22.2 0.46 702.33 
27.8 22.2 0.25 701.75 
27.6 22.5 0.7 683.22 
28.4 24.3 0.28 569.07 
28.8 24.4 0.31 562.16 
29.0 24.6 0.52 549.41 
29.4 25.8 0.63 474.05 
29.6 26.7 0.33 417.66 

, 
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The yield stress value for each mixture has been calculated based on Equation 3.42 for 

tbis method. Figure 5.10 demonstrates the height ofmodified slump and standard slump 

versus water content for LaRonde and Louvicourt mixtures. 
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Figure 5.10. The height ofmodified slump and standard slump. 

As seen in this figure, the final height in the modified slump test is higher than the one in 

the standard slump test for the same water content condition. This occurred because of the 

extra load of the top plate (212g) in the modified conical slump test. Consequently, there 

must be a difference between yield stress calculated from the slump of the modified and 

the standard tests. It is noteworthy to mention that the equation used for calculating the 

yield stress in the modified method (Equation 3.42) is different from the one used for the 

standard slump test. Figures 5.11 and 5.12 show the yield stresses calculated from 

modified slump and iIlustrate the huge difference between these values and the values 

obtained from the vane method and the standard conical slump method. 

The time recorded during the experiment is used to calculate the viscosity of the mixtures. 

According to Table 5.8, the time values for LaRonde and Louvicourt non-cemented 

mixtures are less than one second duration. In this method there was no option to record 

the time using an automatic device. Thus, a person had a difficult task of recording the 

time using a stopwatch. In order to validate the reliability of the time results and before 

further calculation for the viscosity, the correlation between time and slump height was 
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calculated for the mixtures with slump heights higher than 20 cm. Unfortunately, the 

results show a weak: correlation coefficient of -0.46 for LaRonde and -0.32 for 

Louvicourt mixtures. 
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Figure 5.11. The yield stress ca1culated trom slump ofmodified-conical test for LaRonde 

mixtures. 

900 

800 .: 
700 

, 
y: 

1 
,-... ., 
= 600 j 

~ '. ~ ri> 
ri> 500 '. ~ ... .. ., 

ÇI) 400 
"0 
~ 300 • > 

200 
1 

100 :. 
0 

26 27 28 29 30 31 32 33 34 

Water Content (%) 

1 *' Modified Siump • Standard Cone -Vane Method 1 

Figure 5.12. The yield stress ca1culated trom slump of modified-conical test for 
Louvicourt mixtures. 



Chapter 5 Results and Data Analysis ---=-=-=-=-=-=-=-=-=-=-===-= ..... 95 

The negative coefficients indicate that with an increase in slump height the time 

decreases, which is a necessary fact but it is not sufficient for calculating the viscosity of 

the mixtures with these series of data. Figure 5.13 illustrates the relationship between 

slump and time for both LaRonde and Louvicourt results. 
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Figure 5.13. The relationship between slump and time in the modified conical slump test. 

5.3. The Results of Cemented Mixtures 

The measured yield stress of LaRonde and Louvicourt paste materials or cemented 

mixtures are presented in two groups, the vane results and the cylindrical slump test 

results with 150 mm diameter cylinder. 

5.3.1. Vane Rheometery Results ofCemented Mixtures 

In the vane method, the shear stress was applied in a controlled shear rate mode for 

measuring the yield stress values of cemented mixtures. Rotational speed and other 

parameters such as the type of vane spindle were considered as it was applied for non

cemented mixtures to draw comparison between cemented and non-cemented data. 
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Table 5.9 shows the obtained maximum torque and the yield stress calculated for the 

LaRonde and Louvicourt mixtures after 4 minutes and 12 minutes of mixing at different 

water contents. The water content-yield stress graphs for these series of data are presented 

in Figures 5.14 and 5.15. 
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Content 
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36 

Table 5.9. Maximum torque and yield stress values of 
LaRonde and Louvicourt cemented mixtures. 

LaRonde Mine-Cemented Mixture Louvicourt Mine-Cemented Mixture 
Yield Yield Yield Yield 

M M Stress Stress M M Stress Stress 
(%0] (%0] 4min. 12min. (%0] (%o) 4min. 12mÎn. 

4 min. 12 min. (Pa) (Pa) 4 min. 12 min. (pa) (Pa) 
580.35 590.44 990.13 1007.35 - - - -
297.05 301.71 506.79 514.74 210.56 210.32 359.24 358.83 
246.07 288.3 419.82 491.86 167.17 162.8 285.21 277.75 
215.56 172.21 367.76 293.80 108.67 98.89 185.4 168.71 
155.71 148.76 265.65 253.8 67.93 69.31 115.89 118.25 
104.37 94.65 178.06 161.48 57.41 45.86 97.95 78.24 

There i8 a significant increase in the measured yield stress for each type of cemented 

mixture in relative to the non-cemented mixtures presented in these two figures. In order 

to detennine the percent of increase, the measured yield stress values of cemented 

mixtures were compared with the yield stress values of non-cemented mixtures calculated 

from the equations of fitted curves given in Table 5.3. The results show that the average 

values of the yield stress for cemented mixtures are more than 1.5 and 1.46 times the 

average values of mixtures without cement for LaRonde mixtures after 4 minutes and 12 

minutes respectively. The Louvicourt yield stress values for cemented mixtures also. 

indicate an increase of 1.8 times after 4 minutes ofmixing and 1.7 times after 12 minutes 

ofmixing. 

The two series of yield stress values with different times of mixing for each mine paste 

shows a strong correlation, shown in Figure 5.16. The correlation coefficient for LaRonde 

mixtures is 0.988 and for Louvicourt is about 0.997. The average difference between the 

values measured after 4 minutes and 12 minutes of mixing time i8 9.3 % for LaRonde . 

Mine and i8 7.3% for Louvicourt Mine cemented mixtures. 
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Figure 5.14. The yield stress values of LaRonde cemented mixtures after 4 minutes and 
12 minutes of mixing time. 
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Figure 5.15. The yield stress values of Louvicourt cemented mixtures after 4 minutes and 
12 minutes of mixing time. 
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Figure 5.16. The correlation between the yie1d stress values measured after 4 minutes and 
12 minutes for both LaRonde and Louvicourt cemented mixtures. 

5.3.2. Slump Test Results of Cemented Mixtures 

The cylindrical mould with a diameter of 150 mm was se1ected to assess the reliability of 

the slump test for cemented mixtures. The slump height and the related yield stress 

calculated from Equation 3.40 for LaRonde and Louvicourt mixtures are given in Table 

5.10. The experiments were carried out after 4 minutes of mixing the material. 

The cemented mixtures compared to non-cemented mixtures apparently show a decrease 

in the height of slump at the same water content. Figure 5.17 illustrates the difference of 

dimensionless slump height between cemented and non-cemented mixtures for LaRonde 

and Louvicourt materials. The yield stress values calculated from slump height for 

cemented mixtures are presented in Figures 5.18 and 5.19 and associate with the yield 

stress values measured with the vane rheometery for LaRonde and Louvicourt materials 

respectively. To compare these results with non-cemented mixture values of yield stress, 

the slump data of non-cemented mixtures are also shown in these two graphs. The slump 

test results of cemented mixtures generally underestimate the yield stress values for both 

LaRonde and Louvicourt materials. The average error related to these underestimations 

was then determined for each mine paste based on the values of yie1d stress measured by 

the vane method. 



Chapter 5 Results and Data Analysis ========= ....... ====;;;;:;;;;;;;;;; 99 

Table 5.10. The result of slump height and yield stress for non-cemented mixtures. 

LaRonde 

Water Slump Dimensionless Diniensionless YieJd Stress 
Content (0/0) (cm) Slump Yield Stress (Pa) 

30.6 7.3 0.415954 0.12054 458.8828 
30.8 7.7 0.438746 0.112712 428.4043 
31.1 7.6 0.433048 0.114635 434.6794 
31.4 9 0.512821 0.089568 338.8194 
31.8 9.3 0.529915 0.084677 319.2973 
32.2 10 0.569801 0.073853 277.596 
32.3 10.2 0.581197 0.070905 266.3008 
32.9 10.6 0.603989 0.065192 243.6662 
33.4 10.9 0.621083 0.061062 227.3115 
34.2 11.2 0.638177 0.057061 211.0433 
35.4 11.6 0.660969 0.051922 190.1601 
36 11.8 0.672365 0.049432 180.1472 

Louvicourt 
29.8 10 0.569801 0.073853 274.7957 
30.3 10.1 0.575499 0.072371 268.74 
31.2 11.5 0.655271 0.053185 196.7787 
31.1 11.2 0.638177 0.057061 211.204 
31.6 11.7 0.666667 0.05067 187.1669 
31.4 12 0.683761 0.046996 173.737 
32 12.6 0.717949 0.039999 147.5099 

32.6 13.1 0.746439 0.034515 126.9763 
33.1 13.6 0.774929 0.029339 107.7155 
34.5 13.7 0.780627 0.02834 103.4547 
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Figure 5.17. Dimensionless slump height of cemented mixtures in comparison with non
cemented mixtures for LaRonde and Louvicourt materials. 
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Figure 5.18. Yield stress of cemented and non-cemented mixtures calculated from slump 
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tests and vane rheometery for Louvicourt Mine materials. 
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LaRonde slump data presents 10.92% error and Louvicourt slump data indicates 12.6% 

error. 

Interestingly, the slump data for cemented mixtures shows the same trend as the slump 

data for non-cemented mixtures. The lowest water content of cemented mixtures in which 

it could be measured using slump tests showed a shift of about 2% of water content in 

comparison with non-cemented mixtures for both mine pastes. The same shift can be 

observed for the mixtures at the highest water content. 

5.4. Comparison Between LaRonde and Louvicourt Results 

According to the basic characterization of these two mine tailings described in Chapter 4, 

the chemical composition and the mineralogy of LaRonde and Louvicourt mine tailings 

are strikingly similar. Further similarities occur in the parameters related to these factors, 

such as pH and specific gravit y of solids. One of the most important physical properties 

of mine tailings is the distribution of particle size. Referring to Table 4.6 and Figure 4.6, 

the difference between particle size of LaRonde and Louvicourt mine tailings is related to 

the percent of clay materials that are less than 2 microns. Louvicourt tailings contains 

20% of clay «2 microns), which is finer than LaRonde tailings (3% of clay). 

As mentioned earlier, pH, specifie gravit y and particle size distribution may affect the 

yield stress of a mixture. In this regard, the most effective factor that causes the difference 

between the yield stress of LaRonde and Louvicourt paste is the size of particles. 

The comparison between LaRonde and Louvicourt non-cemented mixture yield stress 

shows a strong correlation (0.99) between these two series of data, although the yield 

stress values of LaRonde material is about 2.2 times greater than the values of Louvicourt 

non-cemented mixtures. The correlation coefficient between LaRonde and Louvicourt 

cemented mixtures is also strong (0.99) while the yield stress values of LaRonde 

cemented mixtures are about 1.8 times the yield stress of Louvicourt cemented mixtures. 

Therefore, according to the above factors and the experimental results, an increase in the 

percent of the fine particles in a mixture results in a decrease in yield stress. When the 

percent of the fine particles increases in a mixture with constant water content, the surface 

area of the solid parts increases. The water usually covers the surface area of the solids in 
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a homogenous mixture. Thus, increasing the percent of the fine particles results ln 

increasing the amount of water between particles. Clearly, the strength of the mixture is 

reduced due to the decrease of the strength between particles. 

5.5. Discussion 

Through the experience of using these two methods, vane rheometery and slump test, for 

obtaining the yield stress both have shown their advantages and disadvantages. 

According to the results obtained for LaRonde and Louvicourt mine tailings, the vane 

method as a direct method of measurement shows reliable and accurate results. As 

mentioned in Chapter 4, one problem associated with the vane method, particularly in the 

controlled shear rate mode is to select a reliable rotational rate. The results used for 

selecting the reliable rotational rate for LaRonde and Louvicourt materials iIlustrate that 

obtaining rotational rate-maximum torque plots for a solid-liquid homogenous mixture is 

independent of water content. Although there are differences in the percent of clay 

materials «2 microns) for both LaRonde and Louvicourt solid-liquid mixtures, the rate 

0.3 (rmp) was determined as a reliable shear rate; similarly, they both contain more than 

40% of fine materials «20 microns) and exhibit almost the same basic chemical 

properties. It is very difficult to generalize this rate to other solid-liquid mixtures for 

measuring the yield stress in this mode. However, after this stage, estimating yield stress 

would be straightforward and simple. 

In contrast, the yield stress measurements with the vane method in controlled shear stress 

mode are more complicated for each type of mixture. The shear stress should applied 

gradually until it exceeds the yield stress. The start point and end point of shear stress 

application as well as the rate of applied shear stress may change for each sample. This 

selection of parameters makes this mode challenging. However, the CSR and CSS data 

show a strong correlation and accurate results for each mine tailings. 

In order to calculate the yield stress of cemented mixtures in this study, the vane method 

in controlled shear rate mode with the same rate of rotation was preferred due to its 

simplicity. 
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Sometimes it seems that using equipment such as a rheometer is more sophisticated than 

the slump mould, but the laboratory procedures show that obtaining data from the slump 

test to calculate the yield stress is not very simple. Essentially, the slump test requires a 

greater amount of sample and the results depend on the skill of the examiner. 

Two different moulds, conical and cylindrical shapes, were used in this study. The 

experience shows that the cylindrical mould is less challenging than the conical mould to 

use. Furthermore, the cylindrical equation is easier to calculate the yield stress from 

slump height. In terms of the yield stress results obtained from different geometries and 

dimensions, the cylindrical mould with 150 mm diameter shows the best results. 

As it was discussed earlier, the following equation is valid for both cylindrical and 

conical methods in calculating yield stress values: 

'ty = 't~ .p.gR 

where 't' Y is dimensionless yield stress and h is the height of the mould. Assuming the 

same value for yield stress fo{ both methods at the same water content, the following 

compares the yield stress of the cylindrical and conical methods: 

't ycone = 't~cone .p.g.H cone 

't ycylider = 't~cylinder·p·g·HcYlinder 

If 'ty-cone = 'ty-cylinder then: 

, Hcone, 
't cylinder = H 't cone 

cylinder 

(Equation 5.1) 

As the hcone and h cylinder are constant for each test method in this study, Equation 5.1 can 

be written as: 

for a cylinder with 200mm diameter (aspect ratio of 1.17): 't'y-cylinder = 1.282 't'ycone 

for a cylinder with 150mm diameter (aspect ratio of 1.17): 't'y-cylinder = 1.709 't'ycone. 

These relationships show that the dimensionless yield stress of a cylinder with 150mm 

diameter is greater than for the cylinder with 200mm diameter and the standard cone. It is 

also possible to investigate the situation of changes in dimensionless slump and real 

slump height without considering the density of mixtures for these geometries and 

dimensions at the same yield stress. For this purpose, Equations 5.2, 4.1, 4.2 and 3.40 

were used to obtain the curves shown in Figures 5.20 and 5.21. The x axis in these figures 
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is the representative of the lowest (0) and the highest (100) actual yield stress that may be 

calculated with these methods. 
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According to Figure 5.9, the dimensionless sIump heights obtained for LaRonde and 

Louvicourt mixtures are more than 0.4 and 0.5 respectively. Therefore, the actual yield 

stress is less than 60 units shown in Figure 5.20. However, values ofless than 60 units in 

Figure 5.21 illustrate that the actual slump height of the cone mould must be greater than 

the slump height of the cylinders at 200mm and 150mm diameter. This comparison shows 

that the slump data in this study are compatible with the equations, although there are 

percents of error associated with the slump methods. 

The modified conical slump method is the most challenging of any slump method. In this 

study, not only were the yield stress values overestimated, but also the time values 

recorded were inaccurate for calculating the plastic viscosity of the mixtures. The average 

yield stress values calculated with this method were 2.2 and 2.7 times the values obtained 

with the vane method for LaRonde and Louvicourt mixtures respectively. 

The vane method in CSR mode and the cylinder with a diameter of 150mm were also 

employed for calculating the yield stress of cemented mixtures or paste fill materials. As 

was discussed before in this chapter, there was no significant difference between CSR and 

CSS measurements. The vane method in CSR mode was preferred due to its simplicity. 

The cylinder with a diameter of 150 mm was also selected because the data of this 

cylinder for non-cemented mixtures gave more accurate results and required use of 

smaller amount of sample. 

Mixing time was the most important factor required to assess cemented mixtures. For this 

purpose, the yield"stress values measured after 4 minutes and 12 minutes used the vane 

method. The comparison between these two mixing times indicate that the strength of 

material after 4 minutes and 12 minutes of mixing with cement will be similarly 

increased. The slump tests for cemented mixtures were carried out only after 4 minutes of 

mlxmg. 

The conclusion of the thesis regarding the data obtained in this study and the 

recommendation for further work based on the discussion and the results will be 

presented in the next chapter. 



CHAPTER6 
CONCLUSION AND RECOMENDATIONS 

6.1. Conclusion 

The rheological behaviour of two mine tailings characterized in this study was recognized 

as yield-pseudoplastic, although there is a significant difference between the percent of 

clay partic1es ofboth mine tailings. Rheological measurements were carried out while the 

effective parameters such as pH and temperature remained constant. 

Yield stress measurements in controlled shear rate and controlled shear stress modes with 

the vane method show reliable results for cemented and non-cemented homogenous 

mixtures. The most important advantage of using the vane method is to obtain the yield 

stress of material directly and without any data reduction procedure. In comparison with 

other methods, there is no wall friction error when the material is sheared in this method. 

In controlled shear rate mode, the maximum torque increases when shear rate increases 

and it thus resuJts in an increase in the yield stress. Therefore, a rotational speed should be 

used within a range where the maximum torque shows a minimum of change. The 

rotation al speed of 0.3 (rpm) was determined as the best rate of rotation for both types of 

mine tailings in this study. 
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To make a homogenous mixture, not only a minimum amount of fine particles «20 

microns) is required but also the size of coarse particles should be less than 1 mm. In this 

study, the percent of fine particles is more than 40% for each mine tailings that is suitable 

to make a homogenous mixture, but the amounts of clay particles « 2 microns) influence 

the rheological parameters. Yield stress measurements indicate that the finer the particle 

size the smaller the yield stress values. 

Cemented mixtures or paste materials apparently present greater values of yield stress 

relative to non-cemented mixtures at the same water content for each mine tailings type. 

The amount of cement used for making a paste form is 5% of the mixture solids weight. 

Cement was mixed with the solid-liquid mixture for 4 minutes and 12 minutes. Yield 

stress measurements show that the mixing time of 4 minutes and 12 minutes has the same 

effect on the yield stress of mixtures. 

Slump test methods or in-situ methods for calculation of yield stress show sorne errors in 

comparison with the vane rheometery measurements. Slump test methods, as the results 

indicate in this study, can be used as a secondary method or as a quality control test in the 

field. The procedure to carry out the test is not very sophisticated; the equipment used is 

inexpensive and available in different geometries and dimensions. A range of yield stress 

values of mixtures with different water contents can be determined by slump tests, but 

there is a limitation of mixture flowability. Slump heights and consequently the calculated 

yield stresses do not present reliable values for the mixtures with low water contents. In 

contrast, mixtures with high water contents flow properly along the slump mould, but 

sometimes they may exceed the height range of the slump mould. The range of water 

content depends on the particle size distribution of the mixture. As the mine tailings 

properties are unique for each mine, it is impossible to generalize any results that are 

related to the basic properties of mine tailings. 

The diameter of cylinders with similar aspect ratios has no effect on the calculated yield 

stress, although cylinders at 150 mm diameter show the less percent error in this study. 

Standard cone and cylinder moulds at 200 mm diameter demonstrate the same accuracy 
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while more volume of sampi es are required for these two moulds relative to "cylinders at 

150 mm diameter. The cylinder material should be made from PVC or stainless steel. 

The modified conical slump test, which is used for detennining the yield stress of fresh 

concrete, overestimates the yield stress values for mine tailings. Even though sorne 

modification was made on the top plate, laboratory experience showed that this plate is 

not a proper apparatus to record the time for viscosÏiy calculation. The idea of using this 

method was to compare the relationship between viscosity, slump height and time for 

each mine tailings. 

6.2. Recommendations 

Recommendations for further work can be articulated as follows: 

• The effect of binders and additives such as slag and fly ash on the yield stress of 

material should be assessed. 

• The relationship between particle size distribution and degree of saturation should 

be better understood to recognize their effects on yield stress. 

• The equation for the modified conical slump test should be reanalyzed to estimate 

better values for the yield stress of materials. 

• An automatic device for measuring the time in the modified conical slump test 

should be designed for viscosity calculation. 

• The effect of chemical composition on the yield stress of material should be better 

understood. 
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