
 

1 

 

 

THE INFLUENCE OF SHEAR ON THE 
DEWATERABILITY OF FLOCCULATED 

PARTICULATE SYSTEMS 
 

 

 

 

 

Ashish Kumar 
orcid.org/0000-0002-4558-3954 

Ph.D. Engineering 

November 2017 

 

 

 

 

Particulate Fluids Processing Centre 

Department of Chemical Engineering 

The University of Melbourne 

Victoria, 3010, Australia 

 

Submitted in total fulfilment of the requirements of the degree of 

Doctor of Philosophy 

 



2 

 

Abstract 

Solid-liquid separation is used in a wide range of industries, including wastewater 

treatment, biomass recovery and the mining industry. The use of thickening 

agents such as polymeric flocculants helps to capture fine suspended particles 

to form flocs, eventually settling to form a sediment bed at the base of the 

thickener or clarifier. The bed undergoes a combination of shearing (from rakes 

or pickets) and compressional forces (arising from the weight of solid material in 

the bed) which serves to densify the settled material while further increasing the 

concentration of the underflow. Shear forces will cause fractal aggregates, or 

flocs, to become more compact - a process called aggregate densification. 

However, excessive shear is detrimental causing aggregate breaking, resulting 

in increased fines, higher resistance to separation, longer residence times, and 

poorer overflow clarity.  

The optimum shear for a thickener is difficult to ascertain, due to the complexities 

of picket and rake design, thickener sizes, and material properties. Rheology is 

expected to provide a sensitive, controlled method to probe these densification 

processes – the expectation is that the failure of networked sediment beds 

depends on the critical strain, c, rather than a shear stress or shear rate. This 

parameter is well known in the rheological characterisation of polymer melts, but 

has not been applied to flocculated mineral suspensions.  

This work presents the novel use of a vane-in-large cup configuration to 

characterise flocculated suspensions using stress- and strain controlled 

rheometers. The cup size plays an important role for suspensions with large 

particles, as these tend to span the annulus and affect data accuracy. As such, a 

sensitivity analysis was performed to compare the creep rheology of coagulated 

(at iso-electric point) and polymer flocculated alumina suspensions using different 

cup-to-vane diameter ratios, dc/dv. Measurements with dc/dv > 3 demonstrated 

consistent behaviour, greater reproducibility, and fewer fluctuations in the strain 

rate data. Configurations below this ratio may be suspect, and contain artefacts 

of wall contributions, particle migration, bridging effects and force chain jamming. 
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The optimum dc/dv ratio was then used to perform creep, recovery, stress-

relaxation, small and large amplitude oscillatory shear (SAOS/LAOS) rheology 

on coagulated and polymer flocculated alumina at different solids volume 

fractions, . LAOS data was interpreted using recent non-linear viscoelastic 

measures, Fourier Transform (FT) rheology and Lissajous-Bowditch plots to 

successfully identify a common critical strain value c = 0.01 for non-linear failure. 

This value was consistent for both coagulated and flocculated samples, 

independent of solids volume fraction and applied stress, pointing to the idea that 

a flocculated particulate network must shift by a critical distance in order to 

undergo non-linear deformation. This value of c is very small, and highlights the 

sensitive nature of polymer flocculated suspensions, and how susceptible they 

are to shear effects. This information is invaluable in promoting aggregate 

densification and mitigating aggregate breakage while optimising energy delivery 

to raking systems. 

A characterisation suite comprising stepped pressure filtration, batch settling 

tests, and vane rheology was applied to two model flocculated calcite systems, 

and one industrial flocculated bauxite residue sample to develop constitutive 

models describing Herschel-Bulkley fitting parameters, and to relate compressive 

yield stress, Py(), to the vane yield stress, y(). These models provide on-site 

operators with powerful tools to predict and size processes such as paste 

backfilling, dry stacking and filtration belts. 
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Chapter 1  
Introduction 

1.1 Introduction 
Solid-liquid separation is a critical unit operation for a wide range of industries, 

including wastewater treatment, biomass recovery and the mining industry. To 

improve water recovery while increasing the solids concentration of particulate 

slurries, gravity thickeners are commonly employed – these are cost-effective 

solutions that exploit the density difference between solid and liquid phases to 

accomplish phase separation [1, 2]. The solid components fall to a more 

concentrated slurry zone at the base of the thickener, while relatively solids-free 

liquor rises to the overflow at the top. 

To make separation processes faster and more efficient, methods such as 

coagulation and flocculation are applied. The definitions vary, but in this thesis, 

coagulation processes depend on net attractive inter-particle forces to aggregate 

particles [3, 4], whereas flocculation is achieved through the use of high-

molecular weight polymeric additives [5, 6]. The dosing of polymeric flocculants 

to dilute feed streams serves to capture fine particulate matter within a matrix of 

long-chain polymers, consequently forming larger aggregates. These aggregates, 

or flocs, settle more rapidly resulting in significantly improved overflow clarity and 

underflow density, reduced residence times and higher thickener throughput [7, 

8]. 

It has been a continuing research objective to model and predict such thickener 

performance from first principles. Extensive laboratory and pilot scale 

experiments have been conducted to investigate the solids flux and settling 

dynamics of flocculated systems – unfortunately these results do not transcribe 

accurately to full-scale, real world scenarios. Inevitably, present predictive 

modelling of thickener performance can under predict thickener throughput by up 

to a factor of 100 - but typically by a factor of 10-20 [9, 10].  

One phenomenon proposed to account for this discrepancy is aggregate 

densification, a process whereby the flocculated aggregates compact and 
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become smaller when subjected to shear forces in the thickening process, e.g. 

from raking processes at the base of the thickener. As the aggregates densify 

and shrink in size, the roughness around the aggregates decrease – leading to a 

net reduction in the hindrance to fluid flow. On this basis, it is also expected that 

the material will settle at a faster rate and to a much higher underflow density [5, 

11]. Previous work to include the effects of aggregate densification into 

dewatering theory only accounts for some of the performance enhancement 

observed in thickening processes [1, 5]. New approaches in understanding the 

dynamics of aggregate rearrangement and breakage are therefore required.  

This work examines aggregated and flocculated suspension dynamics under the 

influence of shear at a micro (particle/inter-particle) and macro-scale (bulk) level. 

Information from micro-scale studies are used to understand and better model 

the densification process, while macro-scale work allows for the development of 

new techniques for dewatering analysis.  

 

The rheology, i.e. the study of flow and deformation of particulate suspension is 

influenced by the interplay of forces between individual particles with the 

suspending medium. Detailed rheological understanding of these complex 

materials is critical to process optimisation [2, 3, 12, 13]. For example, a sound 

grasp of inter-particle forces and its overall effects on the micro-structure of 

concentrated suspensions enables process engineers to modify suspension 

formulations, thereby enhancing processibility; a solution likely to be more cost 

effective than redesigning entire process operations. Pipelining, pumping, solid-

liquid separation and coatings are instances of industrial processes whereby a 

low to moderate viscosity and highly dispersed colloidal suspension is desirable. 

In other processes such as pressure filtration, gravity sedimentation and 

centrifugation, aggregated suspensions are preferred [14, 15]. 

One rheological property of particular interest to the flow behaviour of 

concentrated particulate systems is the yield stress, y. While the official 

existence of yielding had been debated extensively in the past, it is however 

widely accepted to be an engineering reality [16-18]. The yield stress - simply 
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defined as the minimum stress that must be applied to a material before flow is 

observed [19-21], is the transition from solid-like rigidity to liquid-like flow. Yield 

stress behaviour is a highly sought after property in the manufacture of a wide 

range of commercial products, for example sauces, toothpaste, cosmetic creams, 

motor lubricants and paints.  

Previous studies have established that the magnitude of yield stress is an 

accurate gauge of the mechanical strength of a network, and henceforth the 

microstructure where the material exists in its solid-like (elastic) state [4, 22-24]. 

Zhou et al. [4, 22, 25] and Ying et al. [26-29] showed that for coagulated metal 

oxide suspensions, the mechanical strength of the network is dependent on 

numerous factors such as solids concentration, particle shape, size and 

distribution, electrolyte concentration and net attractive forces between particles. 

Concentrated aggregated suspensions exhibiting yield stress behaviour perform 

like viscoelastic solids at applied stresses below the yield stress [30, 31]. It is 

interesting that most research in this area is for coagulated and not polymer 

flocculated systems whereas the latter dominates in gravity thickening processes. 

The yielding dynamics of flocculated systems is expected to be considerably 

different from coagulated systems. The sub-structure of flocculated aggregates 

is comprised of individual particles trapped within a polymer matrix. These fractal 

aggregates contain numerous voids that trap some of the suspending liquid 

media; the application of shear to these delicate structures gives rise to syneresis 

– behaviour common in the processing of milk products [32] and polymers [33]. 

Once this liquid is expelled from the aggregate structure, the regeneration of the 

former network configuration can no longer take place due to the severance of 

polymer bonds; dynamics that are in contrast to classic coagulated suspensions. 
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Figure 1-1. Animation frames of flocculated elements (A) approaching in a system under 
shear (B), interacting with particles around the fractal edges of the floc (C) and 
disengaging with some bond breakage (D). 

  

The impact of shear processes on dewatering, for example, can be interpreted 

by analysing these aforementioned constituents. A particulate suspension at its 

gel point, g, forms a continuous networked structure, and the network strength 

can therefore be quantified using the compressive yield stress, Py, i.e. the 

minimum compressive stress a suspension can withstand before yielding 

irreversibly, and dewatering to a higher solids concentration, . Present 

understanding and experimental evidence linking Py and shear yield stress, y, is 

very limited; investigations around the ratio of Py/y as a function of volume 

fraction, , have been performed by a number of authors [20, 29, 34-36]. 

Generally only a narrow experimental regime is studied and initial conclusions 

suggest this correlation to be linear. However, there is an absence of 

A 
B 

C D 
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methodology for accurately measuring floc dynamics – making this a challenging 

problem to solve.  

It has also been argued that the ratio between the two parameters will depend 

strongly on the critical strain, c – a parameter well known in the characterisation 

of polymer melts [37, 38]. However, its measurement as the transition from linear 
to non-linear viscoelastic behaviour for flocculated aggregates has not been 

reported systematically for a range suspension conditions. The expectation is that 

c of flocculated systems will be larger due to the long bond lengths, resulting 

from the high MW polymer chains.  

 

1.2 Objectives 
Dewaterability characterisation experiments presently employ test methods that 

quantify bulk changes in material properties when particulate suspensions are 

exposed to shear (raked batch settling, shear rheology), or compression forces 

(pressure filtration, batch settling). For example, batch settling experiments look 

at identifying differences between an un-sheared case (control) and that with the 

addition of shearing elements such as rakes or pickets. Changes in sediment 

heights are translated to gel points, g, and differences in gel points are in turn 

used to infer consolidation, and ultimately, aggregate densification [39]. Pressure 

filtration tests on the other hand extract permeability resistance and network 

strength provided by the settled sediment, expressed in terms of compressive 

strength, Py() and the hindered settling function R() – all of which rely on 

observable changes in overall cake height [40].  

These methods, although crude, are effective in providing a quick 

characterisation profile of the test material. Plant operators and engineers can 

then implement this characterisation data in their thickening systems to improve 

sediment density and flow, or rectify poor overflow quality. Unsurprisingly though, 

this leads to significant under predictions when compared to real world thickening 

processes, as mentioned previously.  
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This research aims to improve current knowledge of yielding dynamics for 

coagulated and polymer flocculated systems, based largely on rheology, to clarify 

the relation between shear forces and aggregate deformation in particulate 

systems. Furthermore, it is of key importance that new techniques and 

characterisation tools be developed to draw connections between the micro- and 

macro-structure of networked particulate systems. Two model colloidal systems 

are used: aluminium oxide (Al2O3) and calcium carbonate, or calcite (CaCO3), 
aggregated via two pathways, i.e. coagulation at the iso-electric point (IEP) and 

polymer flocculation.  

Chapter 2 presents, discusses and summarises the breadth of previous research 

in this area. Opposing ideas and concepts surrounding rheology, sedimentation, 

flocculation and thickening are argued in this chapter to expose the underlying 

research gaps that form the basis for subsequent work in this thesis. 

Chapter 3 reviews the fundamental theory behind particle interaction, fluid 

dynamics, polymer flocculation, dewatering and rheology. Equations and 

relationships presented here are drawn upon extensively in this work and will 

provide a basic understanding of the underlying principles that relate the rheology 

of flocculated systems and the dewatering behaviour. 

Chapter 4 details the experimental test and characterisation techniques critical to 

extracting reliable, high quality experimental data for use in subsequent analysis. 

This includes methodical, step-by-step procedures for measuring material 

properties, optimising flocculation parameters, performing batch settling tests, 

pressure filtration experiments, and the correct rheological techniques for 

flocculated particulate suspensions. A diagrammatic representation of how the 

different experimental outputs integrate to paint a picture of dewaterability is 

provided at the end of this chapter. 

Chapter 5 addresses a recurring issue with suspension rheology below the 

apparent vane yield stress, y. A set of challenges exists when performing 

rheology at “zero shear” such as creep tests resulting in poor repeatability. This 

is believed to stem from wall slip and bridging effects despite satisfying the infinite 

media criteria, i.e. the conventional rule in which the cup diameter is twice the 
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vane/cylinder diameter no longer holds true. A sensitivity analysis is therefore 

performed on varying cup-to-vane ratios, dc/dv, in creep experiments to determine 

the most appropriate ratio for repeatable zero shear rheology tests that are not 

affected by the cup wall. Coagulated and polymer flocculated suspensions of 

aluminium oxide can then be characterised with respect to transition from linear 

to non-linear viscoelasticity – corresponding to a critical strain value, c - through 

a combination of creep, creep recovery, stress-relaxation, small and large 

amplitude oscillatory stress (SAOS and LAOS). This critical value would help 

distinguish aggregate densification from detrimental aggregate breakage. 

Lissajous-Bowditch plots are utilised to provide a graphical benchmark of 

viscoelasticity, followed by data analysis using Fourier Transforms and 

alternative nonlinear measures to investigate the non-linear viscoelastic limits of 

concentrated coagulated and flocculated alumina suspensions. This systematic 

and methodical testing protocol provides much clearer and reproducible data 

without wall-effects for use in future thickener-modelling work. 

Chapter 6 presents experimental methodology and techniques to investigate the 

concept of solids dependent aggregate densification and rheological behaviour. 

This is done by collecting high quality, reproducible data for Py(), R(), batch 

settling tests and rheological characterisation for three flocculated suspensions – 

aimed at filling in missing information regarding the effects of shear on dewatering 

and shear in compression. The systems investigated are calcite flocculated with 

AN934SH (a polymer widely used in tailings treatment), calcite flocculated with 

Rheomax 1050 (a new polymer with known improvements in dewatering 

performance) and industrial flocculated bauxite residue (a real world mineral 

tailings sample for comparison against model calcite).  The use of a couette-

sedimentation cell and raked sedimentation tests on calcite suspension (both 

flocculated and coagulated at IEP) at different concentrations and settling stages 

to understand the extent and rate of dewatering due to aggregate break-up and 

densification – and ultimately how to exploit them in real-world gravity thickeners. 

The analysis of sheared sedimentation data for this calcite-Rheomax 1050 

system is presented, and compared to the calcite-AN934SH suspension These 

two experimental datasets are analysed using the recently developed method by 



44 

 

van Deventer et al [10] to extract steady-state densification parameters including 

scaled aggregated diameter, Dagg,∞, and rate parameter, A. Finally, a 

mathematical model aimed at predicting compressive yield stress from vane yield 

stress will be applied to the three systems studied in this chapter to identify the 

applicability of such a model and implications for the different modes of network 

failure. A predictive model as described above would be very powerful to paste 

backfilling, dry staking, and filtration processes that rely on compressional 

information for sizing and operation. 

Chapter 7 summarises the key findings and outcomes of this research work, and 

why this information is important to the mineral processing industry. 
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Chapter 2  
Literature Review 

2.1 Thickening 
Solid-liquid separation is a major unit operation found in countless industrial flow 

schemes, including but not limited to chemical processing plants, wastewater 

treatment, pharmaceuticals, cosmetics, paints, food and beverage processing. 

Simply defined as the removal of solid particles from a liquid medium, solid-liquid 

separation may be achieved through a variety of techniques, the selection of 

which is influenced primarily by the particle size (Figure 2-1).  

 

Figure 2-1. Solid-liquid separation processes and the typical particle size ranges of operation 
[41]. 

 

Of particular interest in this work is the processing of mine tailings and ore 

beneficiation. Mine tailings include waste rock or overburden excavated from 

surface and underground operations - essentially wall rock material removed in 
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order to access and mine the desired ore [42]. This inevitably produces significant 

volumes of fine particulate material, which must be disposed of in an economical 

and environmentally sound manner; between 90 – 99% of the material extracted 

from the ground will typically require disposal [43].  

To put this into perspective, the residual products from world mining operations 

of certain metals in 1995 totalled approximately 45 million tonnes per annum (see 

Table 2-1). Mining also places a tremendous burden on surface and groundwater 

supplies; between 1986 and 2001, mines in north-eastern Nevada, the driest 

state in the United States of America, pumped out more than 2200 billion litres of 

water [44] – enough to service the population of New York City (7.3 million 

people) for more than a year! 

Table 2-1. World ore and waste production for selected metals, 1995 [45]. 
Type of ore Ore Mined 

(million tonnes) 

Share of ore that becomes waste  

(excluding overburden) 

(%) 

Iron 25,503 60 

Copper 11,026 99 

Gold 7,235 99.99 

Lead 1,077 97.5 

Aluminium 856 70 

 

In Australia, a life-cycle analysis (LCA) performed by the Commonwealth 

Scientific and Industrial Research Organization (CSIRO) in 2007 found that the 

economic value of water consumed by the mining and minerals industry 

exceeded that of the agricultural and industrial sectors [46]. Priced at an average 

value of AUD$ 80/m³, the economic value of water consumed by the minerals 

industry is much higher than that of the industrial sector (approximately 

AUD$ 40/m³) and the agricultural industry (AUD$ 5/m³). 

The problem is comparable in the European Union (EU-27) countries, where 65% 

of the total waste produced in 2008 constituted mineral waste and soils [47]. 

Similarly, high volumes of mineral waste was generated by mining industries in 
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Romania, Sweden, Finland and Estonia accounting for 73 %, 68 %, 39 % and 

37 % respectively of the national waste (Figure 2-2).  

Clearly, there is a need for better disposal methods, or at the very least, steps to 

mitigate the volumes of waste generated. By optimising dewatering processes 

and improving mineral waste management, it is possible to provide tremendous 

benefits to water recovery while reducing tailings dam construction costs [7].  

 

Figure 2-2. Breakdown of the total waste produced by the EU-27 in 2008 by waste 
categories. Data from European Commission Eurostat [47]. 

 

Traditional methods of disposing mineral tailings included discharge, in dilute 

form, into artificial settling ponds that covered vast land areas, and subjecting the 

material to solar drying and consolidation over a period of many years [2, 48]. 

The liquid component of this suspension was separated and could be recovered 

as surface run-off, however the water losses due to evaporation and gravity 

drainage quickly added up due to the lengthy consolidation timescales [7, 48].  

There is little doubt that these are not viable disposal solutions for the future and 

the industry is shifting its focus towards thickening the waste streams to different 

extents. Reasons for this shift are numerous, including environmental and most 

certainly economic factors [2]. 
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The downstream processing, transport and disposal of mineral waste can be 

divided into two fundamental steps; first the separation of the liquid component 

from the mineral residue and second, recovering and recycling as much of the 

aforementioned liquid streams as possible [48]. A range of separation techniques 

is shown in Figure 2-1, differentiated by the extent of consolidation achieved [7, 

49, 50]. However, to ensure throughput and potential cost savings are maintained 

on the scales characteristic to mineral processing, gravity thickeners offer 

numerous advantages over centrifugation and filtration methods, predominantly 

because the driving force for separation is free. It is also important to remember 

the numerous chemical, petroleum, petrochemical and nuclear applications 

where gravity settlers are employed to resolve emulsions or separate liquid-liquid 

dispersions [51].  

Thickeners, concentrators or clarifiers, essentially perform the same function, i.e. 

separate solid components from a liquid medium using the aid of gravity. 

Clarification (used extensively in wastewater treatment) describes the method of 

separating fluid from solid particles. Often used with flocculation (i.e. aggregation 

of individual particles with a polymer or thickening agent) to make the solid 

components sink faster to the base of the clarifier, while fluid that is free of solids 

is obtained from the surface.  

Thickening is identical to clarification - solids that sink to the bottom are recovered 

and fluid is rejected from the overflow. In addition, thickeners are capable of 

producing underflow streams of much higher concentrations and densities 

compared to the feed streams. These underflow streams can then be deposited 

as relatively thin layers on a sloped bed to facilitate consolidation, provided the 

stream is above the gel point and has a yield stress, y [52-54]. 

There are a number of different thickener designs, e.g. high rate, paste thickeners, 

and lamella clarifiers, whose applications depend on feed composition and 

desired output solids concentration. These unit operations capitalise on simplistic 

designs and thus correspondingly low operational costs to bring about phase 

separation. 



49 

 

Further network consolidation beyond thickening is sometimes required to 

optimise land use and minimise the environmental impacts of tailings disposal. 

Subsequent stages of consolidation employ mechanical compaction of the 

remaining solid residue through filtration, centrifugation or belt drying [2, 7]. 

These methods, although extremely effective in reducing the water content of 

tailing streams, can be costly; literature suggests that as a consequence of the 

initial outlay, maintenance and operation costs, the total cost of filtration can be 

up to 100 times that of thickening [55]. Consequently, their application is limited 

and more attention needs to be invested in achieving enhanced thickened tailings 

from conventional thickeners. 

 

Figure 2-3. Aerial photograph of Escondida copper-gold-silver mine, Chile [56]. Satellite 
image of a copper thickener on site (inset) [57]. 

 

Conventional thickeners consist of a shallow tank with a conical base usually 

fabricated from concrete or steel and, under optimal operating conditions, are run 

as a continuous, steady-state process. These dewatering devices can span a 
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hundred or more meters across, e.g. up to 100 m in diameter found at the 

Escondida copper-gold-silver mine in Chile (Figure 2-3).  

Thickener operation involves the feed slurry being pumped into the feedwell, 

where it is mixed with a polymeric flocculant solution (Figure 2-4). In addition to 

promoting mixing, feedwells function to dissipate stream energy and promote 

particle aggregation. For copper or gold mine tailings for example, polymer 

flocculant dosages typically range from 15 – 105 g/t of untreated slurry [58]. It is 

however important to optimise the dosage to suit feed quality and required 

underflow solids concentration - overdosing polymer flocculants can introduce 

costly problems such as bulking [59]. Once clear of the feedwell, the aggregated 

particles settle to form a sediment bed, which continues to thicken or consolidate 

to a much higher concentration than that of the feed [60]. Most thickeners also 

incorporate a rake, which further consolidates the sediment bed and transports it 

to the underflow outlet. When operated optimally, clear liquor reports to the 

overflow that can be recycled. 

This thesis will focus primarily on the processes and inter-particle interactions 

occurring within a gravity thickener, however, a broad understanding of the 

dewatering process is critical to all aspects of solid-liquid separation. 

  



51 

 

2.2 Dewatering 
Under optimal thickening conditions, thickeners develop four distinct regions or 

zones; supernatant clarification, the free settling zone and a 

compression/networked zone. Between the latter two zones exists an un-

networked zone or hindered settling zone [7, 60, 61] which develops based on 

settling rate and bed consolidation. Figure 2-4 shows a schematic representation 

of these zones in a raked thickener. 

 

Figure 2-4. Schematic diagram of a gravity thickener. 

 

The feed suspension from mineral processes predominantly consists of fine 

particles, which settle at prohibitively slow rates. Assuming most thickening 

operations have a proportion of solids with a particle size between 2 – 10 m, 

settling rates of order 1 m/h can be expected [60]. If nothing were done to 

increase these settling rates, it would be necessary to either (a) reduce the feed 
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rate, which creates a process bottleneck, or (b) increase the diameter of the 

thickener, which is a huge capital cost. 

A solution to this problem involves the addition of a polymeric flocculant to fine 

particles in the feedwell; a process known as flocculation [28, 39, 49, 62]. 

Flocculants are usually high molecular weight polymers that possess charged 

active sites (cationic or anionic), capable of bridging between particles. This 

produces an aggregated suspension that settles and dewaters faster as dictated 

by Stokes’ equation [49]; ultimately for a given throughput, the overflow clarity is 

improved and the underflow solids concentration is increased. The effects of 

shear, polymer type and dosage on aggregate formation have been investigated 

extensively for a wide range of processes [6, 11, 26-29, 63-65]. This has provided 

information critical to the effective selection of flocculants for application in 

thickeners and filters.  

Rakes are incorporated into most thickeners to ensure solids that collect at the 

base of a thickener are swept to the outlet of the underflow, therefore minimising 

the formation of arch-like structures as well as sediment build-up, ‘rat-holing’ and 

short-circuiting [7, 49, 66, 67]. The secondary, but arguably more important, 

function of raking is to enhance suspension dewatering. Numerous studies have 

been conducted to quantify this effect, looking at different designs and the 

addition of vertical pickets to promote fluid release from flocculated structures [5, 

39, 55, 68].  

The dewatering theory of flocculated suspensions, developed by Buscall and 

White [69], incorporates the concept of failure of a flocculated particulate network. 

They demonstrated compressibility and permeability as physical properties to 

establish the dewaterability of flocculated suspensions. However, there is limited 

work presented which adequately quantifies the effects of aggregate 

consolidation and breakage on dewatering performance. 

Once tailings streams are thickened beyond a certain consistency, they exhibit 

non-Newtonian behaviour [2]. These streams consequently behave very 

differently compared to dilute Newtonian liquids during pipelining, transport and 

subsequent disposal or storage. This necessitates better management strategies, 
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which reduces pumping energy required when delivering streams at the 

appropriate velocity, viscosity and yield stress for paste backfilling, surface 

deposition or dry stacking [53, 54].  

Understanding the rheological characteristics of the material, both in shear and 

compression, assists in the optimal planning, design and operation of a thickened 

tailing disposal system.   
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2.3 Rheology of Suspensions 
Rheology is the study of deformation and flow of matter under the influence of 

applied mechanical stresses. An array of rheological characterisation techniques 

have been applied to a range of commercial and industrial suspensions, including 

foods [70, 71], ceramics [72-74], wastewater sludges [14, 50, 75] and of course, 

mineral slurries [4, 19, 76] to understand flow behaviour and how to better 

process these streams. Particulate fluids (two phase systems) obviously pose 

greater rheological complexity when compared to pure fluids (single phase) since 

the concentration can vary in space, although the latter can show complex 

behaviours in the presence of polymeric and other molecular additives.  

For particulate suspensions at increasing concentrations, the solid particles begin 

to interact with each other to develop a three-dimensional, networked structure 

[22]; the volume fraction at which this structure develops is known as the gel point, 

g [49, 77]. At concentrations above g, the particulate network (shown 

schematically in Figure 2-5), is capable of storing elastic potential energy and 

possesses the ability to resist applied stresses [78]. Suspensions below the gel 

point do not possess a shear or compressive yield stress, i.e. y() = Py() = 0. 

When the network strength is exceeded in shear, the network structure fails and 

flow is observed [22, 79]; the transition from solid-like behaviour to liquid-like 

behaviour under an applied stress is therefore defined as the yield stress, y, [80]. 

While the official existence of yielding for fluid materials has been debated [16, 

17], the apparent shear yield stress is widely accepted as a scalar of inter-particle 

force prevailing within the microstructure of particulate fluids [81]. Measurement 

of the yield stress of a particulate fluid poses its own set of challenges and errors, 

associated with the interpretation of the data, i.e. which mathematical model is 

applied, as well as the rheological technique used to characterise it. The use of 

a rate-controlled method for example, whereby a fixed vane or cylinder speed 

produces a flow curve, is in reality a transient measurement that gives differing 

yield stress values depending on set rate and observation time [82, 83].  

The concentration region of significance in this project lies between the gel point, 

and the maximum solids fraction for a poly-disperse suspension, max [20]. Many 
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process slurries such as pigments, wastewater sludge and mineral suspensions 

fall into this category and may contain polymers or flocculated aggregates. 

Substantial volumes of water or process liquor can be found incorporated into the 

structure of these aggregates, thus influencing the viscosity of the suspension. 

As mentioned earlier, these suspensions are therefore invariably non-Newtonian 

fluids, characterised by the shear rate being non-linearly related to the shear 

stress [15, 81]. The viscosity of such systems is therefore a function of shear rate; 

commonly described using mathematical models including Herschel-Bulkley [84], 

Bingham [85] and Power-law [86] models. The latter model is used when the 

suspension does not possess a yield stress as an axis intercept. Furthermore, a 

networked structure is capable of elastically resisting shear – this gives rise to 

suspension viscoelasticity prior to yielding [3]. 

 

Figure 2-5. Illustration showing a suspension at low solids fraction (left) settling to develop a 
3-D networked structure above the gel point, g (right). 

 

Shear thinning or pseudo-plastic behaviour is often observed in concentrated 

suspensions and is the dominant fluid property after yielding perceived in the 
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materials to be characterised in this study. In aggregated particulate systems 

dominated by attractive forces, the decrease in viscosity versus shear rate is 

believed to be attributed to the aggregates breaking up or densifying [20]. An 

explanation of this phenomenon based on the suspension microstructure is 

presented in great detail in other publications [3, 15, 20, 87].  

The deformation of the microstructure in particulate systems when sheared does 

not usually occur instantaneously and in most studies the viscometers used in 

measurements are too slow to detect these miniscule delays. For other systems 

however, these responses are longer and therefore detectable as time-

dependent behaviour [20, 88]. This ‘shear history’ can be ascribed to the 

reversible degradation of the network structure under applied shear, followed by 

the structural reformation at rest [76, 89]. This sequence of structural breakdown 

and reformation entails two opposing processes; on one hand the shear disrupts 

the inter-particle bonds that link the primary particles and aggregated bodies. 

Simultaneously, the shear induced collisions of these now segregated elements 

tend to reform part of the broken bonds due to the dynamic nature of colloidal 

systems. Examples of time-dependent behaviour includes thixotropy (time-

dependent decrease in viscosity when sheared) and rheopexy (time-dependent 

increase in viscosity) [20, 88]. 

Rheology therefore provides a technique to characterise the mechanism by which 

a networked particulate structure responds to shear in a thickener, applied by 

means of a rake. Oscillatory rheology, for example, provides data on yielding 

dynamics, i.e. transition from linear to non-linear viscoelasticity in the 

compression/networked zone of the thickener resulting from the action of the rake 

under the weight of the liquid column, i.e. shear in compression effects.  
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2.4 Critical Review and Research Objectives 
To comprehensively describe and justify the scope of work in this thesis, an 

analytical discussion of previous investigations into dewatering, thickener 

optimisation and rheology is presented.  

2.4.1 Dewaterability and Thickener Optimisation 

The type and magnitude of inter-particle interaction has a tremendous influence 

on the microstructure of colloidal suspensions. Macosko [90] classified colloidal 

interactions as either attractive or repulsive, where attractive forces include van 

der Waals, electrostatic attraction between oppositely charged surfaces, 

hydrophobic forces, depletion forces and bridging forces. Repulsive forces, on 

the other hand, include electrostatic repulsion between surfaces with the same 

charge, steric and hydration forces [3, 4]. The relative strengths of these attractive 

and repulsive forces dictate the extent and stability of coagulation within these 

systems. This form of aggregation is quite distinct from flocculation, which can 

arise from polymer bridging, depletion flocculation, as well as attractive 

interparticle forces [7, 39, 91-95]. The term flocculation used in the dewatering of 

sludge systems refers primarily to polymer bringing flocculation, whereby bridges 

are formed when a long-chain polymer is adsorbed to multiple particles, shown 

schematically in Figure 2-6. 

 

Figure 2-6. Schematic of individual solid particles linked together by polymeric bridging. 
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As discussed briefly in Section 2.1, rakes are utilised in thickening to transport 

sediment at the thickener base and also impart shear to the sediment bed and 

bring about consolidation of flocculated particles [96]. Great attention has been 

devoted into analysing the effects of shear rate on the fractal structure, size and 

the integrity of aggregates during the flocculation process for a range of mineral 

and biotic sludges [20, 34, 65, 97-99]. Further to the aggregate formation 

behaviour, post-flocculation studies have demonstrated the importance of shear 

to dewatering performance [55, 68, 100]; Mills et al. [101] provided insight into 

the structural changes occurring within systems in response to shear fields, while 

Gladman et al. [7, 39] quantified the shear dependence of dewatering parameters 

such as the hindered settling function, R() and compressive yield stress, Py(). 

Particles that are aggregated through electrostatics, versus polymer bridging for 

example, respond differently to shear, i.e. particles coagulated at their iso-electric 

point (IEP) are stable suspensions with resistance to sedimentation and can 

revert back to their original states following deformation [3, 102]. There are 

however some exceptions, such as flocculated activated sludges that exhibit 

some degree of reversibility under very low compressional pressures and shear 

forces [103, 104]. Polymer flocculated systems are fractal in shape and therefore 

more sensitive to shear, and deform irreversibly. This is an extremely useful 

property that will be exploited in this thesis to distinguish the different 

mechanisms for network failure under shear. 

It is widely known that an improvement in dewatering occurs as a result of 

aggregate densification for flocculated systems that settle in a shear field; an 

optimum shear rate is observed to exist, beyond which aggregate breakage is 

detrimental to dewatering performance [7, 39]. Interestingly, coagulated 

suspensions do not show this behaviour or if so, at nowhere near the same extent. 

Work performed by Usher et al. [1] and Farrow et al. [5, 63] expanded on previous 

experimental investigations, by demonstrating the expected effects of aggregate 

densification on the settling behaviour of flocculated suspensions, illustrated in 

Figure 2-7. 
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Figure 2-7. Effects of shear on aggregate densification and tortuosities between aggregates. 
Reproduced from Usher et al (2009) [1].   

 

The process of densification is comparable to syneresis in structured fluids; 

flocculated aggregates are essentially comprised of individual particles trapped 

within a polymer matrix, with some liquid media filling the remaining aggregate 

voids. The expulsion of this liquid when aggregates are subjected to shear (which 

in turn causes collision with other aggregates) causes a net decrease in 

aggregate size and a corresponding decrease in flow tortuosities. Densification 

due to shear has been shown to account for a proportion of performance 

enhancements (relative to unsheared scenarios) observed in thickening 

processes [10]. A modified Kynch method of batch settling analysis has been 

presented by van Deventer et al (2011) [10] to incorporate the effects of 

aggregate densification, using collision rate as well as a concentration factor. 

However, the authors have acknowledged persistent discrepancies between 

experimental data and model prediction, indicating the functional form still fails to 

fully capture the densification behaviour of aggregates in shear. The influence of 

solids volume fraction, , and the effect of particle size distribution (PSD) of the 

particulate system is thus necessary information to improve current 

understanding of aggregate densification – these factors will be investigated 

using model calcium carbonate (calcite) slurries flocculated with well known 

polymer flocculants to accurately quantify improvements in aggregate 

densification and shear rheology. 
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Similarly, dewatering amelioration is observed with the breakage of activated 

sludge aggregates in turbulent shear conditions, investigated by authors 

including Yuan and Farnood [75], and Ormeci [98, 99]. Their findings are also in 

agreement with fast stress jump experiments [105] and yield stress-DLVO force 

relationship [106] suggesting aggregate strength is inversely proportional to 

aggregate size or diameter. Extensive work by Zhou and co-workers [26, 27] 

further highlighted that inter-particle adhesion forces heavily influence bond 

strengths between individual particles and are more important than aggregate 

size or strength. Other aggregated systems have been studied in order to better 

understand the fine balance between aggregate densification and detrimental 

break-up [7, 101]. Previous studies have shown that mild mechanical agitation 

enhances dewatering performance significantly [55], as the energy imparted by 

shear causes aggregated particles to consolidate to higher solids volume 

fractions within shorter timeframes [107]. For example, Channell [102, 108] 

demonstrated that the application of shear during filtration saw considerable 

improvement of cake dewaterability. Conversely, deterioration in dewatering 

performance has also been observed in studies by Novak and Bandak [68] upon 

the application of high shear rates. These studies demonstrate the significance 

that shear plays in dewatering phenomenon, but do not quantify the effect 

systematically nor provide any indication of the typical shear rates of the transition 

between the two behaviours. The mechanical strength of polymer-flocculated 

suspensions, arising from the interconnected particle network, is therefore an 

important physical property in this thesis for characterising new flocculants with 

respect to resistance to excessive shear. Flocculants are expensive and 

therefore the optimisation of polymer dosage would be beneficial from an 

operations cost perspective.  

In 2006, Gladman [7] employed a couette and a raked cylinder arrangement to 

characterise the dewaterability of thickener suspensions and qualitatively assess 

the role that shear plays in dewatering flocculated suspensions. The couette 

arrangement, consisting of two concentric cylinders, allows for shear rates to be 

calculated as a function of angular velocity gradients. The raked cylinder, 

consisting of four vertical prongs rotating to impart shear on a settling flocculated 
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suspension in measuring cylinders, was chosen to promote channel formation. 

Further application of compressive forces via gravitational loading in these tests 

allows for sediment bed pressures at the base of thickeners to be simulated; for 

subsequent building of a 1-D predictive model. Work was also done on a pilot-

thickener, or ‘tall column’ in which the effect of different sediment bed heights on 

underflow density was investigated. The work described concluded that the 

calculated R() and Py() inputs were inadequate and that the corresponding 

model was an order of magnitude lower than actual operating fluxes. However, 

results from the ‘tall column’ experiments show that the effect of shear on 

underflow density was secondary to bed height, i.e. a function of solids 

concentration and residence time.  

A fluidised couette rig [109] was introduced to study the shear-induced aggregate 

densification behaviour of flocculated mineral suspensions. However, this work 

proved to be prohibitively time-intensive; a single experiment to characterise the 

material response to one shear rate and one initial solids concentration took up 

to 24 hours of continuous experimental work to complete in addition to many days 

of preparation time. Furthermore, the test demanded large sample volumes of 

flocculated calcium carbonate (calcite), had labour intensive preparation methods 

and suffered from vibrations contributed by unbalanced rotational components - 

all of which were potential sources of experimental error. Unsurprisingly, this test 

method is not considered a viable routine characterisation method for mineral 

suspensions over a wide variety of shear conditions and solids concentrations.  

Unfortunately, a thorough review of literature shows no attempts have been made 

to produce a dewatering model incorporating the effects of aggregate 

densification and breakage. A precision Couette shear cell, based on the 

concentric cylinder geometry presented by Nguyen and Boger [19] may therefore 

provide the necessary shear-controlled condition critical to aggregate breakage 

quantification in this thesis. Moreover, detailed investigation into the possibility of 

coagulated aggregates densifying in the same manner as their flocculated 

analogues is meagre, and the couette cell described above may help in 

understanding these densification processes. In addition to this, by deliberately 

introducing known volumes of fine material, i.e. excessively sheared flocculated 
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material, into un-sheared flocculated suspensions, it will be possible to quantify 

the additional resistance to settling, consolidation, cake permeability and 

changes to shear rheology – information critical to understanding the real 

repercussions of aggregate breakage in thickening processes. 

2.4.2 The Rheology of Flocculated Particulate Systems 

There is also very little known about the relationship between the shear and 

compressive yield stress for these flocculated suspensions, and systematic 

experimental evidence is negligible. Existing data present in this field looks at 

shear or compressive yield stress, applied separately, as a means of quantifying 

aggregate strength as a function of aggregate size [26, 27], polymer charge and 

polymer dosage [28, 29].  

Some work has also been done on coagulated or flocculated mineral 

suspensions using pressure filtration (compression) and vane rheology (shear) – 

aimed at relating the two forces [20, 34-36]. However, these attempts to garner 

useful information regarding rheology and filterability have been unsuccessful 

[110, 111], attributed mainly to improper measurement geometries and tools - a 

discussion on this area will follow later. 

There is however, considerable literature outside the field of mineral processing 

that has investigated the effects of compressive and shear stresses on 

biomaterials [112, 113], composites [114, 115], material science [116-118] and 

food [119, 120]. The distinction that arises here is firstly, that the aforementioned 

works pertain to continuous gel-phases or solid samples, e.g. cartilage or metallic 

composites, and secondly, the authors are not interested in parameters 

associated with yielding. The challenge that exists for mineral systems is trying 

to understand how flocculated particulate suspensions of varying size 

distributions and solids concentrations yield under different compressive and 

shear forces; the former causing liquid media to escape from a concentrated 

network of solids (dewatering) and the latter induces flow (pumping). These 

unknowns form the basis for compression filtration and rheological investigations 

in this thesis. 
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Many networked suspension systems are classified as soft solids, characterised 

by their complex rheological behaviour such as viscosity, modulus and yield 

stress [121]. The origin of a yield stress stems from network elasticity, a result of 

the inter-particle bonds in a networked matrix of non-deformable particles [4]. The 

application and existence of this term however, has been the subject of intense 

debate - early works by Barnes and Walters [16] and Evans [122] hinted at the 

possibility of flow eventually developing in a material, however slowly or small the 

applied stress. Characterisation experiments by several authors subsequently 

concluded that a measured yield stress corresponds to the transition between 

viscoelastic to fully viscous flow [17, 80, 123].  

Despite these differing schools of thought, the concept of yield stress behaviour 

is widely exploited in the realm of engineering for the prediction and design of a 

range of industrial processes.  For example, the shear yield stress, y, is used to 

predict the start-up of pipelines, while compressive yield stress, Py, is used to 

predict the dewatering limit of suspensions [34, 124]. Yield stress materials have 

since been characterised with respect to the physical properties of particles, 

solids concentration and surface chemistry [22, 23, 125] but more work to better 

understand the contributions of network rigidity and compressive strength on 

yielding is still required. A model linking y, and Py would aid in understanding the 

different mechanisms under which a networked sediment bed yields, as a 

function of solids volume fractions, . An empirical link between these two 

stresses will be established in this thesis and is aimed at assisting operators in 

thickening processes to design and predict paste backfilling, dry stacking and 

filtration operations. 

Numerous works show a structural and time dependence for yielding and network 

failure, suggesting this transition is more complex and occurs over a range of 

stresses, rather than at a single point [89, 126-128]. It has been found that the 

onset of yielding will depend strongly on the critical strain, c as a descriptor of 

yielding – a parameter well known in the characterisation of waxy crudes [129], 

metallic glass [130], and polymer melts [37, 131]. Nonetheless, its measurement 

as the transition from linear to non-linear viscoelastic behaviour for coagulated 
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particulate systems has not been reported systematically for a range suspension 

conditions.  

The most likely reason for a lack of quantitative description is attributed to the 

non-linear yielding process [3, 15]. As discussed previously, when coagulated 

systems fall outside the linear viscoelastic regime, the standard viscoelastic 

equations no longer apply. Other methods of testing and subsequent analysis are 

thus required in order to investigate the yielding process. Such behaviour has 

been investigated using a combination of static and dynamic shear 

measurements [37, 38, 132, 133]. This problem is compounded by difficulties in 

accurately measuring aggregate deformation dynamics due to wall slip and 

machine sensitivity in rheometry and shear history-dependent behaviour.  

Viscoelastic behaviour can be observed using static rheometry, and may offer 

the means to better understanding this complex yielding behaviour.  In creep 

tests, a fixed value of stress is applied and the strain measured. An elastic 

response is fixed strain whilst a viscous response is constant strain-rate. 

Viscoelastic behaviour can manifest as instantaneous and retarded (delayed) 

viscoelastic elastic responses, and either elastic or viscous behaviour at long 

times depending on whether the material has yielded [134, 135].  Non-linear 

viscoelastic behaviour can be observed at applied stresses below the vane yield 

stress using this technique.  An alternative static test is stress relaxation, which 

involves applying a fixed strain and measuring the resulting stress response. 

Dynamic rheometry incorporating oscillatory shear measurements also offer a 

suitable means to investigate the deformation of complex materials. Previous 

dynamic characterisation studies have demonstrated varying degrees of 

success; points of agreement are limited to monitoring cross-over between the 

storage and loss moduli, or G’ and G” [15, 30, 121, 136] as illustrated in Figure 

2-8. These tests utilised the well-documented parallel plate technique to extract 

these modulus parameters.  

Similarly, Gibaud et al. [89] established a spatiotemporal scenario for yielding 

around a concentric-cylinder geometry; limitations have however been identified 

with the use of both these geometries for periodic stress application to 
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aggregated systems [3, 19]. Most notable is the occurrence of slip that arises 

when the material phase falls out of contact with the moving components of the 

rheometer, in this case the parallel plate and inner cylinder surface [31, 79, 137]. 

 

Figure 2-8. The different viscoelastic regions of non-Newtonian liquids under dynamic 
rheology testing. Adapted from Barnes, H. A. (2000) [134]. 

 

Alkhagen and Toll [138] have looked at eliminating the edge effects of the parallel 

plate geometry by only measuring the stress on a specific, interior region of the 

plate. Their approach involved the design of a tri-axial rheometer for measuring 

soft compressible solids; a novel instrument that is unfortunately not easily 

accessible to other rheologists.  

Edge effect issues are compounded when measuring yield stress materials. At a 

critical solids concentration, commonly referred to as the gel point, g, these 

materials develop a networked structure capable of resisting flow when subjected 

to shear or compressional forces [21, 69, 139]. The strength of the network, i.e. 

the density and distribution of bonds in the system, therefore dictates the 

magnitude of the yield stress, y. This means that at low rotational rates, the 

material within the gap may not be completely sheared. Unfortunately, 



66 

 

conventional methods for calculating shear rates do not take into account variable 

gaps and can lead to erroneous results [140]. 

Castro et al. [121] and Foong [3] recognised and rectified these issues by 

increasing the surface roughness of the parallel plate surface; the elimination of 

wall slip was subsequently validated by monitoring the growth of even-order 

harmonics [31, 131, 141, 142]. It has since been shown that even-order 

harmonics are not indicative of slip and rather due to artefacts in the 

measurement system [143]. However, the more pressing problem with this 

geometry type is non-uniformity in the strain field near the free boundary, resulting 

in erroneous or under-predicted stresses. Investigations by Nguyen and Boger 

[21, 139] identified similar non-uniformity problems with the concentric cylinder 

geometry, necessitating the use of alternate measurement geometries. 

In 1990, Barnes and Carnali [144] proposed the vane in cup as an alternative 

geometry to address, or at least minimise, some of these effects. Their work 

presented numerical simulations showing experimental congruency for 

sufficiently shear thinning fluids, i.e. shear thinning index, n ≤ 0.5. This modified 

concentric cylinder technique involves a four-bladed vane in place of the 

traditional solid bob, and provides numerous advantages including minimising 

structural disruption and reducing artefacts due to large particle sizes [140].  

The most notable advantage of the vane over other rheometric geometries is the 

mitigation of wall slip [139, 145, 146]. Eliminating slip becomes particularly 

significant when applied to step strain tests, or when effects such as inertia and 

elasticity become increasingly important. Unfortunately, the applicability of both 

vane and concentric cylinder viscometers to measuring yield stress materials 

exhibiting time-dependent behaviour is questionable since the shear rates may 

vary continuously as a function of time even at fixed rotational speeds [147]. 

The novel, alternative approach proposed here is therefore to meld the vane 

technique, known to have minimal occurrence of slip and clearly defined strain 

fields, with creep, recovery, stress-relaxation and oscillatory measurements. 

Improvements in measurement techniques alone however, are not sufficient to 

comprehensively characterise the transition of colloidal suspensions from linear 
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to non-linear viscoelasticity - additional analysis methods are critical to support 

understanding of this phenomenon. 

 

A more suitable, albeit less common, technique of small (SAOS) and large 

amplitude oscillatory shear (LAOS) tests can be used to explore the yielding 

mechanics of flocculated particulate systems. Traditional rotational rheology 

measurements, i.e. vane yield stress measurements at a set rate, for example, 

are aimed at coaxing a sample to deform and ultimately flow once the internal 

mechanical structure fails. This is observed in the peak of a shear yield stress 

curve, as shown in Figure 2-9, before the shear stress drops way indicating the 

sample has begun to flow. Once the sample flows, information about mechanical 

strength or the complexity of the network is lost.        

 

Figure 2-9. Shear stress versus time curve from the vane technique for a typical yield stress 
material, measured at fixed rotation rate. 

 

SAOS or LAOS measurements on the other hand provide information elastic and 

viscous contributors in the suspension. This is recorded as the storage or elastic 

modulus, G’, and loss or viscous modulus, G”. The linear viscoelastic region, 
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abbreviated to LVER, is the range in which a measurement can be performed 

without destroying the structure of the sample, shown in Figure 2-10. Outside this 

region, as the applied oscillatory stress or strain is increased, the value of the 

storage modulus decreases as the internal network structure breaks down and 

mechanical strength is lost [134]. This information is useful in understanding how 

strongly flocculated a sample is, as well as the distribution of floc sizes, i.e. a 

sharp decrease in G’ indicates a more uniform or mono-disperse distribution of 

bond lengths or aggregate sizes [148]. 

 

Figure 2-10. Amplitude strain sweep showing functions of the elastic (G’) and viscous (G”) 
moduli with increasing values of strain. The constant plateau at the start of the 
test is the LVE. 

 

Another useful application of SAOS/LAOS measurements is the contribution of 

higher order harmonics [78, 142]. The presence of these harmonics is a 

contributor to the breakdown of the linear viscoelastic equations as discussed by 

Wilhelm et al. [141, 142] and can be analysed using Fourier Transforms (FT). 

While the basic principle of FT rheology has been discussed by Giacomin and 

Dealy [149], its application to the full range of non-linear properties was 

investigated by Wilhelm et al. [142]. When used in conjunction with Lissajous-

Bowditch plots [30, 136], it provides fundamental understanding of the yielding 
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process and a physical foundation that is critical to understanding the failure and 

breakdown of concentrated coagulated suspensions.  

Until now, SAOS and LAOS tests have been strictly confined to polymeric [37, 

38, 87] and surfactant systems [81, 121, 138]. In addition, these tests are not 

commonly utilised due to mathematical limitations in the interpretation of results; 

largely due to burgeoning non-linearity and a loss in proportionality between the 

stress-strain response [30, 131, 141]. Instead, most studies describe polymer 

viscoelasticity in terms of mechanical models comprised of springs and dashpots, 

e.g. the Maxwell model places these elements in series, the Kelvin-Voigt model 

sees theses elements arranged in parallel, and the Burgers model can possess 

any number of series and parallel spring-dashpot arrangements.  

The viscoelastic response of coagulated and flocculated mineral systems, has 

been the subject of very limited scrutiny with most studies only looking at the 

stability of flocculated dispersions [148]. Oscillatory shear tests are anticipated to 

be more applicable to flocculated systems since the smaller deformation 

amplitudes (SAOS) allow for the delicate aggregate structure to be preserved 

while the critical yielding dynamics are probed, approaching the onset of large 

amplitude deformation (LAOS). 

The onset of a non-linear viscoelastic response in a particulate system marks the 

diminishing proportionality between the input and output rate of sinusoidal 

deformation [78, 126], providing a glimpse into bond strengths and distributions. 

While the yielding dynamics of material exhibiting linear viscoelasticity is well 

documented with sound mathematical theory [90], the yielding processes of more 

complex particulate systems such as mineral slurries and suspension gels are 

non-linear even at very low strains. Henceforth, the sole use of linear viscoelastic 

measurements is insufficient to fully characterise yielding behaviour – the yielding 

process is potentially a combination of non-linear and transient dynamics [150].  
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2.4.3 Using Rheology to better understand Dewaterability in 
Thickening Processes 

The expectation is that the critical strain, c, of flocculated systems will be 

considerably lower due to the weaker network strength.  In this work, the transient 

dynamics and non-linear processes by which a model networked particulate 

structure (coagulated alumina) fails before yielding are investigated using static 

(creep and creep-recovery) and dynamic (small and large amplitude oscillation) 

rheological techniques. Prior to these measurements however, a systematic 

analysis of wall effects, or gaps, on suspension rheology below the yield stress 

will be conducted to establish an appropriate vane-to-cup diameter ratio for 

measurements, dv/dc. 

Creep and creep-recovery data is analysed by plotting the change in strain as 

recorded by the rheometer, as a function of time. Alternative non-linear 

viscoelastic measures proposed by Ewoldt et al [151, 152] and Fourier Transform 

(FT) rheology will be employed to process LAOS data,  uncovering microscopic 

network contributions to non-linear yielding. This information is critical to 

understanding the elastic and viscous contributions to the mode of network failure. 

The oscillatory shear data is presented graphically in the form of Lissajous-

Bowditch curves or plots as a means of distinguishing strain hardening or 

softening within these systems [136]. Collectively, these results are used to 

elucidate a yield criterion for suspensions, expected to occur at stresses well 

below the vane yield stress. 

Additional work in this thesis will serve to further the knowledge base and provide 

high quality experimental data for implementation or validation against 

dewatering models currently in development. 
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Chapter 3  
Theory 

Suspension dewatering forms the primary focus of this work. This requires a 

sound understanding of the mechanisms that drive solid-liquid separation 

processes. Solid-liquid systems can be described in terms of discrete particles or 

solids suspended in a continuous fluid media. Optimal operation of gravity 

thickeners, as an example, is significantly affected by the interactions of colloidal 

particles with each other and the suspending medium. Their slow settling nature 

necessitates aggregation to form larger bodies that yield higher settling rates 

resulting from increases in mass to surface area ratios [153]. 

This chapter will provide a basic overview of interparticle interactions and their 

effects on the microstructure of colloidal suspensions. Emphasis will be placed 

on the mechanisms that promote particle aggregation, including electrostatic 

stabilisation and polymer flocculation. Next, an overview and discussion of the 

approaches used to describe dewatering performance will be provided in terms 

of networked and un-networked suspensions. Last, a detailed discussion of 

rheology techniques is presented, leading into novel techniques to better 

describe aggregate deformation and network strengths in terms of rheological 

parameters. 

 

3.1 Colloidal Systems 
Colloids are particles, usually ranging from 1nm – 10m in diameter and form the 

basis of many particulate systems. Figure 3-1 is a light-microscope image of a 

dispersed alumina suspension showing individual alumina particles and some 

clumps of undispersed units. Colloidal particles are lyophobic, i.e. insoluble in 

liquid media and influenced by colloidal forces that are largely molecular in origin 

[90]. These forces can be classified as either attractive or repulsive – with the 

most basic electrostatic and van der Waals interactions commonly described by 

the classical DLVO theory [154].  
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Attractive forces include van der Waals, attractive electrostatic interactions, 

hydrophobic forces, depletion effects and bridging forces. Repulsive forces on 

the other hand include electrical double layer (EDL) interactions, steric exclusion 

and hydration forces. Understandably, the magnitude and strength of aggregation 

will be dependent on the relative contributions of each attractive and repulsive 

force. This sub-section will describe these forces and discuss how these 

interactions affect suspension dewaterability and rheology. 

 

Figure 3-1. Light microscope snapshot of a dilute AKP-30 sample at 100X magnification, 
dispersed at pH 3. Background electrolyte of 0.01 M KNO3. 

  

10 m 
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3.1.1 Brownian Motion 

Brownian motion is the random drifting of particles or colloids in a suspending 

fluid (liquid or gas) brought about by thermal energy in any system that exists 

above absolute zero [155]. 

The average kinetic energy available to any molecule can be equated to the 

internal thermal energy of the system, as given by: 

 (3.1) 

where, m is the molecular mass, v is the molecular velocity, kB is the Boltzmann 

constant and T is the absolute temperature in K. From this equation, molecules 

with a smaller molecular mass will have a greater average velocity.  

The random movement of molecules observed in Brownian motion is brought 

about by collisions with other molecules or with the suspending medium. The net 

motion due to Brownian motion is called diffusion and is important in colloidal 

systems with sufficiently small particle sizes, i.e. less than 10m. For example, 

particle masses above a certain limit may only exhibit oscillation or small 

trajectories, while particles with low masses possess significant Brownian 

mobility, often sufficient to overcome gravitational forces.  

Many of the measurement techniques employed in this study involve the 

application of shear to colloidal systems in order to characterise their network 

strengths and subsequent consolidation or flow behaviour. In these scenarios, 

the effects of shear and Brownian motion are superimposed and it becomes 

important to highlight their relative contributions to deformation. This can be 

calculated using the Peclet number (Pe) below: 

 (3.2) 

Where 0 is the viscosity of the liquid medium, a is the particle radius and  is 

the strain rate. In a system with a low imposed shear rate (Pe < 1), Brownian 

motion dominates and is capable of restoring a system to an equilibrium state 

once the shear has been removed or achieve a balance between breakdown and 
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restoration of the equilibrium structure during the shearing process. Conversely, 

in a system exposed to high shear rates (Pe > 1), hydrodynamics govern 

interparticle interactions and cause the disruption of the particulate equilibrium 

structure [155]. 

3.1.2 Hydrodynamic Interactions 

Hydrodynamic forces influence the rheology, deformation and subsequent flow 

of colloidal systems under a shear field. These hydrodynamic forces arise from 

the presence of particles within a flowing medium. For example, a particle sitting 

in a flowing medium will experience resistance due to fluid molecules flowing over 

the particle surface (Figure 3-2). This force is known as drag and can also arise 

in the reversed frame of reference condition, namely that of a particle moving 

through a stationary medium. 

Consider two particles sitting in close proximity in a flowing medium - the 

proximity of these particles disrupts the otherwise smooth flow patterns created 

by the moving liquid. This disruption of fluid flow gives rise to forces transmitted 

between the particles due to shear stresses in the fluid – forcing the particle to 

move either towards or away from each other [156, 157]. The viscosity of the fluid 

medium between the colloidal particles can act as a repulsive or attractive force 

that either promotes their separation or collision respectively [156]. 

 

Figure 3-2. An illustration of approaching flow patterns and disrupted flow regimes 
constituting hydrodynamic drag for a particle in flowing medium. 
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Hydrodynamic disturbances in a colloidal system that arise from drag cause 

increases in energy dissipation, which manifests as an increase in suspension 

viscosity from a rheological standpoint [90, 135]. These effects can be explained 

mathematically [158], but the calculations are complex and become increasingly 

difficult when attempting to incorporate increases in solids concentration, particle 

size distribution, geometry and fluid viscosity [156]. 

The concentration of a colloidal suspension influences hydrodynamics differently 

depending on the concentration regime. For dilute suspensions, the distances 

between adjacent particles is large enough that perturbations do not propagate 

and affect other particles [90]. The relative viscosity of the suspension, r, 

generally increases with increasing solids concentration, , as shown by Einstein 

in 1906 [159]. 

 (3.3) 

Unfortunately, Eq. (3.3) is only valid for solids concentrations,  < 0.05; at higher 

concentrations the suspension rheology becomes heavily affected by Brownian 

and hydrodynamic interactions between the solid bodies. As the suspension 

solids volume fraction approaches that of maximum close packing, cp 

(approximately 0.64 for monodispersed spheres), minute increments in particle 

concentration cause dramatic increases in suspension viscosity. At cp, the 

particles of a monodispersed system form an interlocking structure that prevents 

flow from developing freely in the suspension. 

 

Particle size distributions in poly-disperse systems however, also affect the 

maximum packing fraction, max. The value of max increases with broader particle 

size distributions, because the smaller sized solids are able to lodge themselves 

in the gaps and crevices between larger, adjacent spheres. This increase in max 

causes a decrease in the suspension viscosity, when compared to a suspension 

with a narrower distribution at the same volume fraction [134, 135].  

r 1+ 2.5
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Particle shape and geometry can also influence suspension viscosity. In general, 

over a range of solids volume fractions and particle size distributions, a dispersed 

suspension composed of spherical particles will exhibit a lower viscosity than 

non-spherical units. Hydrodynamic forces will affect non-spherical particles at 

lower solids concentrations, resulting in greater viscosities - due to the increased 

disturbance to fluid flow caused by the random orientation of these non-spherical 

objects. Other phenomena such as shear thinning can be attributed to 

hydrodynamics under high shear; behaviour observed when hydrodynamic 

forces overcome the random arrangement of particles and aligns them in the 

direction of shear. 

3.1.3 Van der Waals Interactions 

Most common colloidal particles exhibit attractive van der Waals forces, which 

arise in the following situations:  

(a) Forces between two permanent dipoles, i.e. polar molecules 

(b) Forces between a permanent dipole and a corresponding induced dipole, 

i.e. non-polar molecules (Debye force), and 

(c) Forces between two instantaneous induced dipoles due to the polarisation 

of one molecule from the shift in charge distribution caused by a second 

molecule and vice versa (London dispersion forces). 

 

The total van der Waals interaction energy between two adjacent molecules can 

be calculated by summing up the various intermolecular interaction potentials. 

Consider the case of two identical spheres, of radius, a, and separation distance, 

H - the interaction potential, VA(H), can therefore be calculated using Eq. (3.4): 

 (3.4) 

where A is the Hamaker constant – a material property related to the dielectric 

constant and refractive index of the particles and the surrounding fluid media. 

Note that Eq. (3.4) is only valid for scenarios where the particle radius is 

significantly larger than the inter-particle spacing, i.e. a >> H. 

VA (H )  -aA
12H
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Van der Waals interactions come into play at short distances from the surface of 

particles, as opposed to electrical double layer repulsion (discussed next), which 

extend as much as 50 nm into the bulk of the same system [160]. This gives an 

indication of the length-scales over which these different forces act and how they 

contribute to the overall rearrangement within colloidal systems. 

3.1.4 Repulsive Electrical Double Layer Interactions 

Colloidal particles are able to attain a surface charge when dispersed in a polar 

medium, a result of ionisation of the surface sites, ion adsorption from the solution 

and crystal lattice effects. In the case of inorganic metal oxides, i.e. aluminium 

oxide (used extensively in this work), the surface charge is derived from the 

dissociation of surface groups or the ionisation of surface sites. As with most 

amphoteric systems, their surface charge is dictated by the presence of H+ and 

OH- ions in the solution, as shown in Eq. (3.5), where M represents the metal ion: 

 

 (3.5) 

 

The pH of the suspending media will therefore affect the charge of metal oxides 

[22], i.e. the loss or gain of H+ ions by changing the acid/base conditions will result 

in the particles being either negatively or positively charged. Generally speaking, 

surfaces are positively charged at low pH values, while higher pHs result in 

negative surface charges [161]. The pH at which the metal oxide surface has no 

net charge is referred to as the iso-electric point, or IEP. The electric charge on 

metal oxide surfaces consequently influences the distribution of surrounding ions 

in polar medium, such that counter-ions are drawn towards oppositely charged 

surfaces, while co-ions are repelled as a result of columbic forces. This behaviour, 

coupled with Brownian motion, leads to the formation of the electrical double layer, 

EDL.  
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The EDL can be divided into two regions, namely the compact Stern layer and 

an outer diffuse region, known as the Gouy-Chapman or diffuse layer. These two 

regions are separated by the Stern plane, located approximately one hydrated 

ion radius from the surface [162]. A short distance from this surface is the shear 

plane, described as a ‘surface’ since shear is experienced when the particle is 

subject to motion. Figure 3-3 shows a schematic of the various components of 

the EDL for a negatively charged surface. 

 

Figure 3-3. Schematic of the electrical double layer (EDL) and decay of electrical potential 
from the solid surface according to Stern's theory. 

 

The Stern layer contains counter-ions, attached to the surface by electrostatic 

and van der Waals forces. These ions are held tightly enough to overcome 

thermal agitation, forming a highly immobile layer. Ions beyond the Stern layer 

comprise the diffuse part of the EDL, with a charge concentration that diminishes 

with distance away from the surface - a distribution which is qualitatively 

described by the Gouy [163] and Chapman [164] theory. This decay in ion 

distribution can be directly related to the decay of electrical potential distribution, 

, as a function of distance from the particle surface. The surface potential, 0, 
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decays linearly within the Stern layer, to value of d at the Stern plane. The 

electrical potential then continues to decrease to a value of , commonly referred 

to as the zeta potential, located at the shear plane. 

The net repulsive force experienced between like-charged colloidal particles 

depends on the surface charge on the particle and the screening effect of the 

enclosing double layer. The electrostatic repulsion potential, VR, between two 

identical spheres of radius a, with a small surface potential d, can be calculated 

using Eq. (3.6); note that this equation is only valid for small EDL overlap such 

that exp[-kH] <<1. 

 (3.6) 

where  is the dielectric permittivity of the liquid medium, and  is the Debye 

length, calculated from Eq. (3.7) as: 

 (3.7) 

where N is Avogadros number and e the electronic charge. I, represents the ionic 

strength of the medium and can be determined by the following relationship: 

 


I
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 (3.8) 

in which ci and zi are the concentration and valency of the ith ion respectively. 

 

The Debye length therefore plays an important role in colloidal interaction and it 

represents the distance over which the electrical potential VR decays 

exponentially. The thickness of the EDL at a constant temperature is a function 

of the ionic strength of the suspending media. With an increase in ionic strength, 

the EDL is compressed, consequently leading to a decrease in . A schematic 

showing the EDL interaction between two like-charged elements is shown in 

Figure 3-4. 
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Figure 3-4. Diagram showing electrostatic repulsion between two negatively charged 
colloidal spheres. 
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3.1.5 Total Colloidal Interactions – DLVO Theory 

The aggregation of fine particles is commonplace in suspension dewatering, 

requiring the destabilisation of colloidal particles. This can be achieved by 

manipulating the magnitude of attractive van der Waals, VA, and the repulsive 

double layer, VR, forces. Summing these forces gives rise to the total interaction 

energy, VT, given by: 

 (3.9) 

This summation concept is known as the DLVO theory, named after the co-

developers Derjaguin and Landau [154] and Verway and Overbeek [165]. VT is a 

function of the interparticle distance between two identical colloidal particles, 

where a negative value represents attraction and a positive value represents 

repulsion. Additional detail into DLVO theory is presented elsewhere [166-169]. 

Apart from attractive and repulsive forces described above, VT can be influenced 

by a number of forces that cannot be described by DLVO theory, including 

hydration and solvation forces and forces induced by the addition of polymers. 

These forces, with the exception of forces induced by polymer addition, are 

outside the scope of this work. Further information that deals with these forces 

can also be found elsewhere [166, 170, 171]. 

3.2 Particle Destabilisation – Coagulation and 
Flocculation 

As mentioned previously, the aggregation of fine colloidal particles is 

commonplace in many solid-liquid separation systems. Aggregation produces 

compound units, i.e. aggregates or ‘flocs’, which settle at higher velocities than 

their colloidal counterparts – a result of the increased mass-to-surface area ratio. 

Therefore, aggregation assists in increasing settling rates and reducing filtration 

times to promote continuous sedimentation or thickening processes. More 

importantly however, flocculated or coagulated suspensions can form a 

continuous networked structure, capable of transmitting forces and pressures 

within the solid phase [34, 172, 173]. 

VT VA +VR
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The aggregation of colloidal particles generally comprises of three stages: (1) 

particle destabilisation, (2) aggregate formation and (3) aggregate degradation 

[95]. Particle destabilisation, i.e. the aggregation of colloidal particles, can be 

achieved via two primary mechanisms – coagulation and flocculation. The term 

flocculation is used loosely in literature to describe both coagulation and 

flocculation processes; however this work will draw a distinction between the two 

different aggregation mechanisms. Flocculation will therefore pertain to the 

aggregation of colloidal particles via the addition of high molecular weight 

polymers. 

 

 

3.2.1 Coagulation 

Coagulation involves the use of chemical additives, or coagulants, to minimise 

the repulsive potential of the EDL [174]. The addition of an electrolyte, for 

example, compresses the EDL, reduces electrostatic repulsion and minimises 

the effective energy barrier to coagulation. This allows colloidal elements to come 

into closer proximity, where attractive van der Waals forces come into play. 

Coagulation is common in the water treatment industry; whereby aluminium 

sulphate is used to coagulate impurities, causing the particles to settle to the 

bottom of holding tanks for subsequent removal or filtering. 
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Figure 3-5. Light microscope snapshot of a dilute AKP-30 sample at 10x magnification, 
coagulated at pH 9.2. Background electrolyte of 0.01 M KNO3. 

 

Other coagulation agents include acids and bases, are used to alter the 

suspension pH to reach the IEP, where the repulsive electrostatic force becomes 

non-existent. This concept is used to promote coagulation when producing 

colloidal samples of aluminium oxide in the laboratory – the microstructure of 

such systems is shown in Figure 3-5. 

 

3.2.2 Flocculation 

An alternative to coagulation is flocculation, brought about by the addition of high 

molecular weight, water-soluble polymers (polyelectrolytes) that induce particle 

aggregation through a range of mechanisms – including bridge formation, 

electrostatic mechanisms and depletion flocculation. Polyelectrolytes are 

important in a range of fields, including food processing, pharmaceuticals, 

ceramic processing, mineral processing and wastewater treatment. In general, 

100 m 
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flocculation leads to faster aggregation kinetics, larger aggregate sizes and 

stronger aggregate structures, compared to coagulated systems. Polymeric 

flocculants create attraction between fine colloidal systems, causing aggregation 

and separation from a liquid medium via gravity sedimentation. 

Polymers consist of charged monomer groups attached to a long hydrocarbon 

backbone. Uncharged polymers do exist, referred to as non-ionic polymers, 

whereas the charged types can be divided into anionic or cationic polymers. 

Polymers with a single monomer type can be classified as homopolymers, while 

those containing several monomer groups are described as copolymers. These 

polymer flocculants can come in varying lengths, i.e. molecular weights (MW), 

and can be branched, linear, or cross-linked in nature. 

Historical use of flocculants involved naturally occurring sources, such as starch 

or guar gums. However, the advent of synthetic polymers such as poly[(sodium 

acrylate)-co-acrylamide] lowered production costs and gained favour with large 

scale operations.  

Polymers attach to the colloidal surfaces as a result of competition between 

numerous short-range and long-range forces, including electrostatics, van der 

Waals forces and hydrogen bonding. Electrostatic forces are attractive between 

charged polymer groups and oppositely charged surfaces; this force is critical in 

facilitating adsorption of polyelectrolytes. There are many mechanisms by which 

flocculation happens but both adsorption and desorption processes are involved. 

This section details the different flocculation mechanisms involved in promoting 

particle aggregation. 

3.2.2.1 Charge Neutralisation 

Charge neutralisation is the mechanism by which charged polymers, i.e. 

polyelectrolytes, are adsorbed onto the surface of oppositely charged colloidal 

particles, altering the surface properties of the particles (Figure 3-6). This causes 

the effective surface charge to decrease, leaving only weak electrostatic 

repulsion such that van der Waals interactions dominate. This mechanism 

assumes that the adsorbed polymer layers are sufficiently thin such that steric 

repulsion is negligible.  
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Figure 3-6. Flocculation via charge neutralisation induced by the addition of oppositely 
charged polymer molecules.  

 

This mechanism is similar to electrosteric stabilisation, whereby charged 

polymers are again adsorbed onto the surface, but the charges on the polymer 

chains can affect intramolecular interactions. The charged segments repel due to 

electrosteric repulsive forces, effectively providing a steric barrier and better 

colloidal stability. By altering the ionic concentration in these suspensions, the 

electrostatic effects can be negated (a result of screening effects by counter ions 

in the EDL) to manipulate particle-particle interaction. 

3.2.2.2 Electrostatic Patch Mechanism 

When a highly charged polymer adsorbs in an uneven, flat and patchy 

conformation, the overall adsorbed polymer charge is insufficient to neutralise the 

surface charge. This leaves patches on the particle surface that are free of 

adsorbed polymer; these patches possess an attractive EDL interaction with 

oppositely charged patches on another particle. This flocculation mechanism is 

known as patch attraction [91, 92].  

This mechanism produces relatively strong aggregates, and takes precedence 

when low flocculant doses of low molecular weight (MW) polymers with high 

charge densities are used. At high flocculant doses, this mechanism breaks down, 

since the particle surface becomes saturated with polymer molecules resulting in 
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a charge reversal, electrostatic repulsion and hence, restabilisation of the particle 

in suspension [169]. 

 

Figure 3-7. Flocculation via electrostatic patch mechanism.  

 

It is important to note that overdosing with any of these polyelectrolytes will cause 

steric or electrosteric stabilisation of the colloidal particles and yield poor 

flocculation [26]. 

 

3.2.2.3 Depletion Flocculation 

Depletion flocculation occurs when a soluble, non-adsorbing polymer is added to 

a suspension - a mechanism first observed by Asakura and Oosawa [175]. As 

colloidal particles approach one another, such that the interparticle distance is 

comparable to the size of the dissolved polymer chains (root-mean-square end-

to-end length), the polymer is excluded from the interparticle separation gap. This 

exclusion creates a pressure gradient between the pure solvent molecules 

present in the interparticle gap, and the surrounding fluid. In turn, these pure 

solvent molecules are sucked out of the gap, forcing attraction between adjacent 
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colloidal particles and hence, aggregation [169]. This mechanism is prevalent in 

systems with high MW polymers and larger sized particles [91]. 

3.2.2.4 Polymer Bridging 

The mechanism of polymer bridging was first described by Ruehrwein and Ward 

[176] and later by Healy [177] and La Mer [178, 179]. The polymers, once 

attached to particles, can be described as being comprised of loops and tails 

extending from the surface. The extending tails and loops can then adsorb onto 

another particle during particle-particle collisions – resulting in bridging 

flocculation. 

Two bridging mechanisms exist to explain this phenomenon, and depend upon 

the magnitude of the charge on the polymer. First, a low polymer dose in a 

particulate suspension has been observed to form bridging interactions between 

particles at low surface coverage. Work by Healy and La Mer (1964) [178] 

showed this process to be favourable when less than 50% of all the available 

particle surface area is used for polymer adsorption. If polymer coverage is too 

high, additional bridging opportunities are reduced and the particle is described 

as being sterically stabilised. This mechanism is illustrated in Figure 3-8. 

 

Figure 3-8. Flocculation via polymer bridging.  
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The overall flocculation process in polymer bridging, as described by Gregory 

[93], is shown in Figure 3-9. The process can be divided into seven essential 

steps: 

Step A Particle-polymer mixing  

Step B Attachment of the polymer molecules onto particle surface 

Step C Rearrangement/reconformation of the polymer molecules on the 

particle surface 

Step D Polymer collision and interparticle bridge formation, forming 

microflocs. 

Step E Collision of microflocs to form larger sized flocs, referred to as 

macroflocs. 

Step E Aggregate break-up due to shear mixing. Some aggregate 

reformation is possible, depending on the quantity of free 

flocculant in the system. 

 

This produces fractal aggregates, or ‘flocs’, with a large distribution of sizes and 

shapes. Figure 3-5 shows the fractal nature of polymer-flocculated systems and 

the random conformation of aggregates in such systems.  

 

 

Figure 3-9. Schematic of a flocculation process via bridging mechanism, adapted from 
Gregory [92, 93]. Illustration by Hulton, J. (2005) [6]. 



89 

 

 

The use of high molecular weight polymers to flocculate mineral suspensions has 

been studied extensively over the last 50 years, yielding a collection of published 

literature [26, 28, 92, 94, 180-182].   

The influence of shear and mixing on flocculation performance is complex – 

applied shear, particle concentrations and polymer dosages have a direct 

influence on the rates of particle-polymer as well as particle-particle collisions. 

Extensive work focused on investigating optimum dosages and settling 

performance are presented elsewhere [7, 28], and is not a key area of research 

in this work. Instead, a population balance (PB) model as developed by Heath et 

al [62, 183, 184] will be used to determine the optimum flocculation dosages and 

corresponding aggregate sizes.  
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3.3 Dewatering 
Dewatering processes are seen across a wide variety of industries and systems 

in which solid-liquid separation can occur. Areas of particular relevance include 

mineral processing, clay suspensions, wastewater and algal sludges. The 

development of an understanding of dewatering in thickeners, especially for 

tailings management, has an extensive history. Coe and Clevenger in 1916 [185] 

recognised that Stokes’ Law did not accurately describe settling behaviour in 

suspensions with high solids concentrations. This description has since been 

used to describe thickeners in terms of a flux plot over a range of solids 

concentrations; unfortunately the data requires information from numerous batch 

settling tests which are tedious to perform and difficult to reproduce accurately 

[10]. 

Dewaterability characterisation over a wide range of solids concentrations for 

modelling processes therefore requires the application of numerous techniques 

and integrating the results. Furthermore, the techniques need to be easily 

interpreted, robust and quick to deliver results.  

The basis for the dewatering theory used in this study is the result of an evolution 

from traditional concepts, starting with the “classical” body of filtration research. 

Classical filtration theory uses permeability, k, or specific cake resistance, , to 

describe the rate of filtration and voidage to describe compressibility, both as 

functions of solids stress or pressure [40]. This carries on from initial work by 

Darcy dating back to 1933 [186], Kynch in 1952 [187], with further development 

by Tiller et al. [188-190]. 

Compressibility and permeability have been accepted as basic physical 

properties that govern suspension dewaterability. Experimental techniques have 

been subsequently developed to allow for the rapid extraction of dewatering 

parameters over a wide array of solids concentrations – including batch settling, 

gravity permeation, centrifugation, and pressure filtration tests [49, 77, 191, 192].  

A number of authors have presented fundamental equations and algorithms for 

predicting transient thickener performance [67, 193, 194]. These methods, while 

key to providing insight into how process variations affect process performance, 
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have inherent problems concerning complexity and ensuing modelling time. 

Predictably, steady state thickener prediction is computationally simpler than its 

transient counterpart - numerous authors have thus presented equations and 

algorithms to predict steady state thickener performance [8, 49, 195]. Work 

presented by Green [195] and Landman and White [8] accurately predicts 

consolidation within the sediment bed, but not above it. 

A well established approach called compressional rheology utilises a hindered 

settling function, R(), to describe permeability and a compressive yield stress, 

Py() to described the compressive behaviour of a suspension. This approach, 

formally developed by Buscall and White in 1987 [69] has since been applied to 

filtration systems [77, 191, 192, 196], thickening [7, 10, 39, 197, 198] and biotic 

sludges [6, 14, 34, 50]. 

 

3.3.1 The Gel Point, g 

The gel point, g, of a particulate suspension is the lowest solids volume fraction 

at which a continuous networked structure is formed [173]. The value of the gel 

point is dependent on a number of factors, including particle size distribution, 

aggregate shape and structure, shear history, aggregation state (coagulated or 

flocculated) and the chemical environment to which the system is exposed [6, 

199]. In general, larger aggregates produce lower gel points and lower packing 

fractions than smaller aggregates, provided all other aggregate properties are 

held constant [27]. 

Upon the establishment of a networked structure, a suspension above its gel 

point is able to resist and transmit shear and compressive stresses exerted upon 

the system. At solids concentrations above the gel point therefore, this networked 

structure possesses a measurable network strength – characterised by a shear 

yield stress, y and a compressive yield stress, Py(), described next. 
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3.3.2 The Shear Yield Stress, y 

The shear yield stress represents the shear force required to deform a 

suspension at concentration  and cause irreversible yielding. A number of 

authors have performed work to relate y() and Py() since both parameters are 

descriptors of deformation within a network [125, 200]. 

Experience has shown that the shear yield stress is at least one order of 

magnitude smaller than the compressive strength, although there is a solids 

concentration dependence in the relationship [4, 35, 36, 201, 202]. While the 

shear yield stress is not fed directly into the dewatering model presented here, it 

does provide information as to whether the suspension can be raked or pumped 

[9]. More importantly however, it will form the basis for investigating the effects of 

shear in compression, explained later in Chapter 6. 

 

3.3.3 The Compressive Yield Stress, Py(), and Hindered 

Settling Function, R() 

Much like shear yield stress, the compressive yield stress, Py(), arises from the 

formation of a networked structure at solids concentrations at or above the gel 

point, g. Py() is therefore zero for all solids volume fractions below g, due to 

the absence of a networked structure to store elastic energy. The strength of this 

network is a function of the number, strength and arrangement of interparticle 

bonds [8, 11]. Py is the maximum compressive stress that can be applied to a 

suspension before the material yields irreversibly, expelling liquid in the process, 

and therefore dewaters to a higher solids concentration. At higher concentrations, 

there is an increase in inter-particle interactions, hence the compressive yield 

stress increases with solids concentration [69]. Under a specific set of conditions, 

the value of Py increases monotonically as a function of volume fraction,  [108], 

between the gel point, g, and the maximum packing fraction, max, and is largely 

independent of compressive history [195, 203]. As such, a variety of methods to 

apply compressive load can be used to determine Py(), including centrifugation 

or pressure filtration. 



93 

 

 

Consolidation continues until a solids concentration is reached where the 

pressure applied, ∆P, is equal to the compressive yield stress of the suspension, 

as shown here [173]. 

 (3.10) 

The inverse interpretation is that the inverse of Py() is the solids fraction to which 

a suspension will dewater for a given applied pressure [69]. 

  
 

The rate at which a particulate suspension can be dewatered is quantified in 

terms of the hindered settling function, R(). It takes into account the 

hydrodynamic resistance or drag experienced by the particles as the liquid 

component is forced to exit the networked structure.  

Briefly introduced in Section 3.1.2, an isolated particle settling in an infinite fluid 

experiences two main forces, i.e. gravitational drag force, Fg, and a hydrodynamic 

drag force, Fd. The gravitational drag force on the particle is described by Eq. 

(3.11), while the hydrodynamic drag force is described by Eq. (3.12). 

 (3.11) 

 (3.12) 

where  is the density difference between the solid and liquid phases, g is the 

acceleration due to gravity, Vp is the primary particle volume and USt is the Stokes 

settling rate. St is the Stokes drag coefficient on an isolated spherical particle 

defined as 

 (3.13) 

where ap is the primary particle radius and  is the fluid viscosity.  

Py ()  DP

Fg  DgVp

Fd  StUSt

  6pap
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Combining Eqs. (3.11) and (3.12) gives rise to the Stokes equation below: 

 (3.14) 

which describes the settling behaviour of an isolated individual spherical particle.  

An increase in solids concentration results in increased hydrodynamic drag on 

the individual particle – a combination of the geometry of a finite media and of 

elevated hydrodynamic interactions between surrounding particles. To account 

for the increased drag, the drag coefficient, , in Eq. (3.14) is multiplied by the 

hindered settling factor, r(), to give the settling velocity, U:  

 (3.15) 

The parameter r() is relatively easy to determine for a well dispersed system [6], 

but becomes progressively difficult for coagulated or flocculated systems since 

information regarding aggregate shape and size is required. Therefore, r() is 

measured in terms of a hindered settling function, R() which melds r(),  and 

Vp into one expression, shown in Eq. (3.16).  

R()  
Vp

r()  Dg(1-)2

U  
(3.16) 

The hindered settling function is found to be valid over the entire range of solids 

volume fractions, from individual solid particles to very concentrated cakes or 

sediments [6]. It is also inversely related to the traditional Darcian permeability 

through a packed bed, kDarcy() as shown by the following equation [204]. 

 

 (3.17) 

Since the viscosity of the suspension liquor, , is accounted for in this equation, 

the Darcian permeability can be likened to the “porosity” of different networked 

structures. 

USt 
DgVp



U 
DgVp
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The experimental characterisation techniques for assessing dewatering 

performance are detailed in Chapter 4, including batch settling tests for 

permeability and compressibility analysis at low solids concentrations near and 

below the gel point [49, 77, 205], and stepwise pressure filtration for permeability 

and compressibility information at higher solids fractions [191, 192].  

 

The initial settling rate is determined from the linear region of a height vs. time 

graph, which is then fed into Eq. (3.18) to determine R() at low solids 

concentrations. 

)(
)1()(

2





U
gR -D

 , for 0 < g (3.18) 

To generate a complete hindered settling curve, it is therefore necessary to 

determine the initial settling rates for suspensions over a wide range of 

concentrations. While fairly straightforward for coagulated systems, it is difficult 

and largely inaccurate for polymer flocculated materials [6]. To produce 

flocculated suspensions at different concentrations, it is necessary to either 

flocculate the solids at different solids concentrations, or suspensions need to be 

concentrated up post-flocculation. The first approach is not suitable as the 

flocculation process is highly dependent on the initial solids concentration and 

will alter the structure and size of the aggregates, while the second option will 

result in aggregate deformation and damage. 

 

Fortunately, in 2003 Lester [67] established a procedure to extract R() for 0 <  

< g from a single batch settling test, using Eq. (3.18) and an initial solids volume 

fraction 0, to give:  
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Howells et al. [153] found that in the initial stages of batch settling, the pressure 

gradient through the sample is given: 

0
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(3.20) 

Where h0 is the initial suspension height. By substituting Eq. (3.20) into Eq. (3.19), 

gives an initial settling rate, U0:  
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At short times based on the fundamental theory of Buscall and White [206], the 

equation simplifies to the following: 

( )
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Where , shown next, is the ratio of compressive yield stress of the initial 

suspension compared to the equilibrium network pressure at the base of the 

suspension column. 
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(3.23) 

Ultimately,  provides a measure for the dependence of the suspension network 

on settling rate. Therefore, when 0 < g, the compressive yield stress Py() and 

value of  is zero, giving the following equation for settling rate: 
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  (3.24) 

 

Transformation of this equation gives the hindered settling function, R() in terms 

of the initial settling rate, U0, with minimal dependence on compressibility. 

0

2
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97 

 

Therefore, when 0 > g, the hindered settling function R() can be calculated 

using the initial settling rate, U0, and compressive yield stress, Py(), from the 

equilibrium batch settling test. When 0 < g, R() can be calculated solely using 

the initial settling rate.  

 

An example of the height vs. time relationship from a batch-settling test is shown 

in Figure 3-10. This type of settling behaviour is categorised as Mode 3, typified 

by the presence of a rarefaction wave, which encompasses 0 <  < g. 
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This settling behaviour is into four distinct regions, shown schematically in Figure 

3-10, as follows: 

 

Region 1 This is the suspension at the beginning of a settling test, where 

the initial solids concentration, 0, is constant throughout the 

suspension. 

Region 2 Characterised by a linear h vs. t relationship up to where t = t2. As 

seen in Figure 3-10, in this zone a bed of solids with 0> g begins 

to accumulate from the base of the settling container. A 

rarefaction wave with 0 <  < g progresses on top of the bed. 

Region 3 Known as the hindered settling zone, where the settling rate 

begins to decrease as the rising rarefaction wave meets the falling 

mudline at the top of the solids. At this point in time, the solids 

concentration can be divided into two regions. Starting at the base 

of the vessel, the solids concentration is higher than the gel point. 

Above this, the solids concentration sits between the initial solids 

concentration, 0, and g. 

Region 4 At t = t1, the entire system is networked. A concentration gradient 

exists throughout the bed, with the solids concentration at the 

suspension interface equal to the gel point, steadily increasing 

towards the bottom of the bed. For t > t1, the bed will continue to 

consolidate and densify due to the weight of overlying material 

until equilibrium is reached. The settling behaviour in this region 

is therefore dominated by permeability and compressibility 

effects. 
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Figure 3-10. (a) Example of a typical batch settling curve (Mode 3) showing different settling 
regions. 
(b) Sediment profile and solids concentration in each corresponding zone for a 
flocculated particulate system. 
Adapted from Lester [61].  

 

This height versus time behaviour can then be incorporated into numerical 

models which predict g and R(). This approach is advantageous as it allows 

easy determination of settling curves from a minimal number of experiments while 

avoiding excessive sample disruption. Descriptions of these analytical techniques 

and algorithms are detailed by Lester and co-workers [61, 67] – relevant 

equations used in predicting R() and Py() curves are described in Chapter 4. 
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3.3.4 Thickener Modelling 

The results presented in this work utilises equations by Usher [49] enabling 

prediction and modelling of experimentally determined dewatering data based on 

the mathematical theory set out by Buscall and White [69].  

The experimental data obtained from batch settling and pressure filtration tests 

can be fitted with curves proposed by Landman et al [173].  Generic examples of 

curve fits calculated using Eq. (4.16) are shown in Figure 3-11, demonstrating 

the variation of material properties with solids volume fraction, . At solids 

concentration below g, in this case approximately 0.167 v/v (fitted as the 

intercept with x-axis), the suspension remains un-networked, hence the 

compressive yield stress is non-existent and decreases rapidly to zero. As the 

suspension consolidates past the gel point, the compressive yield stress 

increases monotonically until eventually reaching the close packing fraction, cp 

~ 0.63, in the case of a mono-disperse suspension. 

 

Figure 3-11. Example output of (a) compressive yield stress, Py(), and (b) hindered settling 
function, R(), for a sample of flocculated bauxite residue, g = 0.167. 

 

The quality of experimental data that is used in developing these fits is important, 

especially accurate determination of the maximum packing fraction, max, which 

depends on how disperse the suspension is, as this dictates the volume fraction 

at which the prediction will asymptote to infinity. Also important is the calculation 
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of the gel point, g, which determines the lower limits of prediction, i.e. below 

which there is no compressive yield stress due to the absence of a networked 

sediment bed. And lastly, sufficient measuring point density for the height versus 

time behaviour of settling tests is used to determine the full range of the hindered 

settling function, R(). 

 

Once fundamental dewatering parameters such as Py() and R() have been 

determined, the operation of numerous dewatering and consolidation devices, 

including gravity thickeners, can be modelled [6, 49, 173, 205]. Usher also 

identified different two distinct regions prevalent in thickeners: (1) permeability 

limited zones in which the suspension bed height has no observable effect on the 

underflow solids concentration, and (2) a compressibility limited zone whereby 

the residence time of solids present in the sediment bed is long enough for 

compressive stresses to be conveyed by the networked structure to eventually 

influence the underflow solids concentration [49]. 

3.3.5 Thickener performance: Prediction vs. Reality 

Based on information presented above, it is not a straightforward process to 

quantify the relationship between aggregate structure and dewaterability due to 

the array of variables to consider [39]. Work by Usher (2002) [49] using the 

equations and theories detailed previously have made it possible to extract 

quantitative compression, Py(), and hindered settling information, R(), across a 

wide range of solids concentrations by incorporating batch settling tests and 

filtration experiments [61, 191, 192, 199]. By feeding parameters from these tests 

into predictive 1-D (and pseudo 2-D) models, quantification of suspension 

dewatering in terms of thickener throughput is possible – and by implication so is 

the role of aggregate structure on dewatering [7]. 

The dewatering performance of the thickener system was predicted using 

empirical curves, e.g. (1) compressive yield stress, Py(), curve fit and (2) 

hindered settling R(), curve fit (Figure 3-11), (3) thickener dimensions, (4) feed 

solids concentration, 0, and (5) solid and liquor densities, sol and liq [9]. 



102 

 

In this example, this thickener system was found to be largely permeability limited 

(for moderate to high solids fluxes, i.e. > 0.1 t.h-1m-2). This means that the rate of 

solids passing through the thickener is so fast that compressive forces cannot be 

transmitted through the sediment bed [9]. The rate of liquid escaping from the 

solids network is therefore the limiting factor, i.e. governed by the permeability.  

However, even with careful experimentation, a comparison of thickener 

performance predicted by the model against actual process performance, as 

seen in Figure 3-12 (b), shows a gross underestimation of the throughput. It has 

been found that estimation of R() can be performed reliably with precision batch 

settling data, but high sampling frequency is critical in the linear region of h(t) to 

determine the boundaries of the settling regions with accuracy [61]. In this case, 

an effective permeability enhancement factor of 16.3 was observed – suggesting 

the existence of additional factors unaccounted for by these models [198]. In fact, 

the solids throughput in red mud thickeners can be between 2 – 100 times higher 

than predicted [9, 49]. 

 

 

Figure 3-12. (a) A typical steady state thickener model prediction of solids flux as a function 
of underflow solids concentration for different sediment bed heights. 

 (b) Red-mud thickener performance and prediction of solids flux as a function of 
underflow solids concentration, showcasing the performance enhancement (PE). 

 Reproduced from Usher et al (2005) [198]. 

(a) (b) 
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Pilot experiments using a 5 m high ‘Tall column’ [39] showed that the addition of 

shear to batch settling experiments improved the dewatering prediction, but was 

insufficient to fully account for all discrepancies between bench-scale tests and 

industrial thickening operations. This could be attributed to changes in material 

properties within thickeners, i.e. structural changes under shear, which is not 

accounted for by the prediction algorithms. 

 

3.3.6 Aggregate densification 

A phenomenon proposed to account for this discrepancy is aggregate 

densification - a structural change in the flocculated aggregate brought about by 

various shear and compression induced effects. The porous nature of these 

flocculated aggregates renders them susceptible to further consolidation, first as 

interstitial fluid is squeezed out under shear or compressional effects (Figure 2-7) 

followed by breakage and the release of fines under excessive shear (Figure 

3-13). 

Flocculated aggregates settling in a gravity thickener experience low or mild 

shear effects in a number of ways, e.g. from the hydrodynamic flow of liquid 

through and around the aggregates and collision with stationary elements or 

moving elements, i.e. sloped walls, supports, rake arms and vertical dewatering 

rods [10]. Gladman et al (2005) [39] identified the need to differentiate the level 

of shear to bring about aggregate breakage, as distinct from aggregate 

reformation. They subsequently showed that a relatively low shear rate of 6 s-1 

was desirable to densify an aggregate in the fastest possible time (for the 

particular aggregates tested) whilst limiting aggregate breakage. 
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Figure 3-13. Light microscope snapshot of a sheared, flocculated suspension of AKP-30 at 
10x magnification. Background electrolyte of 0.01 M KNO3. 

 

Usher et al (2009) [1] subsequently developed a dewatering theory to include the 

effects of aggregate densification that described the rate and extent of dewatering. 

Performance improvements of up to a factor of 50 were predicted based on the 

assumption that aggregate densification was responsible for increased 

sedimentation velocities and higher solids concentrations in the bed. 

In the same vein, an alternative approach to incorporate the effects of aggregate 

densification involving a modified Kynch method of batch settling analysis was 

presented by van Deventer et al (2011) [10]. A typical Kynch settling profile 

consists of three different sedimentation modes, with the transition between 

modes dependent on flux density and suspension concentrations [187]. The 

modified Kynch method incorporates the effects of aggregate densification on the 

dewaterability of flocculated systems, which allows for the rapid prediction of 

batch settling height vs. time profiles based on undensified material data and an 

aggregate densification function. However, the authors have acknowledged the 

10m 
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persisting discrepancies between experimental data and model prediction, 

indicating the functional form still fails to fully capture the densification behaviour 

of aggregates in shear. 

 

3.3.7 Shear in compression effects 

As can be imagined, the loads experienced by sediment layers at the base of a 

thickener cannot be overlooked. This compressive load, coupled with the shear 

effects of a rotating picket or rake configuration add complexity to understanding 

how flocculated colloidal systems consolidate and dewater. These effects have 

been studied to great detail [26-28, 125, 200] to somehow link shear and 

compressive stresses and ultimately predict their relationship as a function of 

solids concentration. 

An alternative approach is proposed to better quantify aggregate densification by 

investigating the viscoelastic contributions to densification. Shear rheology may 

provide the critical parameter necessary to create more complex functions, 

capable of predicting the onset of aggregate deformation and structural change 

in a flocculated particulate system. 
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3.4 Rheology 
Generally speaking, all materials deform under an applied stress. After the stress 

is removed, the material may reform, i.e. return to its original structure or 

conformation, move to a new position, or partially recover. Flow can be further 

divided into shear or extensional flows – in shear flows, liquid elements flow over 

or past one another, whereas in extensional flows, adjacent fluid units flow 

towards or away from each other [134]. 

As explained earlier in this chapter, interparticle interactions directly control 

dispersion states of suspensions and therefore, its flow behaviour. Suspensions 

can exhibit a myriad of flow behaviours, including shear thinning, shear thickening, 

yielding and thixotropy. These basic concepts shall be discussed briefly in the 

following section, and classical extremes of material deformation will be 

introduced. 

3.4.1 Viscous Response 

An ideal fluid will continually change its shape or form when subjected to a 

particular stress, irrespective of how miniscule that stress may be [135]. A 

Newtonian fluid, on the other hand, exhibits a viscous response and does not 

return to its original form after the removal of an external stress. This viscosity is 

a resistance to flow, easily described by considering elements of a liquid body 

under deformation, whereby particles in the liquid move over adjacent particles, 

visualised as hypothetical layers sliding over other layers (Figure 3-14). 

This resistance can be measured by the force acting per unit area, F/A, or stress, 

, which creates a velocity gradient, dv/dx. This velocity gradient is also known 

as the rate of strain, or shear rate, . During flow, the shear stress becomes a 

unique function of the shear rate – for a Newtonian liquid, the relationship 

between  and  can be described using Newton’s law, shown in Eq. (3.26). 

 (3.26) 

where the constant of proportionality, , is known as the viscosity. 





  dv
dx
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Figure 3-14. Illustration of the viscous response experience by a Newtonian liquid under the 
application of an external stress. 

 

3.4.2 Hookean Response 

On the other hand, an ideal solid responds elastically such that all energy 

imparted to the material is stored during the application of stress – once the stress 

is removed, all stored energy is released (as heat to the surroundings) and the 

solid returns to its original position, shape and structure [135].  

An illustration of this elastic deformation process is shown in Figure 3-15, where 

a solid block is held between two plates, in which the top plate is free to move. 

When a sufficiently large and constant force, F, is applied on the block of surface 

area, A, the block deforms accordingly. This shear stress,  = F/A causes the 

block to travel a distance of d, creating an angle of deformation equal to the 

shear strain, . When the applied stress is removed, the solid block recovers to 

its original position. Provided the elastic limit of the material is not exceeded – 

Hooke’s Law applies, as shown in Eq. (3.27). 
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 (3.27) 

This law states that the shear stress, , is directly proportional to the shear strain, 

, where the proportionality constant is known as the rigidity modulus, G [134]. 

However, time is not a factor considered in the deformation and recovery process. 

It is therefore assumed that recovery is instantaneous upon the removal of stress. 

 

Figure 3-15. Illustration of the elastic response of a Hookean solid under the application of an 
external stress.  

 

Despite this, a vast majority of industrial suspensions do not exhibit purely 

Newtonian nor Hookean characteristics. In fact, numerous suspensions possess 

both viscous and elastic properties (in varying proportions) and are described as 

viscoelastic – described in detail in Chapter 3 later. Fluid flow behaviour can be 

further divided into two main categories with respect to the effects of shearing 

time, discussed next. 

 

3.4.3 Time Independent Behaviour 

The first group of suspensions encompass those that are not noticeably 

influenced by shearing time - known as time independent fluids. Here are a few 

examples of fluids that fall into this category. 

 G
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3.4.3.1 Newtonian fluids 

The constitutive equation for a Newtonian fluid was shown in Eq. (3.27), where 

the viscosity, , of the suspension was constant and independent of the shear 

rate, . This is the simplest and most ideal viscous behaviour a fluid can display; 

generally, only very dilute particulate suspensions exhibit Newtonian behaviour. 

The flow behaviour of a suspension can be easily identified by investigating its 

flow curve, as shown in Figure 3-16 (a).  

A Newtonian fluid is characterised by a straight line passing through the origin on 

a linear plot of  vs.  (Curve i). Any fluid that departs from Newtonian 

characteristics is known as a non-Newtonian fluid – almost all household and 

commercial liquid products containing particles, including mineral slurries, fall into 

this category. This deviation from ideal behaviour arises from complex 

interactions between the suspending medium and particles, as well as particle-

particle interactions. The simplest indication of such suspensions happens when 

the shear stress is no longer directly proportional to the shear rate. 

3.4.3.2 Pseudoplastic and Dilatant fluids 

In these cases, the gradient of the flow curves (lines ii and iii in Figure 3-16) 

change as a function of shear rate. Curve ii shows a decrease in suspension 

viscosity with increasing shear rate, a fluid behaviour commonly known as shear-

thinning, or pseudoplastic behaviour. Conversely, when a fluid viscosity 

increases with increasing shear rate, the material is described as shear-

thickening, or dilatant (line iii).  
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Figure 3-16. (a) Flow curves ( vs. ) for some common time-independent fluids, including (i) 
Newtonian, (ii) Pseudoplastic (shear-thinning), and (iii) Dilatant (shear-
thickening) fluids, plotted on linear coordinates.  

(b) Viscosity versus shear rate ( vs. ) behaviour on linear coordinates of fluids 
(i), (ii) and (iii) respectively. The values of n can be used to classify a liquid as 
Newtonian, shear thinning or shear thickening. For n < 1, the material is shear 
thinning, whereas n > 1 represents shear thickening suspensions. A liquid with a 
value of n = 1 is considered Newtonian, since Eq. (3.28) reduces to Eq. (3.26), 
wherein K is equal to the shear viscosity, . 

 

Since the shear stress-shear rate relationship is no longer linear, Eq. (3.26) no 

longer holds valid for describing non-Newtonian flow behaviour. Instead, the 
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Ostwald-de Waele [86] model more accurately describes such flow behaviour 

using a power-law relationship between the shear stress, , and the shear rate, 

, as shown in Eq. (3.28). 

 

 (3.28) 

Where n is the power-law index, and K is the consistency factor.  

Shear thinning behaviour in suspensions can arise due to several factors – in 

aggregated colloidal systems for example, an increase in shear rate causes the 

breakdown of aggregates [207]. At rest, these aggregates are randomly oriented, 

but as the shear rate increases, they align themselves in the direction of shear. 

Unbound aggregates tend to reduce the resistance to flow, in the process 

releasing immobilised solvent and ultimately will exhibit a low apparent viscosity. 

On the other hand, dispersed colloidal systems exhibit shear thinning behaviour 

at low shear rates - a consequence of Brownian motion dominating shear flow. 

Brownian forces serve to restore the random arrangement and movement of 

colloidal units in the dispersion, and as a result will produce higher viscosities at 

low shear rates. In suspension s containing asymmetrical particles, the random 

assortment of these particles provides an initial resistance to low shear rates. As 

the shear rate increases, the particles realign to give a more ordered arrangement 

– this favourable conformation leads to a reduction in the resistance to flow, 

manifesting as shear thinning. 

The flow curve of a typical shear thinning fluid is shown as line ii in Figure 3-16 

(b). It shows two distinct plateaus, known as the upper and lower Newtonian 

regimes, respectively. The first plateau, also known as the ‘zero-shear’ viscosity, 

0, is a consequence of the interparticle forces that are not sufficiently strong to 

oppose deformation at low shear rates, i.e. deformation is proportional to the 

applied strain. In addition, the influence of Brownian motion ensures the random 

disorder of colloidal particles, thereby maintaining a resistance to flow. At a 

certain applied force, the microstructure can no longer resist the stress load on 

the system, and deforms drastically. This is shown as the decrease in viscosity 



  K dv
dx








n

 K ( )n
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as the system approaches the second Newtonian plateau. The lower Newtonian 

regime, known as the infinite shear viscosity, ∞, sees the aggregates rearranging 

into layers, enabling them to slide over each other; flow-induced layers have been 

confirmed by light diffraction experiments [208]. This ordered system becomes 

insensitive to any changes in shear rate – behaviour that is commonly observed 

in polymeric systems and dispersions at moderate concentrations [207].  

A simple, yet versatile model that can accurately capture the zero shear viscosity, 

0, and infinite shear rate viscosity, ∞, regimes is the Cross model [134], with 

the exponent set to 1, giving Eq. . 

 (3.29) 

 

A less common behaviour is shear thickening, characterised by an increase in 

suspension viscosity with increasing shear rate. This behaviour arises from the 

restructuring of colloidal particles under the application of high shear rates or 

stresses. In nearly all materials that exhibit such response, shear thinning 

behaviour is observed at low shear rates, followed by shear thickening at higher 

shear rates. It has been postulated that the onset of shear thickening stems from 

particles that form systems that becomes increasingly structured as shear rates 

increase. It is generally observed in highly concentrated suspensions above a 

critical volume fraction, c > 0.40 – 0.50 [209, 210]. 

During the flow of concentrated particulate suspensions, the shear-induced 

arrangement of particle layers is gradually disrupted at high shear rates, or 

extended periods of shear. This disruption of the ordered microstructure results 

in an increase in resistance to flow, i.e. increasing suspension viscosity. 

Contributing suspension properties that are known to cause dilatant behaviour 

include solids volume fraction, particle shape and size, particle size distribution 

and the liquor viscosity [135].  
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3.4.3.3 Bingham plastic and Yielding 

Plastic or yield stress behaviour are rheological properties commonly found in 

concentrated particulate suspensions, in which interparticle forces are dominant. 

A plastic material typically possesses a yield stress, y, and consequently exhibits 

a rheological duality - the material behaves elastically for stresses  < y and is 

observed to flow for  > y. This flow results from the breakdown of the suspension 

microstructure. It is widely accepted that the yield stress corresponds to the 

transition between elastic like behaviour to liquid like flow. Materials exhibit a yield 

stress are legion, and include clays, paints, cosmetics and sauces, thickened 

waste slurries, concentrated biomass and waste streams. 

Ideally, the yield stress would represent a single point value marking the transition 

of a plastic material between solid-like ( < y) and liquid like ( > y) flow. 

Unfortunately in reality, the yielding process may occur over a range of stresses 

due to the distribution of bond strengths and progressive breakdown in the 

microstructure [80].  

Coagulated particulate suspensions possess a gel point, g, which is the 

concentration at which the particles in the suspension form a three-dimensional 

network that spans the entire sample [139]; these suspensions exhibit a yield 

stress at solids concentrations  > g. This microstructure exists as a continuous 

network held in place by strong particle-particle interactions – the interactions 

between colloidal particles comprise of DLVO and non-DLVO forces, which 

dictate the overall suspension rheology. More recent publications indicate the 

system behaves elastically at very low strains, then strain hardens, then strain 

softens and then flows, the peak stress at flow being strain rate dependent [211]. 

The flow appears to happen at a strain ~ 1, where bonds must be broken. 

This leads to the introduction of a classic material that exhibits plastic behaviour 

– a Bingham material. The flow is generally described as a constant relationship 

between shear stress and shear rate, after yielding (line a in Figure 3-17). This 

behaviour is described mathematically using Eq. (3.30) below. 



114 

 

   for  > B (3.30) 

     for  < B 

where B is known as the Bingham yield stress and B is the Bingham viscosity 

[85]. Unfortunately, the Bingham model fails to accurately predict the complex 

rheology of industrial yield stress materials. The majority of these suspensions 

exhibit either shear thinning or shear thickening behaviour, and thus require more 

complex models to predict their rheology. 

In 1926, Herschel and Bulkley [84] developed a model to better describe yielding 

behaviour. By incorporating a power-law model to describe the viscous 

component of yielding, the shear rate dependent viscosity could be accurately 

captured, as given by; 

m
HB  +    for  > HB (3.31) 

    for  < HB 

 

where HB and  are the Herschel-Bulkley yield stress and consistency index 

respectively, and m is the power-law index used to describe the flow behaviour 

of the yielded material. When m < 1, the yielded suspension flows as a shear 

thinning liquid and when m > 1 the yielded material flows as a shear thickening 

liquid. Once again, when m = 1, the Herschel-Bulkley model reduces to the 

Bingham model, Eq. (3.30), and the viscous component describes Newtonian 

viscosity. Yield stress materials that exhibit shear thinning and shear thickening 

behaviour can be seen in curves b and c respectively in Figure 3-17. 

 

Another model that can be used to describe yield-pseudoplastic materials is the 

Casson [212] model, which takes the following functional form. 

   B +B 

  0

  0
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 for  > c (3.32) 

  for  < c 

where c and c are the Casson yield stress and viscosity values respectively. 

 

 

Figure 3-17. Shear stress versus shear rate relationship of plastic materials. (a) Bingham 
plastic, (b) Yield-pseudoplastic, and (c) Yield-Dilatant. 

 

  
  
A common problem with all yield stress models discussed previously is that 

elasticity is not taken into account. In fact, most yield stress suspensions possess 

varying degrees of elasticity depending on factors such as solids volume fraction, 

particle size and shape, as well as particle size distribution. Yoshimura and 

Prud’homme [31] subsequently improved on this model to account for elasticity, 

but it could only be applied to well defined flow fields. 

 


1

2   c

1
2 + c ( )

1
2

  0



116 

 

Traditional methods for determining the yield stress of a suspension involved 

linear extrapolation of the Bingham model. Shear stress versus shear rate data 

was first collected at high shear rates, plotted on subsequently fitted using a 

Bingham model. The data was then linearly extrapolated to zero shear rate, i.e. 

 = 0 to give the Bingham yield stress, B. However, this technique often results 

in an over-estimation of the true yield stress, y. This error can be reduced by 

obtaining more measurements at the low shear rate end of the  versus  
spectrum, e.g. creep/recovery, stress relaxation, or stress growth tests, although 

wall slip is always an issue in terms of the accuracy of these results [25, 139].  

The wall slip phenomenon is hypothesised to arise from shear induced phase 

separation of the suspension, forming a low viscosity, lubricating layer comprised 

of the suspending medium in the vicinity of the walls. Apart from roughening the 

walls of the geometry members, the most widely used geometry for eliminating 

these wall-depletion or slip artefacts is the vane geometry [134]. Adapted from 

soil mechanics, Nguyen and Boger [21, 139] subsequently developed a 

technique that has been shown to a suitable, direct method of obtaining yield 

stress data for many concentrated suspensions while overcoming the issues of 

wall slip [139, 145, 146]. The use of the vane geometry for rheological 

characterisation, whilst eliminating the problems of wall slip will be discussed in 

detail in Section 4.4.2. 

Of particular interest in this thesis are stress growth experiments where a vane is 

immersed into a suspension and sheared at a low, constant shear rate. 

Traditionally, the yield stress is obtained from the plateau in the stress-time profile 

[21, 124], as shown in Figure 3-18 - this method gives access to a characteristic 

stress that is linked to yielding but is highly dependent on applied rate and 

measurement geometry.  

The stress-time profile shows an initial linear region - corresponding to elastic 

deformation of the network bonds. This is followed by a non-linear region 

representing viscoelastic ‘creep’ flow due to stretching and subsequent breakage 

of the majority of bonds beyond their elastic limit. At this point, the maximum 
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stress has been reached, and the vane begins to rotate as the material flows as 

a viscous fluid.  

After this peak, a drop in the stress-time profile is observed due to the rate of 

network bond breakage exceeding the rate of bond reformation [22]. The 

maximum stress attained during this test corresponds to the transition from 

viscoelastic to fully viscous flow. 

 

Figure 3-18. Stress vs. time curve obtained from the vane technique for a typical yield stress 
material. 

3.4.4 Time Dependent Behaviour 

Another class of fluid flow behaviour is observed when the measured stress or 

viscosity of a suspension is affected by time (at constant shear rates). These time 

dependent fluids are known to display either a decrease (thixotropy) or increase 

(rheopexy) in viscosity with time. These materials are discussed in detail in other 

publications [88, 135]. 

Thixotropy and rheopexy (or anti-thixotropy) can arise from the same factors 

responsible for shear thinning and shear thickening - however the time scale over 

which the structural change occurs is very different. A material is described as 

thixotropic if there is an observable reduction in its rheological properties with 

time of shear, e.g. viscosity or yield stress, after which there is gradual recovery 

once the applied shear stress or shear rate is removed. Thixotropy can be 
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identified from flow experiments when a hysteresis loop is observed, illustrated 

in Figure 3-19. Rheopexy on the other hand is the opposite of thixotropy and is 

identifiable by an increase in viscosity after it is sheared (at a constant shear rate 

or shear stress).  

Thixotropy is common in coagulated or flocculated suspensions and can be 

related to the gradual change of the microstructure with time.  This may be 

attributed to the breakdown of aggregates into smaller units, coupled with the 

simultaneous reformation of the suspension network. Behaviour such as this is 

commonplace in multiphase mixtures due to the interaction between interparticle 

forces such as van de Waals and electrostatics, the time scale of which is dictated 

by Brownian motion. In a high molecular weight (MW) polymer solution, shearing 

can diminish the intermolecular interactions and entanglements and reduces the 

extent of solvent immobilisation. Simultaneously, Brownian motion serves to 

restore the system to its original arrangement upon the cessation of shear. 

Thixotropic flow is common in polymer solutions, bentonite clays, crude oils, 

pharmaceuticals and cosmetic products [167]. Anti-thixotropy on the other hand 

occurs readily in polymer systems due to the effect of rapid shearing arising from 

entanglement in the polymer chains [167] but is expected to be rare in particulate 

suspensions. 
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Figure 3-19. A hysteresis loop observed in a coagulated alumina suspension (AKP-30, pH 9, 
 = 0.20) to demonstrate time dependent behaviour. 
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3.4.5 Introduction to Viscoelasticity 

As introduced briefly in Section 3.4.2, a viscoelastic fluid is one that exhibits both 

viscous and elastic properties. There are numerous experiments that can be 

conducted to establish the presence of viscoelasticity in suspensions. These can 

be divided into two major groups, i.e. static or dynamic experiments.  

 

Static experiments include: 

(i) ‘Creep/Recovery’ tests at constant stress 

(ii) Stress-relaxation under constant strain 

 

The second group of viscoelastic test techniques are known as dynamic 

experiments. These involve the application of sinusoidal oscillations of small 

strain amplitudes (in the case of strain controlled rheometers) to deform a 

suspension, to give the following experiments. 

(i) Small amplitude oscillatory shear (SAOS), and 

(ii) Large amplitude oscillatory shear (LAOS). 

 

3.4.5.1 Creep / Recovery 

Creep experiments monitor a step increase in shear stress, 0, applied on the test 

material and the resulting strain, (t), as a function of time. The results can be 

presented in the form of creep compliance, J(t), as shown in Eq. (3.33) 

 (3.33) 

 

An elastic response is given by stable, constant strain, whilst a viscous response 

is given by constant strain-rate. Viscoelastic behaviour can manifest as 

instantaneous and retarded elastic responses, and either elastic or viscous 

behaviour at long times depending on whether the material has yielded.  Non-

J(t)   (t)
 0
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linear viscoelastic behaviour can be observed at applied stresses well below the 

yield stress using this technique.  

 

3.4.5.2 Stress-Relaxation 

In order to measure the long-time elastic response of aggregated particulate 

suspensions, it is necessary to make measurements at very small deformations 

taking place over long timescales. The rheological techniques presented 

previously have certain strengths and weaknesses, e.g. creep measurements do 

not have a fixed strain and can hence exceed the linear viscoelastic region.  

The stress-relaxation technique has the advantage of fixed strain and relatively 

shorter measurements durations, compared to oscillation and creep. Care should 

be taken with stress-relaxation measurements when the relaxation modulus 

approaches zero as small variations in the data can lead to relatively large errors. 

These can be minimized by the choice of measuring geometry (e.g. vane-in-cup) 

and suitably sensitive and stable rheometers. 

During a stress-relaxation experiment a step strain, 0, is imposed on the test 

material and the stress decay is logged as a function of time, (t). The data logged 

from this test can be converted to the relaxation modulus, G(t) using Eq. (3.34). 

 (3.34) 

where (t)is the stress measured as a function of time, and 0 is the applied strain.  

A purely viscous fluid will exhibit a stress-relaxation to zero, while an elastic 

material will not show any relaxation in response to the step strain.  

G(t)   (t)
0
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Figure 3-20. Typical stress relaxation profiles for viscoelastic materials. Reproduced from 
Faers et al (2006) [33]. 

 

The linear dependence of the stress-relaxation on strain is known as linear 

viscoelasticity and is valid only for small applied strains. In polymeric systems, a 

typical value of linear strain is generally  < 1, whereas in colloidal suspensions 

this value is much smaller,  ~ 10-4 [135].  

For a simple Maxwell model, the relaxation time is the ratio of the relaxation 

modulus to the viscosity. In this case, the stress relaxes exponentially from its 

stable value to zero [135]. It is difficult to attribute a single relaxation time for real 

materials, since real materials are rarely ideally elastic nor ideally viscous. A 

mean characteristic time is used instead and is defined as the time required for 

the stress to decay to 1/e of the elastic response to step strain [213]. The ratio of 

this time relative to the length of the experiment, te, is called the Deborah number. 

A sample with a high Deborah number responds elastically, while a sample with 

low Deborah numbers show viscous response. For weakly aggregated particulate 

suspensions, this relaxation time corresponds to the time taken for the 

connections between the aggregate units to break and reform under their thermal 

(or Brownian) motion. In the absence of applied deformation, the connections 

would have a high probability of reforming in their original position – essentially 

masking this breaking-regeneration process.  
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Work by Faers et al [33] on weak gels of concentrated oil-water emulsions 

containing xanthan or montmorillonite clay showed that at short times, 

suspension relaxation moduli was of a similar order to the viscosity. At longer 

durations however, the order changes and is in agreement with the sedimentation 

velocity.  

 

With increasing strain, the relaxation modulus represents more complex 

rheological behaviour and becomes dependent on the strain. 

 (3.35) 

 

This is called non-linear viscoelastic behaviour. 

 

  

G(t, )   (t, )
0
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3.4.5.3 Small Amplitude Oscillatory Shear (SAOS) 

When an oscillating strain is imposed on a sample, the corresponding stress 

response will mirror the sinusoidal strain input at the same frequency, however 

shifted by a phase angle,  (Figure 3-21). The value of  dictates the degree of 

elastic or viscous behaviour in the test sample, i.e.  ~ 0° for a highly elastic 

suspension,  ~ 90° for highly viscous suspensions. 

 

Figure 3-21. Schematic diagram of the strain-stress waves shapes from oscillatory 
experiments. The red wave is the input strain wave, while the blue wave 
represents the stress output wave.  

 

The strain and stress waves used in performing dynamic experiments are 

expressed as follows: 

 (3.36) 

 (3.37) 

where  is the frequency of oscillation (in rad.s-1).  

 

The output stress response can then be decomposed into two waves at the same 

frequency, i.e. sin(t) for the wave in-phase with strain, and cos(t) for the out-

of-phase wave with strain, giving Eq. (3.38). 

  0 sin(t)

   0 sin(t +)
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 (3.38) 

Two dynamic moduli, G’ and G” are obtained from this relationship, giving 

, the elastic (in-phase) modulus (3.39) 

, the loss (phase-quadrature) modulus (3.40) 

 

The ratio between the loss and storage modulus (G”/G’) gives a simple indicator 

of the extent to which a suspension behaves as a viscous or elastic material; it is 

related to the phase angle, , such that; 

 (3.41) 

 

The loss modulus, G”, is a measure of the specific energy (per unit volume) 

dissipated per cycle of deformation [90]. Therefore, the greater the energy loss 

by viscous dissipation, the greater is the magnitude of tan .  

Macosko (1994) [90] and Russel et al. (1989) [158] provide a comprehensive 

review and detailed theoretical treatment on dynamic oscillatory shear 

measurements. 

 

Oscillatory shear experiments conducted within the linear viscoelastic (LVE) 

regime of a material are commonly referred to as small amplitude oscillatory 
shear (SAOS) tests. These techniques are widely accepted methods for probing 

the sensitive microstructure of complex liquids, backed by sound mathematical 

theory [90]. Generally speaking, the linear viscoelastic response of a material to 

a sinusoidal strain input will be a corresponding sinusoidal stress output, example 

shown in Figure 3-22. 

   '+ "  '0sin(t)+ "0 cos(t)
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Given the LVE region for most materials occur at small-applied strain and stress 

amplitudes, higher order harmonics should be absent from the resulting output 

wave [3, 141, 142] – assuming that the material deforms elastically at small 

strains. In contrast, when the output response to an input wave is no longer 

sinusoidal in nature the measurements will possess higher order harmonics [15, 

131]. 

 

Figure 3-22. Typical linear viscoelastic stress response of a coagulated AKP-30 suspension 
(pH 9, = 0.15) to a sinusoidal strain input. Angular frequency,  = 10 rad.s-1. 

 

The onset of a non-linear viscoelastic response in a particulate system marks the 

diminishing proportionality between the input and output rate of sinusoidal 

deformation [78, 126], providing a glimpse into bond strengths and distributions. 
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3.4.5.4 Large Amplitude Oscillatory Shear (LAOS) 

Large amplitude oscillatory shear (LAOS) tests, applies strain amplitudes larger 

than a critical value, causing the output stress response to become non-linear as 

described by: 

 + )sin( nn tn   (3.42) 

where higher harmonic stresses (n > 1) are present in the stress response. 

The presence of these harmonics is a contributor to the breakdown of the linear 

viscoelastic equations discussed previously, meaning the storage and loss 

moduli, G’ and G” respectively, only apply to the fundamental harmonic [149]. An 

example of non-linear viscoelastic stress response during LAOS tests is shown 

in Figure 3-23. 

 

Figure 3-23. Typical non-linear viscoelastic stress response of a coagulated AKP-30 
suspension (pH 9, = 0.15) to a sinusoidal strain input of  = 1%. Angular 
frequency,  = 10 rad.s-1. 

 

The deformation of complex materials under LAOS tests are still very much of 

interest in this study, and therefore employs recent publications by Wilhelm et al. 
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[131, 141, 142] investigating the use of Fourier Transforms to process LAOS data, 

discussed later in Section 3.4.6.1. In addition, oscillatory shear data can be 

presented graphically in the form of Lissajous-Bowditch figures, described in 

Section 3.4.6. 
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3.4.6 Detecting Nonlinearity in Suspensions 

As discussed previously, yield stress fluids are found in numerous applications 

and their subsequent treatment requires strict attention. In the case of intermittent 

pumping, i.e. oilfield drilling fluids, these yield stress materials may lie stagnant 

between drilling operations or in specific sections of the pipeline [30]. During this 

time, settling of solids can take place, if the yield structure is not sufficient. 

Conversely, a suspension with a very high yield stress is difficult to pump, 

especially during start-up when a large initial stress is required to overcome the 

material structure and initiate flow. Therefore, a balance is required where pulse 

flows or surges between pumping operations are minimised, while maintaining 

the suspension homogeneity. A test protocol is therefore required, whereby the 

elastic, viscous and yielding properties of a suspension can be characterised in 

the field or laboratory. 

3.4.6.1 Fourier Transform (FT) Rheology 

As introduced earlier, non-linear viscoelastic response marks the onset of 

diminishing proportionality between the input and output rate of sinusoidal 

deformation. While the yielding dynamics of a material exhibiting linear 

viscoelasticity is well documented with sound mathematical theory [90], the 

yielding processes of more complex particulate systems such as polymer melts, 

grease, slurries and suspension gels are non-linear in nature. Henceforth, the 

sole use of linear viscoelastic measurements are insufficient to fully characterise 

yielding behaviour – the yielding process is a combination of non-linear and 

transient dynamics making SAOS measurements a more suitable technique. 

Whilst this behaviour is complex, the differences between coagulated and 

flocculated systems will almost certainly manifest in the SOAS regime of testing; 

flocculated systems cannot recover from excessively large deformations. 

 

Fourier transformations (FT) are therefore an excellent tool for determining the 

linear viscoelastic limits of structured yield stress materials - the presence of 

higher order harmonics immediately indicates that the material is no longer 

exhibiting a linear response. These limits are defined by parameters known as 
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the critical stress, c and critical strain, c – described as the maximum 

stress/strain to which a material may be subjected under oscillatory shear at a 

constant strain/stress and frequency before the material begins to exhibit a non-

linear viscoelastic response. Traditionally, these limits were estimated from 

dynamic strain or stress sweeps, with examples shown in Figure 3-24. 

 

Figure 3-24. Estimation of the critical strain, c, from dynamic strain sweep experiments (left) 
and critical stress, c, from dynamic stress sweep experiments (right). 
Coagulated AKP-30 suspension (pH 9,  = 0.15) 

  

FT rheology has been successfully used to study polymeric yield stress materials, 

which makes it a promising technique to investigate the yielding dynamics of less 

conventional coagulated or flocculated systems. The basic approach involves the 

decomposition of the output waveform for a function in the time domain to obtain 

a frequency dependent spectrum. LAOS measurements deform the test material 

into the non-linear viscoelastic region, rendering harmonic distortions of the shear 

stress response. These higher order harmonic contributions can be analysed 

using Fourier transforms with respect to their frequencies, applied stress or strain 

amplitudes, and phase angles [141].  
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In essence, a Fourier transformation “filters” the periodic contributions from a 

time-dependent signal and outputs their amplitudes and phases, be it real or 

imaginary components, as a function of frequency. The Fourier transformation of 

any real or complex signal, s(t), for frequency dependent spectrum, S(), is 

generally defined in Eq.(3.43)(3.44) and Eq. (3.44) as:  

 
(3.43) 

 
(3.44) 

When analysing experimental data, a half-sided FT is usually employed – this 

means the integral limits are from t = 0 to t = +∞ [141], which is similar to a 

complex Laplace transformation. Performing a Fourier analysis on the stress 

response of a material using a complex Fourier transformation leads to only odd 

harmonics, i.e.  , ,  ,  , etc. As a result, any non-linearity in the material 

response to an applied waveform will manifest in the odd harmonics of a FT 

spectrum. 

 

For example, the torque response can be represented as Eq. (3.45), where M(t) 

is the time dependent torque response, In, is the intensity of the nth harmonic 

(where n = 1, 3, 5, 7…),  is the frequency and  is the phase shift . 
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However, the application of oscillatory waveforms can sometimes generate even 

harmonics – hypothesized to arise from wall slip [214, 215]. Graham [216] 

demonstrated breaks in shear flow symmetry using a dynamic slip model, during 

which the material response no longer mimics the footprint of the measuring 

geometry. These observations supported experimental investigations by Adrian 

and Giacomin [217] on poly-urethane melts under oscillatory shear stresses.  
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On the other hand, Yoshimura and Prud’homme [31] demonstrated, using a 

simple slip model, that slip at bounding surfaces does not produce even 

harmonics, while a review by Hyun et al [143] concluded that the absence of even 

harmonics is not sufficient in itself to discard the possibility of wall slip. Similarly, 

Atalık and Keunings [218] showed that wall slip was not essential to the 

production of even harmonics – instead they concluded that a combination of 

elasticity and shear thinning were responsible for transient even harmonics in 

shear stress. Furthermore, the life span and intensity of these even harmonics 

were considerably extended by inertial contributions; contributions which 

contrasted work by Yosick et al. [219].  

 

The work and findings in this space suggests two things; first, that the origin of 

even harmonics is not always clear, and second, that the analysis of even 

harmonics manifesting in the shear stress regime offers potentially useful 

information pertaining to material microstructure. The points of difference only 

serve to highlight the degree of care that must be taken to avoid systematic 

experimental artifacts, e.g. fluid inertia, when performing and interpreting 

experimental results. It should be noted that FT rheology does not provide direct, 

physical interpretation of material responses under shear. 

More detailed equations and principles of FT analyses and rheology are 

presented comprehensively by Wilhelm et al. [131, 141, 142]. 
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3.4.6.2 Lissajous-Bowditch Curves 

Lissajous-Bowditch curves provide a meaningful way of visualising and 

interpreting the viscoelastic response of suspensions to applied stress or strain 

inputs. These plots are predominantly used to detect the onset of non-linearity in 

the stress-strain response from SAOS or LAOS measurements by plotting the 

time dependent stress versus the time dependent strain. Material response to 

input sinusoidal waves produce output waves, typically out of sync by a phase 

angle,  that correspond to a characteristic material viscosity behaviour, i.e. a 

Hookean solid and Newtonian liquid have phase angles of 0 and 90 respectively 

[15, 30, 131]. These phase angles determine the shape of the equivalent 

Lissajous plots.  

Since viscoelastic materials have phase angles defined by 0 <  < 90, the 

Lissajous plot of a linearly viscoelastic material will have an elliptical shape, as 

shown in Figure 3-25 (a). Consequently, a viscoelastic material exhibiting a non-

linear response will have a non-elliptical shape, seen in Figure 3-25 (b). 

Increasing non-linearity in the viscoelastic response results in greater deviation 

from ellipsoidal traces; a typical Lissajous curve for a viscoelastic material during 

flow is shown in Figure 3-25 (c) [199]. 

 

Figure 3-25. Lissajous plots showing (a) linear viscoelastic response, (b) non-linear 
viscoelastic response, and (c) a viscoelastic material during flow. 
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3.4.6.3 LAOS Data Processing 

The raw data output exported from the AR-G2 rheometer was processed using a 

freely available data analysis package, MITlaos [220], operating as an application 

in MATLAB®.  

Given a paired set of LAOS input parameters, i.e. angular displacement, , and 

strain, 0, the test material is subject to a series of deformation cycles. When 

analysing the data, the initial transient response is monitored and allowed to 

decay, eventually reaching a steady-state cycle of stress waveforms. The data 

processing is then performed on six complete strain cycles in this periodic steady 

state regime. 

MITlaos applies higher-order harmonic information with a user-specified cut-off 

harmonic nmax = max/, to determine the desired viscoelastic material 

parameters.  

Validation of the analytical procedure using MITlaos, versus the ARG2 software, 

to analyse raw stress waveforms was performed by Ewoldt et al [30] on xanthan 

gums and increasing values of strain amplitude, 0. They found good 

correspondence between the two analytical protocols for both G1’(, 0) and G1(, 

0) across the full range of applied strain amplitudes. As such, the MITlaos 

software was considered suitable for the analysis of LAOS data produced in this 

work. 

 

Since G’ and G” are arbitrary outside the LVE region and thus insufficient to 

characterise material behaviour, MITlaos uses two different ways to quantify 

elastic and viscous moduli of complex materials. All measures reduce to the linear 

moduli in SAOS measurements, but represent different approximations of first 

order viscoelastic responses.  

These different alternative moduli can be used to quantify and group different 

materials according to types of nonlinearity, shown mathematically and 

graphically below: 
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Figure 3-26. Graphical representations for alternative viscoelastic moduli, a) minimum-strain 
modulus GM’ and large-strain modulus GL’; b) minimum-rate dynamic viscosity 
M’ and large-rate dynamic viscosity L’.  
Figure reproduced from MITlaos user manual [220]. 

 

From a Lissajous-Bowditch graph of shear stress, , versus shear strain, , the 

minimum-strain modulus, GM’, is calculated when = 0, and the large-strain 

modulus, GL’ is calculated when  = 0. 




d
dGM ' , for  = 0 (3.46) 




'LG , for  = 0 (3.47) 

Similarly, from a plot of shear stress versus strain rate, the minimum-rate dynamic 

viscosity M’ is obtained when the strain rate, 0 , and the large-rate dynamic 

viscosity, L’, is calculated at 0    



d

d
M ' , for 0  (3.48) 





'L , for 0    (3.49) 
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At each equilibrium oscillatory shear response, the alternative viscoelastic moduli 

can be determined to highlight the nature of viscoelastic nonlinearity, summarised 

below: 
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A detailed description of nonlinear viscoelastic measured is described in detailed 

by Hyun et al [143] and Ewoldt et al [152]. 
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Chapter 4  
Characterisation Techniques 

4.1 Introduction 
This chapter lists and details the measurement techniques used in characterising 

the physical properties, settling performance, filtration behaviour and rheology of 

the different solid and liquid components studied in this work. 

4.2 Liquid and Solid Measurement 
The stepwise process to ultimately determine the solids concentration of a test 

material involves first acquiring information about the suspending liquor, i.e. 

including the density and viscosity. This information also provides the necessary 

components for later suspension dewaterability using process modelling. For the 

industrial bauxite residue samples tested in Chapter 5, dissolved solids are 

known to be present in the liquor phase leading to significant changes in liquor 

density and viscosity [49].  

Solid densities for pure substrates such as calcite and alumina are usually known 

from supplier data sheets and Material Safety Data Sheets (MSDS). For industrial 

samples such as washer outputs and streams with coarse fractions, suspension 

density measurements were employed and the resulting density of the solid 

component is calculated. In addition, there are numerous methods for 

determining the solids concentrations in a particulate suspension – but this work 

utilized the weight loss on drying method along with the solids density to calculate 

the solids volume fraction.  

4.2.1 Liquor and suspension density measurement 

The density of liquors and suspensions can be accurately measured using a 

density bottle maintained at ambient or at elevated test temperatures, as 

explained by Usher [49]. A standard 50 cm3 density bottle was filled with the 

sample to be characterised, the total mass recorded and the density 

subsequently calculated. 
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4.2.1.1 Calibration of density bottle 

1. The density bottle and matching lid was cleaned in a sonicating bath to 

remove any residue or build-up from previous tests. 

2. The outer surface of the density bottle and lid was dried with acetone and 

a lint-free cloth. 

3. The mass of the clean dry bottle and lid was measured, mbot. 

4. The density bottle was completely filled with water; then the lid was 

inserted to expel excess liquid via the capillary in the lid. 

5. For test temperatures above ambient, the density bottle was immersed in 

a water bath at the required temperature (lowest test temperature first) for 

approximately 20 minutes or until thermal equilibrium was attained. For 

tests at ambient temperatures, this step was skipped. 

6. After this equilibration period, additional liquid would exude from the 

capillary - a consequence of thermal expansion within the bottle. This 

excess liquid was dabbed away, taking care not to wick away further liquid 

from the capillary. The final liquor level would be at or close to the top of 

the lid. 

7. The outside of the bottle was dried and weighed immediately, then 

returned to the water bath. The difference between this mass and that of 

the bottle yields the mass of water at that temperature. 

8. The mass of water present was calculated from the density of water at the 

measurement temperature (obtained from water property tables). This was 

then used to determine the actual volume of the density bottle, Vbot, using 

Eq. (4.1). 

 (4.1) 

 

4.2.1.2 Liquor measurement and density calculation 

1. The calibrated density bottle was cleaned and dried. 

2. Any suspended solids were removed from the sample of liquor using a 

standard Millipore® syringe filter. 

Vbot 
mwater

water
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3.  The clean density bottle was filled to the top with this filtered liquor and 

the lid replaced. Any excess liquor was displaced via the capillary in the 

lid. 

4. For test temperatures above ambient, the density bottle was placed in a 

water bath for approximately 20 minutes, or until thermal equilibrium was 

attained. 

5. After this period, any liquor exuded from the capillary in the lid as a 

consequence of thermal expansion of the density bottle contents, was 

dabbed away. 

6. The density bottle was removed from the water bath and the outer surface 

dried with a lint free tissue and acetone. 

7. The bottle was weighed immediately and returned to the water bath. 

8. The density of the liquor was calculated from the calibrated density bottle 

volume, Vbot and the mass of the liquor, mliq, using Eq. (4.2). 

. (4.2) 

 

 

  

liq 
mliq

Vbot
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4.2.2 Liquor viscosity measurement 

Measurements of process liquor was done with a Cannon-Fenske capillary 

viscometer (Figure 4-1) only when it was not possible to measure a shear stress-

shear rate profile reliably with a rotational rheometer, i.e. when measured torque 

values were below the instrument sensor range. Measurement principles using a 

rotational rheometer are presented in Section 4.5 later.  

 

The principle operation of the capillary viscometer is simple – a standard volume 

of liquor is drawn into the viscometer and the time taken to drain into the lower 

chamber is measured [49]. Multiplication of this time by a calibration constant 

(supplied with the viscometer by the manufacturer) gives the kinematic (gravity 

influenced) viscosity of the liquid. 

 

Figure 4-1. Schematic diagram of a Cannon-Fenske viscometer. 
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4.2.2.1 Viscosity measurement procedure 

1. The liquor to be tested was first filtered using a standard 0.45 m 

Millipore® syringe filter to remove any suspended solids. It is then poured 

into a flat-base dish. 

2. A suction bulb was attached to the end of Arm A gently to avoid snapping 

the fragile glass tube. The viscometer was inverted and Arm B placed in 

the liquor to draw the liquor into the viscometer 

3. Suction was halted when the liquor level reached Line 2. Then the 

viscometer was returned to its original orientation to prevent the liquor from 

leaking out. 

4. If temperature control was required, the viscometer was immersed in a 

water bath at the desired temperature until thermal equilibrium was 

achieved. 

5. Once the temperature was stabilised, the suction bulb was placed over 

Arm B to draw the liquid above Line 1. 

6. The suction was released by detaching the bulb from the arm and the time 

for the liquid level to fall between Lines 1 and 2 was measured. 

7. Steps 2-5 were repeated until consistent results were obtained, before 

averaging the results to get a fall time, t. Using this time, and the calibration 

constant Kcf, the kinematic viscosity vliq was calculated using Eq. (4.3). The 

dynamic liquor viscosity, , was then calculated from Eq. (4.4). 

. (4.3) 

. (4.4) 

4.2.3 Liquor turbidity measurement 

Turbidity measurements are commonly performed on the liquor or supernatant 

components of a system, providing a gauge of the effectiveness of flocculants in 

fines capture [6]. Since the flocculants investigated in this work gave rise to very 

n liq  Kcf t

  liqn liq
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clear supernatants, turbidity measurements were taken at 5 and 30 minutes after 

flocculation. Turbidity measurements were performed as detailed by Hulston [6].  

1. A 30 ml sub-sample was collected 1 cm below the meniscus using a wide 

bore syringe.  

2. Samples were injected into a sample cell (or vial), taking care so as to 

reduce the introduction of any air bubbles.  

3. The cell was gently inverted several times to homogenise the supernatant 

sample. 

4. Supernatant turbidity was analysed using a HACH 2100AN Turbidimeter 

(HACH Company, USA). Results are expressed in nephelometric turbidity 

units (NTU). 

 

4.2.4 Solids Concentration Measurements 

The drying method used to determine the solids concentrations in this work 

involved oven drying the suspension for a known period of time. In cases of 

industrial samples, a liquor sample representative of the liquor within the 

suspension was dried to account for the dissolved solids component in the liquor. 

The preferred drying containers were polypropylene ‘chippets’ with relatively 

consistent weights of approximately 6 g. For dissolved solids determination, a flat 

dish was the preferred container for drying large volumes of liquor or supernatant. 

 

4.2.4.1 Weight loss on drying - Total Dissolved Solids 

1. A sample drying container and lid was weighed; this value was recorded 

as mliq,cup. 

2. About 10-20 ml of liquor was transferred into the sample drying container 

and immediately sealed with the lid to prevent any evaporation. 

3. The combined weight of the liquor and container was recorded as mliq,wet. 

4. The lid was then removed, placed underneath the drying container and 

placed in an oven maintained at 100 °C to dry. 
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5. The container was periodically removed from the oven and the combined 

weight of the container, lid and dried liquor was recorded, before being 

returned to the oven. This process was repeated until the weights were 

constant before recording the minimum weight as mliq,dry. 

 

4.2.4.2 Weight loss on drying – Particulate Suspension 

1. The particulate suspension of interest was homogenised to ensure a 

representative sample was obtained. Depending on the thickness and 

settling nature of the suspension, this could be done with an overhead 

mixer or a simple spatula.  

2. A sample drying container and lid was weighed and this value recorded as 

mcup. 

3. 10-20 ml of the homogenised suspension was transferred into the sample 

drying container and immediately sealed with the lid to prevent any 

evaporation. This step was critical when sampling high concentration 

material. 

4. The combined weight of the liquor and container was recorded as mwet. 

5. The lid was removed, placed underneath the drying container and placed 

in an oven maintained at 100 °C to dry. 

6. The container was periodically removed from the oven and the combined 

weight of the container, lid and dried liquor was recorded, before being 

returned to the oven. This process was repeated until the weights were 

constant before recording the minimum weight as mdry. Note that at 

prolonged drying periods the dry weight could potentially increase, a 

consequence of oxide formation in the system. It was therefore important 

to note the minimum weight measured before the onset of the weight rise. 
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4.2.4.3 Calculating solids volume fraction 

The weight fraction of dissolved solids in the liquor, A, was calculated using Eq. 

(4.5). 

. (4.5) 

The dry weight fraction of the suspension (incorporating dissolved solids), B, was 

calculated using Eq. (4.6). 

. (4.6) 

The solids weight fraction of the suspension (corrected for total dissolved solids), 

x, was therefore calculated using Eq. (4.7);  

. (4.7) 

  
The solids volume fraction, , was then calculated (corrected for dissolved solids) 

from Eq. . 

. 
(4.8) 

In addition to presenting solids concentrations in terms of volume fraction, , and 

weight fraction, x, it is also common to express concentrations in terms of grams 

per litre of suspension, gpl, and suspension density, susp. The relevant equations 

to convert between solids volume fraction and these alternatives are presented 

below. Note that liquid (liq), solid (sol), and suspension (susp) densities here are 

expressed in kg.m-3. 

. (4.9) 

A 
mliq,dry -mliq,cup

mliq,wet -mliq,cup

B 
mdry -mcup

mwet -mcup

x  B- A
1- A

  1

1+ sol

liq











1-B
B- A









gpl sol
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. (4.10) 

4.3 Dewaterability Characterisation 
The theory behind measuring suspension dewaterability to extract the material 

property parameters Py() and R() has been overviewed previously in Chapter 

3. The techniques utilised in this work are detailed below, including piston driven 

filtration for high solids fraction samples and gravity batch settling tests for low 

solids concentration samples. Information regarding liquor densities, liquor 

viscosities and solids concentrations were determined as detailed in Section 4.2. 

4.3.1 Stepped Pressure Filtration 

The compressive yield stress, Py(), and hindered settling function, R(), for 

suspensions above the gel point, g, were obtained via a pressure filtration device. 

This device was based on the apparatus originally built by Green et al (1998) [77], 

but with modifications as illustrated in Figure 4-2. 

 

 

Figure 4-2. Schematic (left) and photograph (right) of an automated piston driven pressure 
filtration test rig used for extracting Py() and R() for  > g. Schematic diagram 
courtesy of de Kretser et. al (2005) [192]. 

 

susp sol + (1-)liq
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The filtration rig consists of a stainless steel pneumatic cylinder to apply a 

pressure to a particulate suspension at a known initial volume fraction, 0, 

contained within a compression cell (42 mm ID). Both the cell and base plate are 

housed in a water jacket to maintain a constant test temperature. The applied 

pressure forces liquid out of the suspension through a filter membrane (0.45 m 

MilliPore®) at the base of the cylinder supported by a permeable sintered metal 

disk [192]. The filtration pressure is monitored using a pressure transducer 

mounted flush in the piston face, and the rate of filtration is determined from the 

rate of movement of the piston – determined by a linear encoder. The specific 

filtrate volume, V, at each pressure step is calculated as the volume of filtrate 

divided by membrane area.  

 

 

 

 

Figure 4-3. Example of t versus V2 results 
for a stepped-pressure compressibility (left) 
and permeability (right) test for a flocculated 
calcite suspension. Example of dt/dV2 versus t 
results for a stepped-pressure permeability test 
on the same sample. 
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The software controlling the rig is detailed elsewhere [192] and the pressure 

control system allowed pressures ranging from 5 to 300 kPa to be tested. 

Two types of tests can be conducted using the pressure filtration rig [191, 192, 

196]; the first being single pressure filtration experiments, usually reserved for 

biotic sludges and samples known to decompose rapidly in an unregulated 

environment. For samples with resistance to natural degradation processes, e.g. 

mineral slurries and tailings, stepped pressure filtration techniques provide rapid 

and robust measurements at greatly reduced experimental durations. This test 

provides the option to fully characterise a sample from only one compressibility 

filtration test and one truncated permeability filtration test.  

In the compressibility test (Figure 4-3), the lowest pressure in the range is applied 

until the filter cake stops exuding liquid, before the pressure is stepped to the next 

in the range. Repeating the experiment over a range of pressures generated a 

series of equilibrium heights, which were then converted to ∞ values. These 

results were then combined with measurements of the gel point to produce a 

complete Py() curve [50]. 

For the permeability test, the first pressure is applied until the gradient of t versus 

V2 was stable (Figure 4-3), then the pressure is incremented. The control 

software takes an average slope over a number of points and recognised when 

this was deemed linear to within user-defined criteria. 

A complete mathematical discussion and validation of this filtration technique is 

presented by Usher et al. [191] and de Kretser et al. [192]. Graphs of stable t vs. 

V2 data for samples characterised in this work is presented in the Appendix to 

validate pressure filtration data in Chapter 8 and 9. 

 

4.3.1.1 Compressibility Test Procedure 

1. The base plate, suspension sample and pressure transducer are first 

allowed to equilibrate at the test temperature. 
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2. The initial solids concentration, 0, liquor viscosity, , liquor density, L, 

and solids density, S, was measured. 

3. The LABView control program was started and the “Compressibility Test” 

method was selected. 

4. All the required material information was entered as prompted. 

5. The appropriate test temperature and test pressures were selected, e.g. 

5, 10, 20, 40, 80, 150, 230 and 320 kPa. 

6. Once completed, the linear encoder was zeroed. 

7. Care was taken to ensure the pressure transducer was at thermal 

equilibrium at the test temperature, before zeroing the pressure transducer. 

8. The filter membrane is loaded and the filtration cell is bolted down. 

9. The filtration cell is loaded with an appropriate volume of sample. Then the 

piston was positioned in the cell and lowered to the sample interface, 

gently displacing as much air as possible out of the cell via the cylinder 

bleed line. Allow the program to record the initial suspension height, h0. 

10. An electronic balance (connected to LABView software) with beaker was 

placed under the filtrate outlet to measure the efflux rate from the filter.  

11. Once thermal equilibration was attained, the test was commenced. The 

program supplies compressed air to the pneumatic cylinder and logs the 

pressure transducer output at the lowest set pressure. Filtration begins 

and a filter cake builds up from the membrane – the rate of efflux of filtrate 

starts linearly and follows a t versus V2 relationship as shown in Figure 4-3. 

Eventually, filtration slows as the piston face impacts on the rising filter 

cake and t is no longer linear in V2. Once the user-defined equilibrium 

criterion was met, the program assumes filtration has ceased, records the 

equilibrium suspension height using the linear encoder, h∞,i, and then 

steps to the next pressure in the set. This cycle progresses until reaching 

the final pressure in the set, and air is vented from the pneumatic cylinder. 

The programs outputs data to a spreadsheet and can be used in 

conjunction with solids volume concentration data to calculated Py().  
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12. Upon test completion, the filter cake was removed and the solids 

concentration measured immediately using the method outlined in Section 

4.2.4. 

 

4.3.1.2 Permeability Test Procedure 

1. The base plate, suspension sample and pressure transducer are first 

allowed to equilibrate at the test temperature. 

2. The initial solids concentration, 0, liquor viscosity, , liquor density, L, 

and solids density, S, was measured. 

3. The LABView control program was started and the “Permeability Test” 

method was selected. 

4. All the required material information was entered as prompted. 

5. The test temperature and test pressures were selected as per the 

Compressibility Test previously, with the addition of a higher ‘dummy’ 

pressure to allow compression of the final filter cake. This pressure should 

generally be set higher than the last pressure in the Compressibility test 

series [49].  

6. Once completed, the linear encoder was zeroed. 

7. Care was taken to ensure the pressure transducer was at thermal 

equilibrium at the test temperature, before zeroing the pressure transducer. 

8. The filter membrane is loaded and the filtration cell is bolted down. 

9. The filtration cell is loaded with an appropriate volume of sample. Then the 

piston was positioned in the cell and lowered to the sample interface, 

gently displacing as much air as possible out of the cell via the cylinder 

bleed line. Allow the program to record the initial suspension height, h0. 

10. An electronic balance (connected to LABView software) with beaker was 

placed under the filtrate outlet to measure the efflux rate from the filter.  

11. Once thermal equilibration was attained, the test was started. The program 

supplies compressed air to the pneumatic cylinder and logs the pressure 

transducer output at the lowest set pressure. Filtration begins and a filter 

cake builds up from the membrane – monitored by the program until the 
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gradient dt/dV2 reaches a stable value as dictated by a linearity criterion 

(Figure 4-3). This criterion can be adjusted depending on the material 

tested and operating pressures. The gradient (dt/dV2)i, is logged and then 

stepped to the next pressure in the set. This cycle continues until reaching 

the final ‘dummy’ pressure in the set and air is vented from the pneumatic 

cylinder. The programs outputs to data to a spreadsheet and can be used 

in conjunction with solids volume concentration data and previously 

determined Py()to calculated R().  

12. Upon test completion, the filter cake was removed and the solids 

concentration measured immediately using the method outlined in Section 

4.2.4. 

 

4.3.2 Analysis of Pressure Filtration Outputs 

4.3.2.1 Compressive Yield Stress Calculation 

A simple material balance can be calculated using the compressibility test output 

data and measured initial solids volume concentration. This allows the equilibrium 

solids volume fraction, ∞, at each applied pressure to be calculated using Eq.  

(4.11), 

. (4.11) 

Where 0 is the initial solids concentration, h0 is the initial height of the suspension 

in the filtration cell, and h∞ is the height of the piston at the end of each pressure 

step. 

In the event that there was a discrepancy between the measured and calculated 

initial solids fraction arise, the method of Usher (2002) [49] was used for 

correcting the final solids volume fraction based on the case that was considered 

the more accurate. 

At the conclusion of each pressure step in the compressibility test, the filter cake 

reaches a solids volume fraction, ∞, upon exposure to the applied pressure, P. 

¥ 
0h0
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The compressive yield stress is therefore equivalent to this applied pressure, 

such that (4.12), 

 (4.12) 

Hence, each applied pressure in the compressibility test gave one compressive 

yield stress data point (∞, Py(∞))i. 

4.3.2.2 Hindered Settling Function Calculation 

The hindered settling function, R(), can be calculated at each applied pressure 

using the analytical equations developed by Landman et al. (1999) [196]. 

 
(4.13) 

Where β2 is the inverse of the gradient of t versus V2 data, given as; 

 
(4.14) 

Where V is the specific filtrate volume, i.e. the volume of filtrate expressed per 

unit area of filter membrane. 

 

As described previously in Section 4.3.1, a permeability test sees the application 

of successive set pressures to a settled suspension until stable values of dt/dV2 

are obtained (example data shown in Figure 4-3). An inverse of the slope of t/V 

vs. V has traditionally been used to calculate the filtration parameter 2 [189, 221], 

however the inverse of dt/dV2 has been shown by Usher et al (2001) [191] to be 

better suited for stepped pressure filtration tests. 

 

Landman et al. (1995) [222] showed that values of 2 could be calculated 

accurately by assuming the solids velocity is zero, i.e. U = 0, everywhere in the 

filter cake over a wide range of pressures, P. 
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For permeability test output data, β2 versus P data for all applied pressures in the 

filtration set is fitted to a power law functional form, as shown in Eq. , and the 

gradient d2/dP determined for each applied pressure, P. 

 (4.15) 

Where a and b are empirical fitting parameters. An example of this curve fit is 

shown in  below. 

 

 

Figure 4-4.  Plot of 2 vs. stepped pressure, ΔP for flocculated bauxite residue. 

 

  
  
 

  

 2  aPb
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4.3.3 Batch Settling 

Equilibrium batch settling tests are simple techniques for establishing the gel 

point, g, compressibility and permeability data for solids concentrations in the 

vicinity of the gel point. The gel point is an important parameter in predicting 

underflow densities, and ultimately thickener performance [40, 49].  

The experimental technique for dewatering property measurement essentially 

involves filling measuring cylinders with suspensions at low solids concentrations, 

either at different initial suspension heights or initial solids concentrations. The 

suspension is then allowed to settle for a period of 24 hours to a few days, 

depending on the sample under observation.  

Some issues surrounding batch settling to note and rectify include wall friction 

effects and vibrations. These can influence settling behaviour and give rise to 

erroneous final measurements – tests were therefore conducted in vibration free 

environments wherever possible, and in flat-base settling cylinders with 

diameters larger than 4 cm [50]. 

 

4.3.3.1 Transient Batch Settling 

1. The test suspension was prepared at a concentration below the gel point, 

 < g.  

2. The initial solids concentration of the suspension, 0, was determined 

using the method detailed in Section 4.2.4. 

If a range of solids concentrations were required for testing, they were 

recorded as 0,i, for each concentration. 

3. The initial suspension height, h0, was recorded. 

If a range of suspension heights were required, additional cylinders were 

filled with suspension and the initial suspension height, h0,i, was noted for 

each cylinder. 

4. Interface heights were recorded as a function of time, h(t), using a high-

definition camcorder for up to two hours, or until no discernable change in 
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interface height was detected. It was important to minimise vibrations and 

disturbances to the settling cylinders as final heights could be 

compromised. 

5. Suspensions were allowed to settle for between 24 – 48 hours, and the 

final height, hf, (or hf,i, for multiple cylinders) recorded. 

 

R() for the system was determined from this height versus time data [67] using 

the Batch Settling Analysis Method Software (P527 BSAMS) - a program 

developed at The University of Melbourne on behalf of the minerals industry. 

Inputs to this software included data from pressure filtration testing in the form of 

Py() and R() at high solids concentrations, initial solids volume fraction, 0, initial 

interface height, h0, and transient height, h(t). 

 

For flocculated mineral tailings studied in this work, Py() was described by the 

functional form shown in Eq. (4.16), valid from the un-densified gel point, g, to 

close packing at cp.  

 

 

(4.16) 

where a2, b and k2 are functional parameters with chosen values 0.9, 11 and 

0.002 respectively [1] to represent a flocculated sample of mineral tailings, cp is 

assumed to be 0.8 for a poly-disperse system, and p is the aggregate volume 

fraction, defined as the volume occupied by aggregates divided by total volume. 

The variation of Py() as a function of these functional parameters has been 
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investigated previously by Usher et al (2009) [1] and are therefore not presented 

here. 

When the suspension is below the gel point, i.e.  < g, the system is un-

networked and therefore does not possess a compressive yield stress. The 

function form parameters for the densified network strength a1 and k1 are set such 

that the pressure function is smooth and continuous [10].  

Outputs from this analysis include g, Py() and R() fits from the initial 

concentration of the batch settling test up to the final concentration of the 

pressure filtration compressibility test [40, 50]. 

4.3.3.2 Equilibrium Batch Settling 

An alternate method for determining the gel point, g, is through equilibrium 

settling tests [205]. Due to the weight of overlying solids in the sediment bed, 

compression of the network will take place and produce average solids 

concentrations, avg, higher than g. The pressure at the base of the sediment, 

Pbase, due to this weight was calculated using equations by Buscall and White 

(1987) [69]. 

 (4.17) 

Where p is the solid-liquid density difference, g is the acceleration due to gravity, 

and 0 and h0 are the initial solids fraction and initial suspension height in the 

cylinder respectively. Varying 0 and h0 will change the maximum compressive 

force in the sediment bed, and consequently avg. The gel point, g, can then be 

determined by extrapolating avg to Pbase = 0, using a graph of avg versus Pbase. 

Based on the principle of the conservation of solids volume, avg was calculated 

from the final sediment height, h∞, for each test using the following simple 

relationship: 

 (4.18) 
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4.3.4 Raked Batch Settling 

The raking rig consists of a motorised belt-driven array of rakes, where each rake 

sits in a 500 cm3 glass measuring cylinder (d = 50 mm, h= 320 mm), set to rotate 

at a pre-determined speed. Each rake consists of 4 pickets, 4mm in diameter and 

spaced 15mm apart (Figure 4-5).  

 

The experimental procedure for this rig involved first setting the desired speed on 

the motor and switching it on, then checking to ensure the rakes extend all the 

way to the base of the cylinders, yet able to rotate freely without catching on the 

base of the measuring cylinder. Flocculated material is then fed into the cylinders 

to the desired heights, and the settling behaviour monitored with a video camera 

over a period of time. 

 

Figure 4-5. The raked-sedimentation rig with the 4-pronged rake shown beside it. 
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4.3.5 Couette-Sedimentation 

Since the hindered settling function, R(), is derived from the settling rate, which 

is measured as the rate of change of bed height assuming uniform settling 

behaviour, it is essential that the shear effects are spatially homogeneous. 

As such, a small-scale, bench-top, couette batch-settling cylinder was designed, 

known as the ‘couette-sedimentation’ rig – used in Chapter 6. With the correct 

specification of cylinder radii, the shear rate across the gap is expected to be 

relatively uniform compared to the 4-pronged raked described previously. 

The distribution of shear rates as a function of inner radius, (r), across the gap 

of concentric cylinders (as in the case of this couette-sedimentation rig) can be 

easily determined for a Newtonian fluid. Granted a flocculated mineral 

suspension above its gel point is not Newtonian, this method will provide a 

preliminary estimate for shear distribution.  

Given a rotation rate, , and the ratio, , between the inner cylinder radius, Rb, 

and outer cylinder radius, Rc, the shear rate can be calculated using Eq. (4.19) 

as; 
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An example of shear rate distribution, as a function or radius, for a range of 

rotation rates is shown in Figure 4-6.  

The couette-sedimentation rig will be used to obtain settling rate information of 

mineral suspensions whilst under the influence of a shear regime, in a much more 

timely manner than the methods described previously [109].  
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Figure 4-6. Shear rate distribution in the couette-sedimentation rig (RPM 2 - 20; r = 0.015 to 

0.025 m) 

 

Design drawings and a photo of the controlled shear couette-sedimentation cell 

are presented in Figure 4-7. Note that the cylindrical dimensions shown have 

been chosen to keep sample volumes to a minimum and to reduce 

characterisation times. 

 

This device imparts shear through rotating an inner cylinder inside a larger 

cylinder (couette) on flocculated material undergoing settling. A reduction 

gearbox allows the inner cylinder of the device to operate at rotational speeds in 

the range ~ 0.5 – 40 rpm, which corresponds to a shear rate range of 0.13 – 

10.76 s-1. At higher rotation rates, i.e. >12 rpm, breakage effects are expected to 

be significant; to the extent that aggregate densification analysis would not be 

appropriate [7]. 
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The experimental procedure for this rig involved first setting the desired speed on 

the motor and switching it on, then feeding flocculated material into the annulus 

of the rig following the procedure in Section 6.3.1.2.  

 

 

Figure 4-7.  The couette-sedimentation cell (a) top view with dimensions of annulus, (b) 3D 
drawing of the cell showing the profiled inner bob, and (c) photo of the finished 
cell showing step-down gearbox at the very top of the cell.  

 

 

 

(a) 

(b) 

(c) 
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4.4 Rheology Techniques 
Shear rheology characterisation constitutes a significant component of this thesis 

and the wide range of techniques has been overviewed in Chapter 3. The relevant 

methods discussed here pertain to measurements on particulate systems aimed 

at determining shear stress versus shear rate behaviour, the shear yield stress 

and information on the critical transition from linear to non-linear viscoelastic 

response. The rheometry techniques comprise a concentric cylinder and vane in 

a ‘very large’ gap.  

 

4.4.1 Concentric Cylinder 

The concentric cylinder, or ‘couette’ viscometer is commonly employed for 

practical flow measurements due to its’ low cost, simple operation methodology, 

low sample requirements and ease of automation [147]. Basic operation involves 

a cylindrical bob rotating in an infinite medium, as described by Nguyen and 

Boger [78, 147]. This geometry measures the torque experienced by the bob at 

a range of rotational speeds when left to rotate in a vessel with a radius much 

larger than that of the bob.  

 

A major drawback of this geometry is that shear rate determination from 

experimental data is largely inaccurate, due to non-uniform distribution of shear 

rates within the fluid annulus and an inability to calculate shear rates unless the 

fluid model is assumed a-priori [147]. 

 

The use of the wide gap geometry, i.e. dcontainer > 2dbob, is preferred as it simplifies 

the torque and shear rate calculations; if the bob is rotated in a yield stress 

material there exists a radius beyond which the suspension does not exhibit flow. 

This means the torque will be independent of the vessel radius provided the 

vessel is large enough [78, 147]. 
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4.4.2 Vane Technique 

Slip effects observed in yield stress measurements performed with concentric 

cylinder viscometers have led to the need for a substitute [139]. The vane 

geometry, usually consisting of 4-8 thin fins arranged radially (Figure 4-8), offers 

advantages including the elimination of wall slip (discussed in Chapter 3) and a 

reduction in disturbance when the vane is introduced into the sample.  

 

The vane technique along with analytical conversions of measured rheometric 

parameters to well known rheological outputs was developed by Nguyen and 

Boger [21, 78, 139].  Simulations performed by Van Wazer et al. (1963) [223] and 

Yan and James (1997) [224] showed that for sufficiently shear thinning fluids as 

well as yield stress suspension, the vane and encompassed sample rotate as a 

solid body, while experimental work by Keentok et al. (1985) [225] found that 

stresses were distributed uniformly over the cylindrical yielding surface. As such, 

equations developed for a concentric cylinder configuration, for example, could 

be adapted for a vane in infinite medium [226]. This offers a reproducible method 

for measuring suspension yield stresses between 5 – 1000 Pa [49]. On the other 

hand, more recent work by Ovarlez et al (2011) [227] used magnetic resonance 

imaging (MRI) to show that the flow fields around a vane rotating at low speeds 

in a yield stress material were not cylindrical, introducing extensional components 

of shear to the stress analysis. However, insufficient experimental and simulation 

data on such heterogeneities makes it difficult to understand the origins of such 

discrepancies. Furthermore, the rotational symmetry observed by Ovarlez et al 

disappears at high shear rates, effects of which are not the focus of this work. 

 

Historically, the vane method was developed for in-situ soil and cement 

characterization experiments. The operating principle is similar to that described 

previously for Concentric Cylinder rheometry in Section 4.4.1, with the following 

exceptions. As the mechanism attached to the vane increases the applied stress, 

the suspension will begin to yield elastically until exceeding a critical value. At 
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this critical torque, the stress produced on the tips of the vane elements exceeds 

that of the yield stress of the material, and the material fails. 

 

Fisher et al (2007) [140] showed that the use of the vane in a wide gap is the 

preferred geometry to eliminate slip effects, especially for measurements of 

concentrated particulate systems. 

 

 

Figure 4-8.  Schematic diagram of the vane in cup geometry. 
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4.4.3 Shear Stress Calculations 

Based on the work presented by Nguyen and Boger [124, 139, 147], the following 

equations were used in the conversion of torque measurements into shear stress 

values when generating a complete flow curve.  

The shear stress, , was calculated from the torque, M, divided by the vane 

constant, K. 

 (4.20) 

 

4.4.3.1 Shear Stress via the Vane Technique 

The shear yield stress, y, was calculated from the maximum torque recorded, 

Mmax, at a set speed or rate (usually 0.2 rpm) divided by the vane constant from 

Eq. (4.21). 

 (4.21) 

For a vane, the value of K=Kv was calculated using Eq. (4.22). 
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(4.22) 

Where dv is the diameter of the vane and hv is the height or length of the vane. 

 

4.4.3.2 Shear Stress via the Cup-in-Bob Technique 

For a concentric cylinder rotating in a cup or infinite medium, the bob constant Kb 

was calculated using Eq. (4.23); 

 (4.23) 

where Rb is the radius of the bob, and Hb is the height of the bob.  

  M
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4.4.4 Shear rate calculations 

All static rheology work involved immersing the vane or bob in a large cup, in 

order to eliminate bridging effects contributed by the coarse fraction of the 

industrial sample.  

 

As discussed by Nguyen and Boger [147], this condition satisfies the partially 

sheared requirement, as shown in Eq. (4.24); 
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 (4.24) 

where  is the shear stress at the surface of the sensor, and dc is the diameter 

of the container.  The shear rate is then; 

 (4.25) 

where is the rotation rate of the sensor in rad.s-1, is the shear rate in s-1, and 

n is the local gradient of a logarithmic plot of (or)vs such that 

 (4.26) 
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4.5 Rheometers 
Rheology tests were performed using three different rheometers; the Haake 

Viscotester VT550, AR-G2 and an ARES rheometer. The following section will 

detail these instruments and their respective applications; geometries used and 

the test procedures used in the rheology measurements in this chapter. 

The Haake VT550 was used for all static rheology experiments, whereas the AR-

G2 and ARES rheometers were used for the more complex, dynamic rheometry 

tests. 

 

4.5.1 HAAKE Viscotester VT550 

The Haake VT550 (Thermo Haake, Karlsruhe, Germany) is a rate-controlled 

rotational viscometer driven by a stepper motor (Figure 4-9). The torque is 

measured by the deflection of a torsion bar – essentially a spring wound up by 

the stepper motor [228]. The deflection angle of the torsion bar is converted to an 

equivalent torque using an inductive torque-signal transmitter [229]. The torque 

can then be converted to a shear stress using the equations given in Section 

4.4.3. This rheometer connects directly to a computer, which allows for complete 

automation of test procedures. 

 

In this study, the Haake was used primarily for the measurement of yield stresses 

and shear stress versus shear rate profiles. This required operating the 

rheometer in rate-controlled mode, i.e. where a very slow, yet constant, rotational 

speed is applied to the vane or bob geometry attached to the rotating bar [80]. 
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Figure 4-9. Photo of Haake Viscotester® VT550. 

 

While the VT550 is a compact and lightweight instrument, which makes it ideal 

for transport to off-site testing locations, it does have limitations when used with 

dilute suspensions. Measuring samples with viscosities lower than 3 mPa.s using 

maximum rotor speeds may be disturbed by Taylor vortices with turbulence 

leading to erroneous viscosity results [229].  

 

Furthermore, the torsion bar system in the VT550 prohibits performing recovery 

tests to divulge information regarding the elastic properties of samples. However, 

its widespread use for viscosity and yield stress characterization on a number of 

industrial sites makes it a fundamental instrument in establishing a base rheology 

profile. 
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4.5.1.1 Viscosity Measurement Procedure 

Both the vane and bob-in-cup was employed for viscosity measurements on the 

Haake VT550. A standardised sample loading procedure is detailed below [19, 

76]. 

1. The sample to be tested was first sheared thoroughly with a spatula in a 

cup to negate thixotropic effects that could influence the shear stress 

results.  

2. The desired vane or bob attachment was connected to the torsion head of 

the instrument, and the measurement display zeroed. 

3. The cup was then gently tapped on a bench top to expel any bubbles 

introduced into the sample during shearing.  

4. The cup was then secured on a scissor stand, and gently raised upwards 

until the vane was completely immersed, plus an additional distance 

corresponding to the vane radius in accordance with the Nguyen and 

Boger vane-and-spindle technique [19, 76]. When using the bob for 

measurements, the bob was immersed such that the top of the bob was at 

the same level as the suspension surface. 

5. The sample was allowed to equilibrate for 5 minutes prior to testing at an 

ambient temperature of 20 - 23 °C. 

6. Viscosity tests were performed by selecting a range of values (usually 15 

points) between  = 0.2 – 750 min-1, and measuring the torque 

experienced by the attachment over a duration of 60-120 s. 

7. Shear rates were calculated using the equations in Section 4.4.4 and 

subsequently viscosity from Eq. (4.27). 

. (4.27) 

It is worth noting that dilute suspensions with a coarse fraction tended to settle 

over a period of time, therefore necessitating frequent re-homogenisation 

between tests. 
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4.5.1.2 Yield Stress Measurement Procedure 

The vane-in-cup geometry was employed for all yield stress measurements 

performed on the Haake VT550. A standardised sample loading procedure is 

detailed below [21, 78]. 

1. The sample to be tested was first sheared thoroughly with a spatula in a 

cup to negate thixotropic effects that could influence the shear stress 

results.  

2. The desired attachment was connected to the torsion head of the 

instrument, and the measurement display zeroed. 

3. The cup was then gently tapped on a bench top to expel any bubbles 

introduced into the sample during shearing.  

4. The cup was then secured on a scissor stand, and gently raised upwards 

until the vane was completely immersed, plus an additional distance 

corresponding to the vane radius in accordance with the Nguyen and 

Boger vane-and-spindle technique [19, 76]. 

5. The sample was allowed to equilibrate for 5 minutes prior to testing at an 

ambient temperature of 20 - 23 °C. 

6. A rotation rate, Ω, of 0.2 min-1 was applied on the torsion head for a 

duration of 60-120 s, and the maximum torque (Mmax) was noted. 

7. The sample stand was lowered and the vane cleaned. Measurements 

were repeated until a set of three consistent readings were obtained. 

8. Upon test completion, a sub-sample of the test material was removed and 

the solids concentration measured to ensure evaporation (if any) was 

accounted for and the sample remained consistent.  

9. The shear yield stress was then calculated using equations presented in 

Section 4.4.3. 
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4.5.2 TA Instruments AR-G2 

The AR-G2 (TA Instruments, USA) is a stress-controlled rheometer. It comprises 

three main components housed within the head of the instrument; (1) the drag 

cup motor with an arm that forms the rotating spindle of the rheometer, (2) a 

magnetically levitated bearing that supports the spindle, and (3) an optical 

encoder that determines its angular position.  

 

The AR-G2 operates by applying a torque to the test material via the drag motor 

cup and measuring the resulting deformation or strain via the angular 

displacement of the rotating spindle. In other words, the input and output 

variables are applied and measured by the same component, i.e. the vane 

attachment.  

The AR-G2 makes use of filtered compressed air fed to the upper housing that 

supports the thrust and radial magnetic bearings.  

 

Figure 4-10. Photo of the TA-Instruments AR-G2 stress controlled rheometer. 

Vane 

attach

Cup 
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Experimental protocols, raising and lowering the upper stage and temperature 

control was completely automated using a computer interface connected to the 

AR-G2 control unit. 

4.5.2.1 Sample Loading Procedure 

The vane-in-cup geometry was employed for all static and dynamic experiments 

performed on the AR-G2. The following sample loading protocol was employed 

for all measurements cited in this work: 

1. The desired vane attachment was connected to the head of the AR-G2 

and rotational mapping is performed to remove residual torque prior to 

actual measurements [230]. 

2. Once mapping was complete, a suitable cup was attached to the surface 

of the peltier plate and secured in place.  

3. The vane was lowered to zero the height with reference to the base of the 

cup. Once completed, the vane was raised and the cup removed. 

4. The sample to be tested was first pre-sheared in its storage vessel, then 

gently scooped into the cup. 

5. The sample was then sheared thoroughly with a plastic spatula to negate 

thixotropic effects that could influence the shear stress results.  

6. The cup was then gently tapped on a bench top to expel any bubbles 

introduced into the sample during shearing.  

7. The cup was then loaded on the Peltier plate, secured in place, and the 

vane lowered automatically into the suspension until completely 

immersed, plus an additional distance corresponding to the vane radius 

[19, 76].  

8. A solvent trap was used to control evaporation; this arrangement allowed 

the rheological properties of samples to remain constant for a period of 2-

3 days. 

9. The sample was allowed to thermally equilibrate for 1 hour prior to testing 

at a constant controlled temperature of 21.0 °C (ambient). 
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10. Upon test completion, a sub-sample of the test material was removed and 

the solids concentration measured to ensure evaporation (if any) was 

accounted for and the sample remained consistent. 

11. The shear yield stress was then calculated using equations presented in 

Section 4.4.3.  

 

4.5.2.2 Creep-Compliance 

Following the Sample Loading Protocol, the creep test was programmed to creep 

by applying a specified torque (or shear stress) on the sample. The creep step 

would terminate when steady state criterion was satisfied, i.e. when the mean 

shear rates from the number of sample periods (30 seconds) defined by the 

consecutive within tolerance (5 in succession) were within the percentage 

tolerance (3%). 

 

4.5.2.3 Creep-Recovery 

Following the Sample Loading Protocol, the ‘creep-recovery’ test was 

programmed to first creep by applying the desired torque (or shear stress) on the 

sample. The ‘recovery’ step would then initiate during which the applied torque 

drops to zero. The strain recovery was then logged. The recovery step would 

terminate when steady state criterion was satisfied, i.e. when the mean shear 

rates from the number of sample periods (30 seconds) defined by the consecutive 

within tolerance (5 in succession) have been within the percentage tolerance 

(3%). 

 

4.5.3 TA Instruments ARES 

The Advanced Rheometrics Expanded System, or ARES, is a high-precision, 

strain-controlled rheometer. Its design is based on the Searle configuration, and 

subsequently its operation differs from the AR-G2, i.e. the torque transducers are 

housed in the upper stage of the device, separated from the motor driven bottom 
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stage, which displaces the test material. As a result, the strain or strain rate is 

applied directly on the test sample, while the torque is directly measured using 

the torque transducer. The torque can then be converted to the stress response 

using the vane equations detailed in Section 4.4.3. 

 

The ARES utilises two force rebalance transducers (FRT) which alternate 

between each other when the torque values are no longer within the range of the 

respective transducer detection. The transducers and air bearings are housed in 

the upper stage, which is free to move in the vertical axis. Dynamic and static 

rheology tests, such as oscillatory shear tests or stress-relaxation experiments, 

involve the displacement of the bottom geometry by a motor in the base, which 

causes deformation of the test sample. The torque experienced by the vane 

attachment is the test material response to the applied deformation. Torque 

measurements incorporate a drag cup (DC) motor which holds the transducers 

rigid in response to material deformation – the work done to resist this motion is 

proportional to the torque experienced during deformation [3]. 

 

Experimental protocols, raising and lowering the upper stage and temperature 

control was completely automated using a computer interface connected to the 

ARES control unit. 
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Figure 4-11. Photo of TA-Instruments ARES strain controlled rheometer. 

 

Vane 

Cup 
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4.5.3.1 Sample Loading Procedure 

The vane-in-cup geometry was employed for all static and dynamic experiments 

performed on the ARES. The following sample loading protocol was employed 

for all measurements cited in this work: 

1. The ARES base module and thermocouple lance was connected to the 

instrument and secured in place. 

2. The standard ARES sample cup was screwed into the base module and 

tightened. 

3. The desired vane was connected to the upper stage, residual torque and 

normal force offset was zeroed. 

4. The vane was lowered to zero the height with reference to the base of the 

sample. Once completed, the vane was raised and the cup unscrewed and 

removed for sample loading. 

5. The sample to be tested was first pre-sheared in its storage vessel, then 

gently scooped into the ARES sample cup. 

6. The sample is then sheared thoroughly with a plastic spatula to negate 

thixotropic effects that could influence the shear stress results.  

7. The cup was then gently tapped on a bench top to expel any bubbles 

introduced into the sample during shearing.  

8. The cup was then screwed back into the base module, secured in place, 

and the vane lowered automatically into the suspension until completely 

immersed, plus an additional distance corresponding to the vane radius 

[19, 76].  

9. A solvent trap was used to control evaporation; this arrangement allowed 

the rheological properties of samples to remain constant for a period of 2-

3 days. 

10. The sample was allowed to thermally equilibrate for 1 hour prior to testing 

at a constant controlled temperature of 21.0 °C (ambient). 
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11. Upon test completion, a sub-sample of the test material was removed and 

the solids concentration measured to ensure evaporation (if any) was 

accounted for and the sample remained consistent. 

12. The shear yield stress was then calculated using equations presented in 

previously in Section 4.4.3.  

 

4.5.3.2 Stress-Relaxation 

In these tests, a series of strains, 0, were applied to a test suspension and 

maintained until the end of the measurement. This strain was produced by 

rotating the sample cup, not the vane, by a predefined value of angular 

displacement (or strain). The torque (or stress) decay was then measured as a 

function of time, and the test terminated once the torque fell into the ‘noise’ region 

of the rheometer. 

While the application of strain should be instantaneous, the inertia of the rotating 

cup results in an approximately 0.05 - 0.1 s delay before the desired strain value 

is reached.  

 

4.5.3.3 SAOS and LAOS measurements 

Following the Sample Loading Protocol, the ‘Arbitrary Wave Shape’ test was 

programmed to execute as listed below: 

1. The desired wave shape, i.e. = Asin(t), was programmed into Arbitrary 

Waveshape Procedure Template in the ARES interface, where A is the 

amplitude of the wave (representing strain), and  is the test frequency. 

2. The test was terminated once the torque (or stress) data points stabilised 

or begin to trace over each other. 
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4.6 Characterisation Overview for Particulate 
Suspensions 

This section provides a simple flowchart to summarise all the experimental 

measurements and tests utilised herein to characterise particulate suspensions, 

and how they link in with each other. Output parameters and information 

associated with each test is also listed. 
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Chapter 5  
Characterisation of Network Failure in Shear for 
Coagulated and Flocculated Particulate 
Suspensions 

5.1 Introduction 
Mineral tailings, wastewater sludges and biosolid streams are examples of 

intractable particulate suspensions. These systems exhibit complex flow 

behaviour in industrial processes, due in part to their constituents – commonly 

comprised of large particle size distributions, polymeric chains and fast settling 

coarse fractions. This erratic concoction contributes to unpredictable interparticle 

interactions across a wide range of solid volume fractions and applied pumping 

forces. 

This makes designing pipelines and flow streams to transport these materials 

extremely tortuous, unless properly characterised. The quantification of 

suspension viscoelasticity and yielding properties, and the modelling of 

suspension processing cannot proceed without accurate measurement 

techniques. Unfortunately, the measurement of suspension properties is 

inherently difficult due to complex interparticle and hydrodynamic interactions. 

The results from conventional rotational geometries, such as cone-and-plate or 

cup-and-bob, are influenced by particle size effects and particle migration.  

Particles tend to migrate away from measurement surfaces, and thus cause slip 

[137, 231] or densification [1, 10] and subsequent shear banding. In addition, 

suspensions require the use of gaps at least ten times bigger than the largest 

particle to eliminate particle bridging and jamming [12], and thus cone-and-plate 

geometries and other small gaps are generally unreliable. Whilst parallel plates 

allow slightly larger gaps, the shear rate varies as a function of radius, which can 

again cause particle migration. 
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Placing a vane in an infinite medium [140] alleviates the problem of wall effects 

since, by definition, an infinite medium is a large enough cup to minimise wall 

effects.  In a radial geometry, the stress and deformation decay with radius.  

 

Consider a vane rotating at low speeds in a yield stress material - the layers of 

particulates or aggregates, initially networked, will first slide over each other; 

strain accordingly, before eventually exceeding the elastic limits of the system. 

At this point, the yield stress is surpassed, and a discontinuity in strain 

propagation is observed as the layers begin to fracture and slide independently 

of adjacent layers. If the walls of the measurement vessel lie outside this radius 

of discontinuity, the medium can be considered infinite.  

This presents a new problem: how to accurately measure suspension rheology 

below the apparent yield stress?  

The Fisher et al [140] method exploits the presence of a yield stress to define if 

a material is either completely or partially sheared across the gap. For zero shear 

experiments performed below the yield stress, e.g. creep, the radius beyond 

which the measured fluid remains static becomes unclear. In fact, an unresolved 

shearing radius renders the definition of a strain, , inconclusive. 

 

This chapter will first investigate the comparative creep behaviour of aggregated 

alumina systems as a function of gap widths, expressed as a ratio of cup-to-vane 

diameters, dc/dv (Figure 5-1). The expectation is that below the traditional vane 

yield stress, there exists a critical dc/dv value below which static or dynamic 

rheology results will be tainted by wall effects. The aim of this work is to 

qualitatively compare creep rheology data to highlight the optimum dc/dv ratio 

when the cup wall no longer influences results.  
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Figure 5-1. Illustration showing relationship between the cup (dc) and vane (dv) diameters. 
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However, creep rheology alone is insufficient to characterise the yielding 

behaviour of complex particulate systems. The shear rheology of suspensions 

are commonly described using generalised visco-plastic models, such as the 

Herschel-Bulkley or Bingham fluid models, both of which make use of a yield 

stress term to model viscosity behaviour as a function of shear rate. These 

models are generally adequate for predicting the start-up of pipelines, and have 

since been characterised with respect to physical properties of particles, solids 

concentration and surface chemistry [22, 23, 125].  

However, more work is necessary to investigate the contributions of network 

rigidity, elasticity and strength on yielding, especially when attempting to 

understand dewatering and aggregate densification processes within a gravity 

thickener. The expectation is that the yielding processes of particulate systems 

such as mineral slurries and suspension gels are non-linear even at very low 

strains. It is also important to recognise the difficulties in accurately measuring 

aggregate deformation dynamics, due to artefacts such as wall or confinement 

effects, slip, machine sensitivity, and shear history-dependent behaviour. 

Flow curves and yield stresses alone are therefore insufficient to capture the time 

dependence for network failure, since the transition is more complex and occurs 

over a range of stresses rather than at a single point [89, 126-128].  

The question therefore arises – how to probe the complex rheological behaviour 

of a flocculated suspension with such complex yet sensitive network structures? 

Conditions found in typical thickeners cause very high shear forces on free 

settling particles and also within the sediment bed, i.e. conditions well outside 

steady shear flow and small strain amplitudes. 

A more suitable technique of large amplitude oscillatory shear (LAOS) tests 

can be used to explore the yielding mechanics of complex systems – providing 

the framework to measure and quantify transition from linear to nonlinear 

viscoelasticity. The presence of higher order harmonics [78, 142] can be 

analysed using Fourier Transforms (FT), alternative viscoelastic moduli, or even 

Chebyshev coefficients [152]. The oscillatory shear data can then presented 

graphically in the form of Lissajous curves to distinguish strain hardening or 
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softening within these systems [136]. LAOS therefore provides another useful 

tool in understanding yielding dynamics, in addition to transient creep or constant 

rate tests. 

 

The second component of this chapter will investigate the transient dynamics and 

non-linear process by which a model networked particulate structure (coagulated 

alumina) and a polymer-bound system (flocculated alumina) fails before yielding 

using static (creep and creep-recovery) and dynamic (small and large amplitude 

oscillation) rheological techniques. These systems will be compared to highlight 

the susceptibility of different systems to these apparent wall effects. 

The tests use a four-bladed vane, favoured over other configurations (e.g. parallel 

plate or cup-and-bob) as it is able to eliminate the errors associated with wall slip 

phenomena with a sufficiently large cup-to-vane diameter ratio, dc/dv. The 

different techniques will be compared to determine the most appropriate for 

determining the onset of yielding - expected to depend strongly on the critical 

strain, c [37, 131]. This work presents novel data on the use of the vane-in-large-

cup geometry in oscillatory shear experiments of a suspension to elucidate a yield 

criterion for suspensions.  
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5.2 Theory 
Wall effects in vane rheometry are indicated here by considering the propagation 

of stress in a couette geometry. The stress distribution for concentric cylinders is 

given by setting the inertial and viscous terms of the momentum balance to zero: 

02
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Integrating and evaluating at shear stress at the inner cylinder, v = r(rv), gives 
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Thus the shear stress diminishes with the radius squared. The stress propagates 

to the walls of the container and the cup-to-vane ratio determines the magnitude 

of the stress at the wall. 

The local strain is defined as 

r
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(5.3) 

 

The boundary conditions depend on the type of test.  The full solution to these 

equations requires some constitutive relationship between stress and strain.  

Provided that the stress and stress-rate are linear functions with respect to strain 

and strain-rate, then the solution is relatively straightforward. 

 

By way of example of the expected variation with gap width for a linear material, 

the Standard Linear Solid (Voigt form) (SLS) is solved under constant stress 

creep conditions.  The SLS is a Hookean spring with instantaneous elasticity G1 

in series with a Kelvin-Voigt element of viscosity  and retarded elasticity G2.  The 

retardation time, tret, is the ratio /G2.  The constitutive equation for this 

arrangement is: 
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Under constant stress conditions (  = 0,  = 0) in Cartesian coordinates, the 

solution to Eq.  (5.4) is: 
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Depending on the mode of operation, the outer cylinder may rotate and the inner 

cylinder (or vane) is stationary, or vice versa.  In radial coordinates with the inner 

cylinder rotating ((rv,t) = v0, (rv,t) = v) and the outer cylinder static ((rc,t) = 0), 

the solution for v(t) is: 
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Comparing Eqs. (5.5) and (5.6) leads to the commonly used linear relationship 

between strain and angle of rotation: 
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(5.7) 

 

This relationship holds for all linear materials, that is, stress and stress-rate are 

linear functions of strain and strain-rate, and in the small gap limit. Eq. (5.7) is 

commonly assumed in rheometer software to convert radial position to strain. 
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5.3 Experimental Materials and Methods 
Alumina is a commonly used material in the ceramics industry and has been 

characterised in detail by Zhou et al [4, 22].  The alumina used in this study (AKP-

30, Sumitomo Chemicals Pty. Ltd, Japan) contained nearly spherical particles 

with a density of 4.0 g/cm3 and mean diameter of 360 nm, and an isoelectric point, 

or IEP of approximately pH 9 [3]. 

5.3.1 Coagulated Alumina Suspensions 

Three solids volume fractions of coagulated alumina suspensions were prepared 

for testing, i.e.  = 0.15, 0.20 and 0.30, according to the method detailed by Zhou 

et al. [22]. Suspensions at higher concentrations, i.e.  > 0.50, tended to deform 

plastically during vane yield stress and oscillatory measurements, i.e. the 

movement of the vane would dig a hole within the highly filled samples. Very 

concentrated suspensions were also difficult to re-homogenise between 

successive tests without introducing air bubbles and worsening repeatability. 

To begin, small amounts of the alumina powder were mixed in a 0.01M KNO3 

electrolyte solution with a spatula until all the particles were completely wetted. 

The resulting mixture was acidified slightly to an approximate pH of 5 (Basic pH 

Meter, Denver Instrument Company coupled with a Sensorex® Combination pH 

electrode), at which the suspension was fully dispersed.  

The mixture was then sonicated with a high intensity sonic probe (Misonix™ 

S4000 Sonicator and ½” horn, 20 kHz, 800W) to break up any remaining lumps 

or granules. Then, the suspension was left to rest for 24 - 48 hours to establish 

physical and chemical equilibrium.  

Before measurements, the pH was adjusted to its IEP and allowed to rest for a 

minimum of 2 hours. The concentrated acid and base used to adjust the 

suspension pH was 1M HNO3 and 1M KOH. All reagents were made using water 

from a Milli-Q system (Millipore ™ Synergy®, 0.22 m filter). 

At the end of each rheological measurement set, a 5 ml sub-sample of the 

suspension was weighed and dried (at 100°C) to verify the final solids 

concentration (procedure detailed in Section 4.2).  
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Particle size distributions (Malvern Mastersizer 2000) of alumina dispersed at pH 

5, and subsequently coagulated at the IEP are provided in Table 5-1 and Figure 

5-2, verifying the alumina was fully dispersed (single peak ~ 300 nm) prior to pH 

adjustment to the IEP. Once coagulated, the PSD shows two peaks around 1 m, 

and a wider band between 50 – 2000 m.  

 
Table 5-1.  Particle size distribution of Al2O3 at different dispersion phases (d10, d50 and d90 

are size cut-offs of the particles by surface area). 

Samples Mean (m) d10 (m) d50 (m) d90 (m) 

AKP-30 (dispersed) 0.676 0.133 0.227 1.194 

AKP-30 (coagulated) 474 191 1020 1334 

 

To aid in visualising the physical differences between a dispersed suspension of 

alumina versus one that is coagulated at its IEP, light microscope images of the 

different states are shown in Figure 5-3. 

 

Figure 5-2. Particles size distribution (PSD) of dispersed (red) and coagulated (blue) 
alumina. 
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Figure 5-3.  Light microscope image of a dispersed (top) and coagulated (bottom) AKP-30 
sample. Background electrolyte concentration of 0.01 M KNO3. 

 

100 m 

10 m 
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5.3.2 Flocculant preparation – AN934SH 

A high molecular weight (average MW of 14 million g/mol [232]) 30% anionic 

acrylamide co-polymer AN934SH (SNF Australia) was used for the majority of 

this study. Anionic polymers such as this are well known within the mineral 

processing industry, and relevant to the majority of thickening applications [233]. 

Stock polymer solutions were prepared at a concentration of 2 gL-1 by adding 

flocculant powder to ‘Milli-Q’ water (Millipore ™ Synergy®, 0.22 m filter) in a 

Schott glass bottle, then agitated overnight on a rotary shaker.  

The bottle was then covered with aluminium foil to prevent photo-degradation of 

the polymer, and kept refrigerated for up to a week.  Material not used within one 

week was discarded and a new batch generated. An hour prior to use, the 

flocculant stock was diluted with water to a concentration of 0.1 gL-1 and 

homogenised using a magnetic stirrer [7, 39].  

5.3.3 Flocculation of Alumina Suspensions - Plunger 
Flocculation Method 

Alumina suspensions were first prepared at a volume fraction, 0 of 0.03 by 

dispersing the alumina powder in a 0.01 M KNO3 background electrolyte solution. 

The natural pH of the resulting mixture was measured at approximate pH 8 (Basic 

pH Meter, Denver Instrument Company coupled with a Sensorex® Combination 

pH electrode), at which the suspension was weakly dispersed.  

The mixture was sonicated to break up any lumps, and then transferred to the 

specially designed cylinders with detachable top segments, as shown in Figure 

5-4. 

The chemistry and pathways for flocculation between alumina and AN934SH 

polymer has been investigated by Jeldres et al (2014) [234] as these are 

important for optimising suspension rheology in mineral processing operations. A 

flocculant dosage of 40 g/tonne was determined to be optimal, calculated on the 

basis of concentration of dry flocculant (in grams) per tonne of dry solids. The 

methodology and procedure to determine optimum flocculant dosage is detailed 

in Appendix 8.4. 
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The ‘plunger’ method was employed to flocculate the alumina – a simple, low-

cost method involving the use of a perforated disk attached to a long rod, i.e. 

‘plunger’ that is moved up and down a number of times through a polymer infused 

suspension to promote mixing and turbulence [39, 49]. 

 
Figure 5-4. Perspex cylinders with detachable top segments for producing settled, 

flocculated material for subsequent rheological testing. 

 

Despite inherent disadvantages with plunger flocculation due to poor mixing and 

local polymer overdosing [7], this method of flocculation was adopted for this 

system over other methods, e.g. baffle or pipe reactors, due to the small volumes 

of suspension required for rheology testing and the expensive nature of the 

alumina powder.   

The flocculated suspension was allowed to settle for a minimum of 24 hours, or 

until no discernible change in sediment bed height was detectable. Duct tape 
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(black in the photos) seals the upper segment to the lower segment, ensuring the 

cylinder is watertight. After flocculation and settling, the clear supernatant is 

siphoned off, and the top segment then removed. 

Flocculated systems are known to be highly thixotropic and shear sensitive. 

Therefore, the protocol adopted in this work was of ‘single-use’ flocculated 

samples, i.e. being discarded after each rheology test. This ensured the datum 

condition for flocculated networks was kept constant at the start of each 

experiment.   

The nominal solids volume fraction of the settled sediment, g, was determined 

to be 0.12, measured using the ‘weight loss on drying’ technique (detailed in 

Section 4.2) on discarded samples at the conclusion of each rheology test. The 

average vane yield stress for polymer flocculated alumina was measured at , y,avg 

= 46.0 Pa. A light microscope image of a flocculated alumina suspension is 

shown in Figure 5-5. 

 

Figure 5-5. Light microscope snapshot of a low concentration AKP-30 suspension 
flocculated with AN934SH. 

 

100 m 



190 

 

5.3.4 Vane Rheology Techniques 

Rheological measurements presented here utilise different rheometers to 

complete the characterisation suite on coagulated and polymer flocculated 

alumina systems.  

Creep experiments were first performed using a combination of vanes and cups 

to provide the required range of dc/dv ratios, as shown in Table 5-2. This was 

done to identify the optimum cup-to-vane diameter ratio, dc/dv, above which the 

influence of wall bridging and jamming effects were minimised. 

 

Table 5-2. List of vane-and-cup combinations used and associated gap widths, expressed 
as cup-to-vane diameter ratios, dc/dv. 

Vane-and-

cup 

combination 

Vane dimensions Cup dimensions 
Gap width 

(mm) 

Cup-to-vane 

diameter 

ratio, dc/dv 
Height, 

hv (mm) 

Diameter, 

dv (mm) 

Height, 

hc (mm) 

Diameter, 

dc (mm) 

A 42 28 80 30 1.0 1.1:1 

B 42 28 105 60 16.0 2:1 

C 42 28 95 85 28.5 3:1 

D 40 10 78 32 11.0 3:1 

E 42 28 200 118 45.0 4:1 

 

This ratio will be used for all subsequent rheology characterisation experiments 

on the aggregated alumina samples to determine the critical strain, c, for network 

failure.  

 

The rheological characterisation suite included:  

(a) Vane yield stress, y, measurements, using a rate-controlled rheometer 

(Haake VT550, Thermo Scientific) according to the method presented by 

Nguyen and Boger [21, 139] at a fixed speed of  = 0.2 rpm (described in 

Section 4.5.1). 
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(b) Creep and recovery measurements, performed using a stress-controlled 

rheometer (AR-G2, TA Instruments) to monitor creep strain, , over a 

period of time, t, at a fixed applied stress, creep, and rebound of material 

structure after removing this applied stress (described in Section 4.5.2) 

(c) Stress relaxation measurements, performed using a strain-controlled 

rheometer (ARES, TA Instruments) wherein a small, permanent 

deformation (strain, ) is applied, and the resulting stress decay is 

monitored with respect to time (described in Section 4.5.3). 

(d) SAOS and LAOS dynamic testing, performed using a strain-controlled 

rheometer (ARES, TA Instruments), where a sinusoidal deformation is 

applied to the sample, and the resulting output stress function monitored 

(described in Section 4.5.3.) Measurements were performed at 10 rad/s 

and the resulting data was processed using a freely available data analysis 

package, MITlaos [220] (described in Section 4.5.3.). For the alumina 

samples coagulated at their IEP, the cut-off frequency was chosen to be 

nmax = 5 to capture all the meaningful information in the response signal 

while avoiding noise. For flocculated alumina suspensions, nmax was 

chosen to be 7. 

 

Note that all values of shear strain, g, presented in this chapter have been 

calculated using Eq. (5.7) to account for the large diameter ratios.  

 

Coagulated samples were sheared (mixing with a spatula, followed by tapping 

the container on benchtop to expel entrained air bubbled) between successive 

applied stresses (thereby standardising shear history experienced by each 

sample), and left to stand for 20 minutes to reach thermal equilibration.  

Flocculated suspensions, on the other hand, were replaced with new samples 

between each applied stress. 
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5.4 Results and Discussion 

5.4.1 The Influence of Wall Effects on Vane Shear Rheology 

5.4.1.1 Coagulated Alumina 

The creep behaviour of coagulated AKP-30 at = 0.20 measured in geometries 

of different dc/dv ratios are shown in Figures 5-5 to 5-8. The nominal vane yield 

stress was 85.0 ± 4.0 Pa as measured using the Nguyen and Boger [21, 139] 

technique, at a set rate of 0.2 rpm. 

dc/dv = 1.1:1 

Creep behaviour and rotational rate results for coagulated alumina measured in 

the smallest cup-to-vane diameter ratio (1.1:1) are shown in Figure 5-6. Low 

stress data between 1 – 85 Pa showed creep ringing at short times, i.e. up to 3 

seconds in the case of 1 Pa and 5 Pa. This was followed by retarded (slow) 

viscoelasticity, and the results became non-linear, i.e. strain rate was no longer 

constant, at 60 Pa. 

The alumina sample yielded at creep stresses of 100 Pa and higher, however 

this was not signified by a clear yielding event, and rather reduced instantaneous 

deformation followed by flow. This delayed deformation may indicate that slip at 

the wall was necessary before the sample could flow.  

From the rotational rate curve, the rate data for 105 Pa appeared to jam abruptly 

at around 20 s, which may have been a wall artefact. The only data sets for this 

dc/dv diameter ratio to reach steady state are 120 and 150 Pa.  

 

dc/dv = 2:1 

Creep behaviour and rotational rate results for coagulated alumina measured 

with a cup-to-vane diameter ratio dc/dv = 2:1 are shown in Figure 5-7.  

Similar to the dc/dv = 1.1:1 data set, low creep stresses between 1 – 85 Pa 

showed creep ringing followed by retarded viscoelasticity. The 85 Pa and 110 Pa 
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results also showed the same degree of instantaneous deformation as the 85 and 

100 Pa results from the dc/dv = 1.1:1 data set.  

Creep behaviour at 110 Pa exhibited similar response as the tests at 95, 97 and 

100 Pa for the dc/dv = 1.1:1 diameter ratio previously.  

From the rotational rate curves, the suspension showed significant retarded 

deformation, followed by time dependant yielding, at high creep stresses between 

115 – 130 Pa. The lower reported yielding value for the smallest cup-to-vane 

diameter ratio is consistent with slip effects at the cup wall. 

 

dc/dv = 3:1 

Creep curves and rotational rate results for coagulated alumina measured with a 

cup-to-vane diameter ratio dc/dv = 3:1 are shown in Figure 5-8. Creep ringing is 

again observed at low stresses between 1 - 40 Pa, for durations up to 3 s for the 

case of 1 Pa applied stress.  

The results for stress curves 10 and 25 Pa were very similar, suggesting no stress 

dependence on compliance, i.e. linear behaviour. Non-linear behaviour began to 

manifest at 40 Pa stresses and higher. Stresses between 40 – 85 Pa were still 

below yielding and showed prominent instantaneous deformation prior to 

retarded deformation.  

At applied stressed of 110 Pa and higher, the creep and rotational rate curves 

showed instantaneous deformation, minor retarded deformation, and then time-

dependent yielding to steady-state flow. At 150 Pa, the material yielded 

instantaneously. 

 

dc/dv = 4:1 

Creep curves and rotational rate results for coagulated alumina measured with a 

cup-to-vane diameter ratio dc/dv = 4:1 are shown in Figure 5-9. In general, the 

results are very similar to that of dc/dv = 3:1. 
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Non-linear softening of retarded viscoelasticity was seen at 40 Pa, while time-

dependent yielding was detected at 115 Pa, compared with 113 Pa in dc/dv = 3:1. 

The creep data as well as the rotational rate curves presented no evidence of 

slip. 

Interesting to note is the rotational rate curves for the 110 Pa and 113 Pa tests, 

as both appeared to almost yield around 100 - 200 s, seen as a small increase in 

rate, but instead continued to show elastic-like creep. 

 

It was very difficult to generate reproducible measurements in the smaller dc/dv 

ratios, as shown from the repeat measurements at 100 Pa and 110 Pa in Figure 

5-6. The coagulated suspension yielded for one test at 100 Pa (1), but not for the 

repeat 100 Pa (2). Similarly, the two measurements at 110 Pa showed different 

creep behaviour. Compare this to the larger dc/dv ratios of 3:1 and 4:1, and the 

results showed clear stress progression. 

The influence of the cup wall on suspension creep behaviour in the smaller 

diameter ratios was therefore evident prior to, and after yielding. 
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Figure 5-6. Creep measurements (top) and rotational rate (bottom) as functions of time for a 
coagulated alumina sample (= 0.20, pH 9.2) at different applied creep stresses 
(1 < creep <150 Pa) for dc/dv = 1.1:1. 
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Figure 5-7. Creep measurements (top) and rotational rate (bottom) as functions of time for a 
coagulated alumina sample ( = 0.20, pH 9.2) at different applied creep stresses 
(1 < creep <150 Pa) for dc/dv = 2:1. 
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Figure 5-8. Creep measurements (top) and rotational rate (bottom) as functions of time for a 
coagulated alumina sample (= 0.20, pH 9.2) at different applied creep stresses 
(1 < creep <150 Pa) for dc/dv = 3:1. 
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Figure 5-9. Creep measurements (top) and rotational rate (bottom) as functions of time for a 
coagulated alumina sample ( = 0.20, pH 9.2) at different applied creep stresses 
(1 < creep <150 Pa) for dc/dv = 4:1. 
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5.4.1.2 Flocculated alumina 

Figures 5-10 to 5-13 show the creep behaviour of AKP-30 flocculated with a high 

MW polymer measured using geometries of different dc/dv ratios. The aim of 

these measurements was to investigate if the polymer flocculated alumina 

displayed similar creep behaviour as the coagulated sample at its IEP. For the 

four dc/dv ratio studied, three creep stresses of 10, 50 and 80 Pa was applied to 

freshly flocculated material, as described in Section 5.3.3 previously. 

Creep ringing was observed in all cup-to-vane ratios for applied stresses of 10 

and 50 Pa, followed by retarded viscoelastic behaviour. At the applied stress of 

80 Pa, the creep curves for all four dc/dv ratios passed through large orders of 

strain (up to 2 decades in the case of dc/dv = 3:1 and dc/dv = 4:1). While these 

samples appeared close to yielding, they in fact do not show fully developed flow.  

Marked differences in the results are seen at applied stresses 80 Pa, where dc/dv 

= 3:1 and dc/dv = 4:1 showed instantaneous deformation prior to long-time creep, 

while results for dc/dv = 2:1 and dc/dv = 1.1:1 did not show the same trend. The 

rotational rate data for the two largest ratios support the observations above, and 

approach steady-state behaviour at 10,000 s. Final strain values at 80 Pa 

approached the order of 1, which suggests that polymer flocculated alumina 

systems showed ‘cage-melting’ modes of yielding [235]. 

Unfortunately, there were some irregular results when comparing the creep 

curves between dc/dv = 3:1 and dc/dv = 4:1 – the expectation is that the sample in 

the larger cup should experience greater degree of deformation. However, the 

opposite is seen here, with the sample measured with dc/dv = 3:1 ratio showing 

the greatest deformation, and may be attributed to the difficulty in producing 

flocculated alumina samples at the same state of pre-shear and ageing.  

Also note that at the conclusion of each creep test, the flocculated alumina was 

seen to settle further (~1 mm lower bed height compared to the start of 

experiment). This is attributed to syneresis of the flocculated network due to 

localised application of shear, a similar phenomenon observed with floc 

densification at concentrations close to the gel point [10]. 
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Even though experimental data is limited, these results show the same trends as 

the creep data from the coagulated alumina systems, i.e. wall effects may 

influence viscoelastic behaviour before yielding  

 

  



201 

 

 

Figure 5-10. Creep measurements (top) and rotational rate (bottom) as functions of time for 
an alumina sample flocculated with 40 g/tonne AN934SH ( = 0.12) at different 
applied creep stresses (10 < creep < 80 Pa) for dc/dv = 1.1:1. 
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Figure 5-11. Creep measurements (top) and rotational rate (bottom) as functions of time for 
an alumina sample flocculated with 40 g/tonne AN934SH ( = 0.12) at different 
applied creep stresses (10 < creep < 80 Pa) for dc/dv = 2:1. 
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Figure 5-12. Creep measurements (top) and rotational rate (bottom) as functions of time for 
an alumina sample flocculated with 40 g/tonne AN934SH (c= 0.12) at different 
applied creep stresses (10 < creep < 80 Pa) for dc/dv = 3:1. 
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Figure 5-13. Creep measurements (top) and rotational rate (bottom) as functions of time for 
an alumina sample flocculated with 40 g/tonne AN934SH (c= 0.12) at different 
applied creep stresses (10 < creep < 80 Pa) for dc/dv = 4:1. 
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5.4.2 Characterising Network Failure in Shear 

All characterisation measurements performed in this section are performed with 

a vane in a large cup, which satisfies a cup-to-vane diameter ratio dc/dv > 3 – 

determined as the optimum ratio from section 5.4.1 previously. 

5.4.2.1 Coagulated Systems 

Vane Yield Stress 

Table 5-3 shows the vane yield stress, y, measured for each solids concentration 

of coagulated alumina characterised in this chapter.  

 

Table 5-3. Vane yield stress, y, values of coagulated AKP-30 suspensions measured with 
a Haake VT550 at 0.2 rpm for different solids volume fractions, .  

Solids volume fraction,  (v/v) Average vane yield stress, y (Pa) 

0.15 20 ± 5 

0.20 85 ± 5 

0.30 290 ± 5 

 

The vane yield stress is seen to increase as a function of solids volume fraction, 

, and follows Eq. (5.8) very closely as described by Scales et al (1998) [236]: 
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where  

- AH is the Hamaker constant and hint() is the interparticle distance for AKP-

30, determined to be 5.3 × 10-20 J and 9.8 Å respectively from Scales et al 

(1998) [236]. 

- Kc() is the mean coordination number for monodispersed particles in a 

bed of solids volume fraction , calculated by Kapur et al (1997) [23] below: 
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p
 36)( cK , for  ≤ 0.47 (5.9) 

- Si and Sj are the fraction of surface areas associated with particles of the 

ith and jth size interval, and Xi and Xj are the mean particle diameters in the 

ith and jth size interval respectively. Values for Si, Sj, Xi and Xj were 

determined from surface area and PSD data presented by Zhou et al 

(1999) [22]. 

All calculations assumed spherical particle shape, confirmed by transmission 

electron microscopy (TEM) of the AKP-30 sample [236].  

 

An iteration routine was used, together with forms for h() and K() described 

above measured on a coagulated AKP-30 suspension, to fit a spline curve to the 

experimental data shown in Figure 5-14. 

 

 

Figure 5-14. Vane yield stress, y, measured at 0.2 rpm as a function of solids volume fraction, 
, for suspensions of AKP-30 coagulated at pH 9.2, with curve fit according to 
Eq. (5.8). 
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Creep Behaviour 

Figure 5-15, Figure 5-16 and Figure 5-17 show the results of creep experiments 

performed on coagulated alumina samples at different solids volume fractions, 

0.15, 0.20 and 0.30 respectively, when subjected to increasing values of 

applied stresses, . The results are plotted in the form of strain, , and creep 

compliance, J = , which allows easy identification of non-linear viscoelasticity 

(i.e. strain that is not linear with stress) and time dependent yielding. The material 

response as a function of time is described in terms of instantaneous elasticity, 

retarded elasticity and viscous flow [134, 135]. 

= 0.15 

Creep ringing is observed in the low stress regime between 1 - 25 Pa, for periods 

of up to 1 s, in the case of 1 Pa applied stress. Note that the scatter of results (J 

< 10-4) is a consequence of instrument measurement limitations when attempting 

to record extremely small strain values. 

The creep curves for 1, 2 and 5 Pa were very similar, suggesting no stress 

dependence on compliance, i.e. the sample exhibits linear behaviour. There 

appears to be an initial elastic region at very short times, i.e. t < 0.05 s, but this 

is masked by the creep ringing and is difficult to confirm.  

Non-linear behaviour began to manifest at 10 Pa stresses and higher, which 

corresponded to a strain of approximately  = 0.01. While stresses between 10 – 

25 Pa were still below yielding, the coagulated sample showed prominent 

instantaneous deformation prior to retarded deformation.  

At applied stressed of 30 Pa and higher, the creep and compliance curves 

showed instantaneous deformation, minor retarded deformation, and then time-

dependent yielding to steady-state flow. At 50 Pa, a steady strain-rate eventually 

develops in the material corresponding to flow, identified by a compliance curve 

slope of unity (on a log-log plot) [134, 135]. 
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= 0.20 

Similar to the dataset for  = 0.15, creep ringing is observed at stresses between 

1 – 30 Pa, up to 3 s in duration in the case of 1 Pa applied creep stress.  

Creep curves for 10 – 40 Pa applied stress showed linear viscoelastic behaviour, 

as the values of strain achieved were under  = 0.01. Nonlinearity was detected 

between 50 - 100 Pa applied stress, with the sample deforming instantaneously 

followed by delayed deformation as for the remainder of the creep. 

At stresses of 120 Pa, the compliance curve showed instantaneous deformation, 

time dependent yielding, and then steady-state flow, whereas at 150 Pa the 

material yielded instantaneously. 

 

 = 0.30 

At the lower stress range of the test, creep ringing is observed between 10 – 250 

Pa, with the duration again extending up to 3 s in the case of 10 Pa creep stress. 

Only the 10 Pa test showed linear viscoelastic behaviour. 

At 100 Pa applied stress, the creep curve shows nonlinear softening of retarded 

viscoelasticity as the creep data approaches  = 0.01. This linear viscoelastic 

region progressively diminishes for the 200 and 250 Pa tests, with an earlier onset 

of delayed deformation.  

Clear nonlinearity is seen in the 300 and 320 Pa tests with instantaneous 

deformation from the very beginning of the test, while at 350 Pa this was followed 

by retarded deformation and steady-state flow. 

The coagulated suspension yielded instantaneously at 400 Pa and the 

compliance curve showed flow. 

 

The creep profiles for all three solids volume fractions showed instantaneous 

deformation at stresses well below the vane yield stress (measured at 0.2 rpm), 

and appears to be dependent on the strain deformation experienced at that 

applied stress. Should the applied stress deform the network structure sufficiently 
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to reach a particular strain however, the material is expected to yield. Evidence 

for the departure from linearity can be observed more clearly on plots of 

compliance, J, versus strain, , for each applied creep stress at a given time – as 

shown in Figure 5-18. In this case, the network structure and inter-particle bonds 

appear to fail within a narrow creep angle range, independent of applied stress 

and solids concentration, at  = c = 0.001 - 0.01.  

 

Creep at long periods below the apparent yield stress may eventually flow, slowly 

creep, or cease completely; each case provides critical information about the 

microstructure, but are beyond the measurement times in this work as 

evaporation and other effects such as vibration changed the suspension 

irreversibly.  
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Figure 5-15.  Creep strain,  (left) and compliance, J (right) as a function of time recorded for increasing values of applied stress, . AKP-30 
coagulated at pH 9.2, = 0.15, y = 22 Pa. 
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Figure 5-16.  Creep strain,  (left) and compliance, J (right) as a function of time recorded for increasing values of applied stress, . AKP-30 
coagulated at pH 9.2, = 0.20, y = 85 Pa. 
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Figure 5-17.  Creep strain,  (left) and compliance, J (right) as a function of time recorded for increasing values of applied stress, . AKP-30 
coagulated at pH 9.2, = 0.30, y = 290 Pa. 
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Figure 5-18.  Creep compliance, J, as a function of strain, , for increasing values of applied stress, plotted at tcreep = 10 s for AKP-30 coagulated at pH 
9.2, = 0.15 (left), 0.20 (centre) and 0.30 (right). Departure from linearity can be observed for 0.001 < c < 0.01. 
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Creep-Recovery 

Creep-recovery tests involved the application of a step stress for different 

durations followed by removal of the stress to monitor the strain recovery. The 

value of applied stress was chosen in order to probe the yielding dynamics of the 

system, rather than cause immediate network failure. As noted, this test was 

followed by the removal of the applied stress to allow the strain to recover, 

providing information surrounding the elasticity of the coagulated alumina 

network. 

The maximum strains reached by the samples at the end of the creep step is 

summarised in Table 5-4, as well as the strain recovery ratios in Table 5-5, 

showing the portion of strain recovered once the applied creep stress is removed. 

The latter is calculated as the portion of strain recovered at the end of the 

recovery step, divided by the maximum strain reached during the creep step. A 

strain recovery of 100% represents an elastic solid, while 0% relates to a viscous 

liquid. 

 

 = 0.15, creep = 1 Pa 

Figure 5-19 shows the results of creep-recovery experiments performed on a 

coagulated alumina sample at  = 0.15. A creep stress of 1 Pa was selected for 

the solids volume fraction of  = 0.15 as this value was found to provide sufficient 

stress to deform the sample elastically at short times, and then permanently at 

longer durations of creep. The same selection criteria applies to subsequent 

volume fractions investigated in this section. 

At very short times, i.e. the first 3 seconds of creep, the data is comprised largely 

of creep ringing and some noise due to instrument feedback-control in attempting 

to track the strain response. 

At an applied stress of 1 Pa for 1 s, the recovered strain is 100%, indicating the 

deformation at very short times is entirely elastic. This also corresponds to a 

maximum strain of  = 3.2E-4 at the end of the creep step. As expected, the 

recoverable strain is observed to decrease with increasing durations of applied 
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creep stress, with only 41.7% of initial strain being recovered when the sample 

undergoes 1 Pa of creep for 100 s. 

The recovery curves for 10 s and 100 s show very brief instantaneous elastic 

recovery, as indicated by the sharp drop in strain as soon as the creep stress is 

removed, followed by time-dependent viscoelastic recovery, before the strain 

plateaus showing unrecovered viscous flow [237]. 

 
Figure 5-19. Creep-recovery as a function of time recorded for increasing durations of creep 

stress, creep = 1 Pa. AKP-30 coagulated at pH 9.2, = 0.15, y = 22 Pa. 

 

 = 0.20, creep = 10 Pa 

Figure 5-20 shows the results of creep-recovery experiments performed on a 

coagulated alumina sample at  = 0.20. For coagulated alumina at  = 0.20, 100% 

of strain is recovered for applied stress of 10 Pa and creep duration of 1 s. This 

corresponds to a maximum strain of  = 5.8E-4 at the end of the creep interval. 
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At creep durations of 10 s and 100 s on the other hand, the sample shows brief 

instantaneous elastic recovery, prior to high rate viscoelastic recovery. The rate 

of this delayed viscoelastic recovery eventually slows as the sample continues to 

recover. The recovery profile is ultimately similar to that of the 1 s case. While it 

is possible that the sample at 10 s and 100 s does recovery fully, this could not 

be measured directly due to the detection limits of the instrument. As such, the 

recovery ratios were calculated based on the last measurable strain values, i.e. 

88% at 10 s creep, and 54.2% at 100 s creep; this corresponded to maximum 

creep strains of  ~ 1E-03. 

Creep durations at 1000s and 2500 s showed the same recovery profiles as the 

longest creep durations from the  = 0.15 dataset, wherein the sample undergoes 

permanent viscous flow. 

 

Figure 5-20. Creep-recovery as a function of time recorded for increasing durations of creep 
stress, creep= 10 Pa. AKP-30 coagulated at pH 9.2, = 0.20, y = 85 Pa. 
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 = 0.30, creep = 100 Pa  

Figure 5-21 shows the results of creep-recovery experiments performed on a 

coagulated alumina sample at  = 0.30. At t = 1 s applied creep stress, the 

coagulated suspension recovers fully, and reaches a maximum strain of 3.3E-3. 

At longer creep durations of 10, 100 and 1000 s, the suspension shows 

instantaneous elastic recovery, prior to delayed viscoelastic recovery, and finally 

an unrecovered viscous flow plateau. This behaviour is identical to the longest 

creep durations measured for  = 0.15 and 0.20. 

 

 

Figure 5-21. Creep-recovery as a function of time recorded for increasing durations of creep 
stress, creep = 100 Pa. AKP-30 coagulated at pH 9.2, = 0.30, y = 290 Pa. 
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The strain recovered in coagulated alumina suspension appears to be dependent 

on the creep strain reached during the creep interval, achieved due to a 

combination of applied stress and creep duration. Full strain recovery is observed 

only for small stresses and short durations, indicating that the relaxation times for 

these coagulated systems are brief and the elastic deformation quickly dissipates 

internally [238]. Once this critical strain is exceeded, = c = 0.001, the recovery 

profile of the samples show instantaneous elastic recovery, followed by delayed 

viscoelastic recovery, and plateauing with permanent viscous flow. This 

behaviour is common to all three solids volume fractions at applied creep stresses 

below the vane yield stress. 

 

 

Table 5-4. Summary of maximum strain deformation after different durations of creep for 
coagulated suspensions of AKP-30. 

Solids volume 

fraction,  

Applied Stress, 

 (Pa) 

Creep Duration, t (s) 

1 10 100 1000 2500 

0.15 1 3.2E-04 6.7E-04 1.9E-03 - - 

0.20 10 5.8E-04 1.3E-03 3.5E-03 9.6E-03 1.9E-02 

0.30 100 3.3E-03 8.4E-03 1.3E-02 2.2E-02 - 

 

 

Table 5-5. Summary of strain recovery after different durations of creep for coagulated 
suspensions of AKP-30. 

Solids volume 

fraction,  

Applied Stress, 

 (Pa) 

Creep Duration, t (s) 

1 10 100 1000 2500 

0.15 1 100% 69.4% 41.7% - - 

0.20 10 100% 88% 54.2% 26% 15.8% 

0.30 100 100% 58.2% 57.7% 36.4% - 
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Stress-Relaxation 

Stress relaxation experiments were conducted on coagulated alumina 

suspensions at three solids volume fractions,  = 0.15 (Figure 5-22),  = 0.20 

(Figure 5-23), and  = 0.30 (Figure 5-24) when subjected to increasing values of 

applied step-strain, . The results are plotted in the form of stress decay, (t), and 

relaxation modulus, G(t), which allows for network strength and resilience to be 

examined. The relaxation modulus, G(t), is plotted on a lin-log graph to identify 

different viscoelastic responses, i.e. be it a viscoelastic fluid or a viscoelastic gel 

[33]. 

Due to the inertia of the vane and measuring drive within the rheometer system, 

there is time delay before the step strain value is reached, as visible in the stress 

growth and peak at t < 0.01 s. For the calculation of the relaxation modulus, G(t), 

this non-stable data has been removed. 

The behaviour of the relaxation moduli curves for all three coagulated alumina 

suspensions are identical, wherein the G(t) response for step strains of 1E-4 and 

1E-3 shows that the material deforms like a viscoelastic fluid, and eventually 

decreases to zero at long times. The same is observed for step strain of 1E-2, 

except that the value of G(t) at long times does not go to zero, but instead reaches 

a stable plateau indicating elastic, or structural, contributions to the stresses in 

this weakly flocculated suspension [105]. 

At strains of 1 and 1E-1, the relaxation moduli curves display a viscoelastic gel 

like response, with the rate of relaxation slowing and then reaching a stable stress 

value at t > 100 s. At these strains, the material has deformed permanently 

resulting in a much lower relaxation modulus at long times. 

 

These observations are in agreement with the current hypothesis that network 

disruption and recovery in these systems are largely independent of solids 

volume fraction, , highlighted by the identical trends in terms of stress and 

relaxation moduli decay. The coagulated system behaves like a viscoelastic fluid 
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when subjected to an applied step strain  ≤ 1E-03, since the relaxation modulus 

is observed to recover completely over a short timeframe.  

Above this value of step-strain however, increasingly permanent disruptions to 

the particulate network are observed, pointing to elastic-like contributions 

characteristic of viscoelastic gels. All the experiments concluded and reached an 

equilibrium value after approximately 1000 seconds. 

Experimental observations at the conclusion of these stress-relaxation 

experiments, along with the rest of the experiments presented in this chapter, 

note the observation of a thin layer of suspension medium at the surface of the 

alumina suspension. This expelled liquid is attributed to syneresis and would 

appear to follow the consolidation model presented by Buscall and White [36, 69] 

where the rigid particulate network created at the gel point, g, exists to transmit 

any applied stress to the base of the container.  

When a critical strain is surpassed, the network will collapse and consolidate until 

an equilibrium stress decay is achieved. Last, the limiting modulus at long time 

scales appears to correspond to a true yield stress for the sample. 
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Figure 5-22. Stress-relaxation response (top) and relaxation moduli (bottom) for increasing 
values of step-strain. AKP-30 coagulated at pH 9.2,  = 0.15, y = 22 Pa. 
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Figure 5-23. Stress-relaxation response (top) and relaxation moduli (bottom) for increasing 
values of step-strain. AKP-30 coagulated at pH 9.2,  = 0.20, y = 85 Pa. 
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Figure 5-24. Stress-relaxation response (top) and relaxation moduli (bottom) for increasing 
values of step-strain. AKP-30 coagulated at pH 9.2,  = 0.30, y = 290 Pa. 

 

  



224 

 

Table 5-6 summarises the relaxation moduli and stress response under stress-

relaxation for the three solids volume fractions investigated in this work. It is 

interesting to note the excellent correlation of the vane yield stress measured 

using the Haake at 0.2 rpm [21, 139] and the instantaneous modulus at large 

applied strains (namely 22 and 25.87 Pa at  = 0.15, 85 and 86.49 Pa at  = 0.20, 

and 290 and 292.1 Pa at  = 0.30). 

 

Table 5-6. Relaxation moduli, Gt, and stress response, t, for coagulated suspensions of 
AKP-30 at increasing values of step-strain. 

Solids volume fraction,   
Applied Strain, 0 

1 1E-01 1E-02 1E-03 1E-04 

0.15 

G0 5.8E-4 2.7E-2 1.9E-1 2.5 4.39 

G∞ 4.7E-4 1.6E-3 1.9E-2 2.5E-2 0 

0 59.09 25.87 19.56 24.84 4.927 

∞ 4.734 1.581 1.883 0.2552 0 

0.20 

G0 1.6E-2 8.7E-2 5.9E-1 7.3 10.6 

G∞ 1.2E 9.4E-3 6.4E-2 2.7E-1 0 

0 159.7 86.49 58.91 73.56 11.86 

∞ 11.68 9.343 6.340 2.738 0 

0.30 

G0 3.2E-2 1.9E-1 1.5 19.2 67.4 

G∞ 4.2E-3 4.1E-2 2.1E-1 9.9E-1 2.8E-1 

0 307.3 292.1 149.4 189.4 75.34 

∞ 40.89 40.69 20.89 9.757 0 
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Lissajous-Bowditch curves 

In addition to the viscoelastic properties discussed, the stress response within 

one oscillatory period provides insight when large oscillatory strains are applied 

outside the linear viscoelastic regime. Figure 5-25, Figure 5-27 and Figure 5-29 

shows the elastic and viscous stress response, as a function of strain amplitude, 

. Angular frequency, , was kept constant at 10 rad/s as this was found to be 

optimum for testing coagulated alumina systems [3]. 

The distortion of the stress response is observed for all three coagulated alumina 

samples as the strain amplitude is increased outside the linear viscoelastic 

regime. Discussion will address all three solids volume fractions collectively, as 

their results were identical. 

At low strains of  = 1E-04 and 1E-03, the sample was within the LVE limit and 

the stress-strain response on the Lissajous-Bowditch plot was approximated by 

straight lines. This points to a linearly elastic response in the sample, as indicated 

by GL’/GM’ = 1 (refer to Section 3.4.6 for summary of interpretation) within the 

period analyzed.  

Increasing non-linearity in the material stress response causes deformations to 

the plots due to the contributions of higher order harmonics [142]  - this transition 

was observed to occur at  ≥ 1E-02, after which the curves were no longer 

ellipsoidal and show increasingly larger maximum stress deformations.  

The nonlinear response of the coagulated alumina suspensions can be further 

explained using the nonlinear measures GL’/GM’ and L’/M’ within the oscillation 

cycle, shown in Figure 5-26, Figure 5-28 and Figure 5-30 as a function of strain 

amplitude, . A summary of these nonlinear measures is also presented in Table 

5-7 for easy comparison. 

Outside the LVE region, the parameters GL’ and GM’ were observed to decrease 

with increasing strain amplitude/strain-rate, which indicates a softening behavior 

within the sample. GM’ was found to decrease at a higher rate compared to GL’ 

with increasing strains outside the LVE region, which suggests that the elastic 

contributions to nonlinearity is controlled by strain-rate softening of the elastic 

modulus. This may be due to alignment of the coagulated microstructures in the 
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direction of the flow field [239]. In addition, the area enclosed by the Lissajous-

Bowditch curve approximates the energy dissipated in the system within one 

oscillatory cycle [240]; not unexpectedly, this energy increases with increasing 

strain. 

Similarly, the viscous stress contributions can be represented graphically on a 

Lissajous-Bowditch plot, which is this case is plotted as stress vs. strain-rate. At 

applied strains  = 1E-4 and 1E-3, the viscous response was nearly negligible as 

indicated by the flat viscous stress line. The large strain-rate dynamic viscosity, 

L’, was dominant for all applied strains tested for the case of  = 0.15, suggesting 

that there was a larger contribution of viscous components to the viscoelastic 

behaviour, compared to  = 0.20 and 0.30 – most likely a localised low 

concentration effect. Outside that singular difference, the ratio of L’/M’ at strains 

 ≥ 1E-02 were similar across all volume fractions investigated, showing shear-

thinning behaviour – which is expected for particulate suspensions [241].  

In the case of = 0.20 and 0.30, the nonlinear measure of M’ was more dominant 

than L’ suggesting strain-rate thickening behaviour at higher strain amplitude. 

 

Table 5-7. Summary of viscoelastic nonlinear moduli and maximum shear stress for 
coagulated AKP-30 suspensions, and different solids volume fractions, .  

Solids volume fraction,   
Applied Strain Amplitude, 0 

1 1E-01 1E-02 1E-03 1E-04 

0.15 

GL’/GM’ 1.5 6.5 2.0 1.0 1.0 

L’/M’ 0.29 0.23 0.38 1.0 1.0 

max 0.71 0.42 0.40 0.19 0.022 

0.20 

GL’/GM’ 2.5 49.0 1.6 1.0 1.0 

L’/M’ 0.40 0.23 0.35 1.0 1.0 

max 2.2 1.1 4.8 1.5 4.0 

0.30 

GL’/GM’ 2.0 2.4 2.6 1.0 1.0 

L’/M’ 0.37 0.20 0.27 1.0 1.0 

max 4.9 3.6 3.5 1.5 0.42 
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Figure 5-25. Total elastic (blue) and total viscous (green) stress Lissajous-Bowditch plots for 
an alumina suspension coagulated at its IEP at pH 9.2,  = 0.15,  = 10 rads-1 
(1.6 Hz). Also shown are elastic versus strain (red) and viscous versus strain rate 
(orange) curves. 
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Figure 5-26. Nonlinear viscoelastic measures G’L and G’M (left) and ’L and ’M as a function of strain, , for an alumina suspension coagulated at its 

IEP at pH 9.2,  = 0.15,  = 10 rads-1 (1.6 Hz).  
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Figure 5-27. Total elastic (purple) and total viscous (black) stress Lissajous-Bowditch plots for 
an alumina suspension coagulated at its IEP at pH 9.2,  = 0.20,  = 10 rads-1 
(1.6 Hz). Also shown are elastic versus strain (green) and viscous versus strain 
rate (grey) curves. 
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Figure 5-28. Nonlinear viscoelastic measures G’L and G’M (left) and ’L and ’M as a function of strain, , for an alumina suspension coagulated at its 
IEP at pH 9.2,  = 0.20,  = 10 rads-1 (1.6 Hz).  
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Figure 5-29. Total elastic (blue) and total viscous (orange) stress Lissajous-Bowditch plots for 
an alumina suspension coagulated at its IEP at pH 9.2,  = 0.30,  = 10 rads-1 
(1.6 Hz). Also shown are elastic versus strain (green) and viscous versus strain 
rate (yellow) curves. 
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Figure 5-30. Nonlinear viscoelastic measures G’L and G’M (left) and ’L and ’M as a function of strain, , for an alumina suspension coagulated at its 

IEP at pH 9.2,  = 0.30,  = 10 rads-1 (1.6 Hz).  
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Fourier Transform Rheology 

The non-linear strain response of a material is commonly detected using a 

dynamic strain or stress sweep [134], uncovering the regime in which the elastic 

moduli (G’ or G”) begin to break down, shown in Figure 5-31. The results of 

dynamic shear sweep experiments on coagulated suspensions of AKP-30 are 

summarised in Table 5-8. 

 

Table 5-8. Crossover of elastic, G’, and storage, G”, moduli as a function of oscillatory shear 
stress, , for coagulated alumina suspensions at  = 10 rads-1. 

Solids volume fraction,  (v/v) G’ and G” crossover, osc (Pa) 

0.15 30 ± 10 

0.20 90 ± 10 

0.30 200 ± 10 

G’ and G” are, however, only the 1st harmonic of the non-linear response. FT 

rheology, on the other hand, provides deeper insight into the dynamics of yielding 

when a LAOS is applied outside the linear viscoelastic region.  

Figure 5-32 shows the normalised harmonic spectrum against the fundamental, 

I(n)/I(1), for coagulated alumina systems under increasing values of applied 

strain, 0. Figure 5-33 shows the normalised 3rd harmonic against the fundamental, 

I(3)/I(1) - this harmonic ratio is most dominant and the first to exhibit the 

presence of higher order harmonics [131, 142]. For this reason, I(3)/I(1) was 

used to detect the limits of the linear viscoelastic region from the FT analysis of 

oscillatory shear data, and as expected the peak in I(3)/I(1) was seen at  = 

0.01, which signals the end of the LVE region for the three solids concentrations  

investigated.  

The amplitude of the 3rd harmonic increases around the region of  = 1E-03, with 

higher order harmonics developing beyond this critical value, an indication that 

the suspension is no longer in the linear viscoelastic region. The loss of linear 

viscoelasticity is a consequence of the breakdown and disruption in the 

particulate network due to excessive applied strain. 
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Figure 5-31. Elastic, G’, and storage, G”, moduli as a function of oscillatory shear stress, , for coagulated alumina suspensions,  = 0.15, 0.20, 
0.30 at  = 10 rads-1. 
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Figure 5-32. Normalized Fourier intensity spectrum of the steady oscillatory stress signal for coagulated alumina suspensions,  = 0.15 (left),  = 0.20 
(centre),  = 0.30 (right) at  = 10 rads-1. 
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Figure 5-33. Normalized 3rd:1st Fourier intensity spectrum (I3/I1) of the steady oscillatory 
stress signal for coagulated alumina suspensions at  = 10 rads-1. 
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5.4.2.2 Flocculated Systems 

Creep Behaviour 

Figure 5-34 shows the creep behaviour of an alumina suspension flocculated with 

an anionic high-MW polymer (AN934SH) to produce a final solids volume 

fractions, 0 = 0.12 when subjectedto increasing values of applied stresses, . 

The results are once again plotted in the form of strain, , and creep compliance, 

J = /, allowing easy identification of non-linear viscoelasticity (i.e. strain that is 

not linear with stress) and time dependent yielding.  

 

The creep curves for flocculated alumina show minimal creep ringing at applied 

stresses of 0.1 Pa and 1 Pa, and persist for much shorter durations, i.e. t ~ 0.5 s 

compared to the coagulated alumina suspension. From applied stresses of 5 Pa 

and higher, this ringing is much less prominent may be a result of polymeric 

strands in the system dampening shocks from the vane inertia.  

At creep stresses of 0.1 and 1 Pa, the flocculated alumina suspension exhibited 

linear behaviour, with very brief elastic response at short times masked by creep 

ringing. Unlike the coagulated alumina systems presented previously, the rate of 

creep is observed to decrease around t = 100 s, and the strain eventually 

plateaus indicating no further deformation is possible at the applied stress.  

The flocculated systems exposed to applied stresses of 5 ≤  ≤ 20 Pa show 

nonlinear behaviour, characterised by an extended creep response in the 

delayed viscoelastic zone, eventually flattening out to attain a strain-rate of zero. 

Coincidentally the nonlinearity is seen to occur around creep strains of  = 0.01, 

similar to the coagulated alumina suspension. The region of creep gradually 

shortens with increasing values of applied stress, eventually disappearing 

altogether at the highest stresses.  

At stresses of 35 Pa, a steady strain-rate develops in the sample corresponding 

to steady state flow, identified by a compliance curve slope of 1 (on a log-log plot) 

[134, 135]. 
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The results presented highlight the polymeric contributions to a flocculated 

particulate system, compared to the coagulated alumina system aggregated 

through ionic interactions. The yielding behaviour is relatively independent of time, 

and is instead largely influenced by the network strain. The initial duration of 

creep exposes the rearranging of weakly bonded alumina flocs and some 

unravelling of the polymeric weave, until the entire system can extend freely in 

suspension. 

Below the apparent yield stress, the network strain remained constant for as long 

as the test persisted (maximum of 24 hours). The results indicate the material 

undergoes a brief period of internal rearrangement, with respect to the inter-

particle forces, followed by elastic deformation. 

Should the applied stress deform the network structure sufficiently to reach a 

particular strain however, the material is observed to fail irrespective of the 

applied stress. In this case, the network structure, inter-particle bonds and 

polymeric contributions appear to fail at a specific strain, independent of applied 

stress at  = c = 0.01.  
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Figure 5-34. Creep strain,  (left) and compliance, J (right) as a function of time recorded for increasing values of applied stress, . AKP-30 flocculated 
with 40 g/tonne AN934SH, = 0.12, y = 37 Pa.
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Creep-Recovery 

Creep-recovery tests on a flocculated suspension of aluminium oxide ( = 0.12) 

saw the application of creep = 1 Pa for varying durations. This value of creep 

stress was again chosen in order to probe the yielding dynamics of the system, 

rather than cause immediate network failure. This test was followed by the 

removal of the applied stress to allow the strain to recover, providing information 

surrounding the elasticity of the polymer-bound alumina network.  

Figure 5-35 show the results of creep-recovery experiments in the form of strain, 

, versus time to show how strain energy is recovered throughout the duration of 

the test. Creep ringing is again observed for creep durations t < 1s, which is a 

consequence of vane inertia. 

Strain recovery in the system is presented in terms of maximum strain 

deformation in Table 5-9 and in strain recovery ratios, i.e. the ratio of recoverable 

strain to total strain, in Table 5-10. A decrease in strain recovery ratio from 100 - 

0 % represents the transition of material behaviour from an elastic solid, to a 

viscous liquid. 

 

The flocculated alumina sample tested at three durations of creep at 1 Pa showed 

similar recovery profiles, consisting of a very brief elastic recovery followed by 

viscoelastic recovery which ends in unrecovered viscous flow at long times. This 

corresponds to a recoverable strain of 84.3%, which means complete strain 

recovery is never observed in this flocculated alumina sample. Structural 

changes in the flocculated network happen immediately upon the application of 

stress and appears to rearrange weakly aggregated particles before elastic 

deformation occurs.  

The flocculated aluminium system in this experiment appears to be comprised of 

aggregated units attached firmly within a polymeric tapestry (or matrix) at their 

gel point (Figure 5-5), initially loosely coiled until the application of an external 

stress. The stress causes minor rearrangement in the coils and folds within the 
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polymer matrix, manifesting as viscous, irreversible deformation, highlighting the 

sensitive nature of the flocculated systems at very low stresses.  

 

 
Figure 5-35. Creep-recovery as a function of time (top) and strain recovery ratio as a function 

of recovery time (bottom) recorded for increasing durations of creep stress, creep 
= 1 Pa. AKP-30 flocculated with 40 g/tonne. 

 
 

Beyond this stage in the creep process, the matrix stretches and deforms as a 

function of the elastic modulus in the system, as the polymeric chains strain 

accordingly to the applied stress. Corresponding relaxation times for flocculated 

systems are longer compared to coagulated systems.  

 

The observable trend is that the strain recovery ratio is fundamentally time-

dependent, as even the smallest of applied stress on the system realises some 
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degree of irreversible change and network fracture within the flocculated 

particulate matrix. Unfortunately, the permanent deformation of the flocs appears 

to occur below creep strains of  = 0.001. 

 

Table 5-9. Summary of maximum strain deformation after different durations of creep for a 
suspension of AKP-30 flocculated with a high-MW anionic polymer. 

Solids volume fraction,  Applied Stress,  (Pa) 
Creep Duration, t (s) 

1 10 100 

0.12 1 1.90E-04 1.34E-03 4.06E-03 

 

 

Table 5-10. Summary of strain recovery after different durations of creep for a suspension of 
AKP-30 flocculated with a high-MW anionic polymer. 

Solids volume fraction,  Applied Stress,  (Pa) 
Creep Duration, t (s) 

1 10 100 

0.12 1 84.3% 55.8% 35.8% 
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Stress-Relaxation 

Stress-relaxation experiments were conducted on alumina suspensions 

flocculated with a high-MW anionic polymer (AN934SH) at a nominal solids 

volume fraction of  = 0.12 (Figure 5-36) when subjected to increasing values of 

applied step-strain, . The results are plotted in the form of stress decay, (t), and 

relaxation modulus, G(t), which allows for network strength and resilience to be 

examined.  

As with the coagulated alumina dataset, there is time delay before the step strain 

value is reached, as visible in the stress growth and peak at t < 0.08 s. For the 

calculation of the relaxation modulus, G(t), this non-stable data has been 

removed. 

The relaxation modulus for applied strain of  = 1E-3 shows a response typical of 

a viscoelastic fluid, and reaches a miniscule steady state long time modulus of 

4.3E-5 Pa. This indicates that flocculated alumina system exhibits some form of 

irreversible network deformation and bond disruption even at the smallest of 

applied step-strains. For applied step strain of  = 1E-2, the relaxation profile is 

more like a viscoelastic gel, with a gradual decrease in the relaxation rate at t = 

10 s,  

At applied strains of  = 1E-1 and 1, the sample shows instantaneous viscous 

response, and then relaxing like a viscoelastic gel, eventually reaching a stable 

stress value at long times. The rate of relaxation for both these larger strain steps 

is constant, pointing to elastic-like contributions characteristic of viscoelastic gels. 

This exposes the more dominant contributions of the polymeric matrix and just 

how sensitive these networks are to applied strains.  

 

Another observation of note is the shorter timeframe for which a flocculated 

system like this reaches the non-zero limiting relaxation modulus value, a 

magnitude 10 decrease to be exact when compared to systems coagulated with 

electrostatic interactions.  
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Table 5-11 summarises the relaxation moduli and stress response under stress-

relaxation for the three solids volume fractions investigated in this work. 

 

Table 5-11. Relaxation moduli, Gt, and stress response, t, for flocculated suspensions of 
AKP-30 for increasing values of step-strain. 

Solids volume fraction,   
Applied Strain, 0 

1 1E-01 1E-02 1E-03 

0.12 

G0 3.2E-3 9.3E-3 5.8E-2 2.4E-1 

G∞ 4.3E-5 2.6E3 2.8E-3 2.4E-2 

0 32.45 9.246 5.743 2.409 

∞ 0.4255 2.585 0.2841 0.2369 
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Figure 5-36. Stress-relaxation response (top) and relaxation moduli (bottom) at increasing 
values of step-strain. AKP-30 flocculated with 40 g/tonne AN934SH, = 0.12, y 
= 37 Pa. 
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Lissajous-Bowditch curves 

In addition to viscoelastic properties already discussed, the stress response 

within one oscillatory period provides insight when large oscillatory strains are 

applied outside the linear viscoelastic regime. Figure 5-37 shows the elastic and 

viscous stress response, as a function of strain amplitude, . The nonlinear 

measures are summarised in Table 5-12. 

Compared to the coagulated alumina systems investigated previously, only minor 

distortion of the stress response is observed as the strain amplitude is increased 

outside the LVE regime.  

At low strains  = 1E-3 and 1E-2, the flocculated suspension of alumina displayed 

a linear viscoelastic response, shown by the straight stress-strain line on the 

Lissajous-Bowditch curve. The nonlinear viscoelastic measures of GL’/GM’ = 1 at 

the lower strains confirmed that the sample was indeed linearly elastic.  

Increasing nonlinear behaviour was observed at  = 1E-1, after which the curves 

were no longer elliptical and were instead distorted due to the contribution of 

higher order harmonics.  

Outside the LVE, GL’ and GM’ were both observed to decrease at the same rate 

with increasing strain amplitudes, indicating softening within the sample. GL’ 

dominated at higher strains suggesting the flocculated sample was strain-

stiffening, but the relative contributions began to decrease as the strain amplitude 

approached  = 1. 

The viscous stress contributions were also represented graphically on a 

Lissajous-Bowditch plot, plotted as stress versus strain-rate. At low applied 

strains of  = 1E-3 and 1 E-2, there was a viscous contribution of the same order 

magnitude as elastic stress, representing equal parts solid and liquid like 

contributions in the flocculated system. The nonlinearity of the maximum strain 

rate dynamic modulus, M’, dominated L’ at higher strains indicating 

predominantly strain-rate (or shear) thickening behaviour. This is could be 

attributed to particle orientation or disruption of the microstructure at large strains 

[242]. 
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This transition coincides precisely with the burgeoning ratio of the 3rd:1st harmonic, 

from the FT analysis over the same applied strain range. 

 

Table 5-12. Summary of viscoelastic nonlinear moduli and maximum shear stress for 
coagulated AKP-30 suspensions, and different solids volume fractions, .  

Solids volume fraction,   
Applied Strain Amplitude, 0 

1 1E-01 1E-02 1E-03 

0.15 

GL’/GM’ 2.51 2.55 1.0 1.0 

L’/M’ 0.70 0.22 1.0 1.0 

max 0.20 0.20 0.13 0.0066 
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Figure 5-37. Total elastic (green) and total viscous (blue) stress Lissajous-Bowditch plots for 
an alumina suspension flocculated with 40 g.t-1 AN934SH,  = 0.12, y = 37 Pa, 
 = 10 rads-1 (1.6 Hz). Also shown are elastic versus strain (purple) and viscous 
versus strain rate (red) curves. 
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Figure 5-38. Nonlinear viscoelastic measures G’L and G’M (left) and ’L and ’M as a function of strain, , for an alumina suspension flocculated with 

40 g.t-1 AN934SH,  = 0.12, y = 37 Pa,  = 10 rads-1 (1.6 Hz).
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Fourier Transforms 

Unlike the coagulated alumina system, an investigation into the G’ and G” 

crossover point via dynamic stress sweep experiments cannot be performed on 

a flocculated suspension, due to the sensitive floc structure. As such, the non-

linear strain response of this material was investigated using FT rheology, 

providing deeper insight into the dynamics of yielding when a LAOS is applied 

outside the linear viscoelastic region. Note that no harmonic data exists for 0 < 

10-3 due to an increased noise floor that makes analysing the harmonic spectrum 

difficult. 

Figure 5-39 shows the normalised harmonic spectrum against the fundamental, 

I(n)/I(1), for an alumina system flocculated with a high MW anionic polymer 

(AN934SH) under increasing values of applied strain, 0.  

Figure 5-40 shows the normalised 3rd harmonic against the fundamental, 

I(3)/I(1). This harmonic ratio is most dominant and the first to exhibit the 

presence of higher order harmonics [131, 142]. For this reason, I(ω3)/I(ω1) was 

used to detect the limits of the linear viscoelastic region from the FT analysis of 

oscillatory shear data.  

The amplitude of the third harmonic increases sharply around the region of  = 

1E-01, then decreases. The results show increasing higher order harmonics 

developing on approach to this critical value, indicating that the suspension is no 

longer in the linear viscoelastic region. The loss of linear viscoelasticity is a 

consequence of the breakdown and disruption in the particulate network due to 

excessive applied strain. 
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Figure 5-39. Normalized Fourier intensity spectrum of the steady oscillatory stress signal for 
flocculated alumina suspensions,  = 0.12,  = 10 rads-1. 
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Figure 5-40. Normalized 3rd:1st Fourier intensity spectrum (I3/I1) of the steady oscillatory 

stress signal for flocculated alumina at  = 10 rads-1. 
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5.5 Conclusions 

5.5.1 Influence of Wall Effects Below the Vane Yield Stress  

A better understanding of the shear rheology of flocculated mineral suspensions 

is important to improve prediction of suspension processing and transport, i.e. 

dewatering in thickeners or pumping for dry stacking. It is therefore critical to 

provide experimental data free of artefacts caused by improper selection of 

measurement geometry.  

A systematic comparison of increasing gap widths, expressed as cup-to-vane 

diameter ratios, dc/dv, on the creep behaviour of aggregated and polymer 

flocculated alumina suspensions was performed. The aim was to identify the dc/dv 

ratio at which wall (or confinement) effects were minimal. 

Rheological results for both flocculated and coagulated systems demonstrated 

consistent behaviour for dc/dv > 3, characterised firstly by linear viscoelasticity at 

low applied stresses, increasing non-linear strain softening when stresses 

approach yielding, then time-dependent yielding over multiple stresses and finally, 

instantaneous flow. Furthermore, there was greater reproducibility in 

measurements performed using the larger diameter ratios, and less oscillations 

in the rotational rate data. 

The small diameter ratios on the other hand, i.e. dc/dv < 2 showed a myriad of 

creep behaviour due to the close proximity of the cup wall relative to the vane. In 

fact, the coagulated alumina measured in configuration with dc/dv = 1.1 showed 

premature yielding and limited propagation of shear to the cup wall, as seen from 

discontinuities in the rotational rate curve. 

On top of slip, both the coagulated and polymer flocculated appeared stiffer at 

stresses approaching yielding when measured in smaller diameter ratios. One 

possible explanation for this is that the aggregate or floc size becomes 

comparable to the gap width, as evidenced by the scale of the networked systems 

seen in light microscope images on Figure 5-3 and Figure 5-5. 
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These findings suggest that rheological data for aggregated particulate systems 

measured in cup-to-vane diameter ratios dc/dv < 3 may be suspect and contain 

artefacts of wall contributions, particle migration, bridging effects and force chain 

jamming, although this value may be material dependent. Existing creep data in 

literature using smaller diameter ratios or concentric cylinder geometries may 

therefore require re-interpretation. 

 

5.5.2 A Critical Strain for Network Failure 

A series of static and dynamic rheological tests were performed on coagulated 

and polymer-flocculated alumina suspensions to investigate nonlinear failure 

before yielding. These measurements included creep and recovery, stress 

relaxation, small (SAOS) and large amplitude oscillatory shear (LAOS) – all 

performed with a vane in a large cup, which satisfies a cup-to-vane diameter ratio 

dc/dv > 3.  The results of the different tests and outcomes are summarised in 

Table 5-13.  

The failure of particulate network structure can manifest at a range of stresses 

well below the vane yield stress, provided sufficient time is allowed for the 

deformation to occur. As expected, the failure appears to occur at a critical strain, 

rather than a critical stress [126, 239] and has now been firmly detected in 

coagulated and polymer flocculated suspensions of alumina. The critical strain 

for vane yield stress measurements were omitted from the table, since these 

measurements were performed on the Haake viscometer, which does not have 

the resolution nor the sensitivity for useful strain data. Instead, vane yield stress 

data is provided as a baseline value only, since it is a commonly parameter for 

plant operators, thickener designers, and pipeline sizing. 

Creep measurements, as well as SAOS/LAOS measurements gave similar 

results for a common strain value  = 0.01 (for both coagulated and flocculated 

samples) beyond which the sample is observed to deform irreversibly. The 

modes of deformation do however differ according to the aggregation type, i.e. 

the coagulated alumina suspensions consist of particles held together with 

relatively inflexible, short range, inter-particle interactions. A polymer-flocculated 
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sample under creep highlights internal rearrangement of weakly aggregated 

particles within the polymer bound matrix to achieve a more stable energy state, 

before the elastic contributions of the polymeric chains begin to appear. As such 

the coagulated network structure is unable to endure much elastic deformation 

before plastic deformation occurs, as evident from the creep curves.  
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Table 5-13. Summary of inferred critical strain, c, for coagulated and flocculated AKP-30 suspensions studied in this chapter.  

 AKP-30 coagulated at IEP, pH 9.2 

Solids volume fraction,  Vane yield stress, y (Pa)  
@ 0.2 rpm Rheological measurement Inferred critical strain, c 

Shear stress,  (Pa) at  
critical strain, c 

0.15 20 ± 5 

Creep 0.01 10 
Creep recovery at 1 Pa 0.0008 1.0 

Stress-relaxation 0.001 24.5 
Lissajous-Bowditch 0.01 0.40 

Fourier Transform (FT) 0.01 0.40 

0.20 85 ± 5

Creep 0.01 50.0 
Creep recovery at 10 Pa 0.001 10.0 

Stress-relaxation 0.001 81.0 
Lissajous-Bowditch 0.01 4.80 

Fourier Transform (FT) 0.01 4.80 

0.30 290 ± 5

Creep 0.01 100 
Creep recovery at 100 Pa 0.005 100 

Stress-relaxation 0.001 202 
Lissajous-Bowditch 0.01 3.50 

Fourier Transform (FT) 0.01 3.50 
 AKP-30 flocculated with AN934SH 

Solids volume fraction,  Vane yield stress, y (Pa) Rheological measurement Inferred critical strain, c 
Shear stress,  (Pa) at  

critical strain, c 

0.12 37 ± 5 

Creep 0.01 5.0 
Creep recovery at 1 Pa 0.0001 1.0 

Stress-relaxation 0.0001 5.70 
Lissajous-Bowditch 0.01 0.13 

Fourier Transform (FT) 0.01 0.13 
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This manner of failure can be described as “brittle”, when compared to the more 

“ductile” polymeric bridged systems [126]. A ‘brittle’ sample in this case is one 

that exhibits little or negligible yielding before network fracture, while a ‘ductile’ 

material can endure large strains before it yields. 

 

While the creep measurements did show good correlation with the oscillatory 

data, the long measurement times is a real disadvantage and it is important to 

preserve sample properties, e.g. moisture loss, settling, etc. These tests do 

however provide evidence of the gradual, time-dependent weakening of the 

microscopic structure within networked particulate systems under constant 

applied stresses. This behaviour suggests a wide distribution of bond strengths 

in the system, with the weakest bond components progressively disrupted during 

the creep procedure. 

On the other hand, SAOS/LAOS measurements happen very quickly, i.e. on the 

order of minutes, and during this time the vane is moving back and forth at given 

frequency, allowing the faces of the vane to constantly stay in contact with the 

material as it deforms. 

 

The static methods of creep-recovery and stress-relaxation gave consistently 

lower strain values for yielding, up to a factor of 10 smaller in most cases. This 

strain value also varied between solids volume fractions tested in this chapter. 

This may be due to the timescales affecting the particular sample type, e.g. creep-

recovery experiments see the application of stresses very quickly, denying the 

sample sufficient time to equilibrate before the stress is then removed. During the 

recovery phase, and similarly during the relaxation phase of stress relaxation 

measurements, the rheometer is pushed to its detection limits as it tries to capture 

very small changes in strain. As such, it is not recommended to use these 

techniques for probing suspension failure before yielding. 
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Figure 5-41. Light microscope snapshot of a coagulated (top) and flocculated (bottom) AKP-

30 sample. Background electrolyte concentration of 0.01 M KNO3. 

100 m 

100 m 
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There is a distinct strain value defining the point at which a particulate suspension 

at its gel point, be it coagulated at its iso-electric point (IEP) or flocculated with 

an anionic polymer, will transition in rheological behaviour from a linear 

viscoelastic material to a non-linear viscoelastic material. The work presented 

above shows this value to be independent of solids volume fraction and applied 

stress for the coagulated system, which is in agreement with previous findings 

[36, 234]. More work is necessary to investigate different volume fractions for 

polymer-flocculated suspensions to confirm if this is still the case. 

The ordered, loosely bound structure in the coagulated system highlights the 

distributions of bonds and attractive forces that resist the application of shear 

stresses – and consequently the continuous failure observed at all applied creep 

stresses. The flocculated system on the other hand, shows fractal units (Figure 

5-41), held together by polymer matrices that confer a physical resistance to 

applied stresses. These polymer bound particles are therefore able to densify, 

deform, and stretch, before the elastic limits of the system is reached. Then 

breakage happens, instantaneously and at a distinct critical strain. 

This points to the conclusion that a networked particulate suspension needs to 

be separated by a critical distance, i.e. critical strain of approximately c = 0.01 
for failure to occur – information that is valuable when attempting to achieve 

aggregate densification and concentrating thickener underflows with minimal 

energy input (discussed more in the Chapter 6). There is potential to mitigate 

aggregate breakage and the undesirable release of fines into the overflow with 

knowledge of the critical strain of a flocculated particulate network.   

 

5.6 Future Work 
Oscillatory measurements with vane in large cup, i.e. dc/dv > 3 should be applied 

to a more varied selection of flocculated mineral suspensions, in addition to 

traditional flow curve and yield stress characterisation suites. The potential for 

increased water recovery, reduced flocculant dosing and shorter residence times 

in thickening circuits would reduce financial and environmental costs 

synonymous with tailings disposal.  
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Light microscope images presented here serve to aid the reader visualise micro-

structure differences between flocculated and aggregated alumina systems. 

Combining light microscopy with real-time rheological measurements, i.e. rheo-

microscopy, would enable physical changes to the floc structure to be seen as a 

function of applied strain, to study aggregate densification and breakage within 

observable timeframes.  

Shear banding observed in particulate systems in small gaps will remain 

speculation, but future work incorporating time-lapse photography on the surface 

of sheared suspensions in conjunction with 2-D modelling work to track individual 

particles may offer more conclusive evidence of its’ presence. Shear banding 

studies by Divoux et al (2010) [243] has combined ultrasonic speckle velocimetry 

and rheology to characterise Carbopol, while Callaghan (2008) [244] used NMR 

to visualise wormlike micelles under controlled shear. In both these studies, the 

rheology profiles were measured using concentric cylinder configurations, and 

found to have some dependence on gap widths - but ultimately highly dependent 

on material properties. Lastly, Particle Image Velocimetry (PIV) studies can be 

performed on these systems to observe flow fields at the outer cup surface for 

differing dc/dv ratios. Flocculated particulate suspensions would be ideal 

candidates for further investigation using the above methods. 

As a first pass experiment, a drop of coloured dye on the surface of an alumina 

suspension undergoing creep may reveal flow profiles. This concept will be 

trialled in Chapter 6 when using a couette-Sedimentation shear-cell. 
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Chapter 6  
Influence of Shear on Sedimentation & Dewatering 

6.1 Introduction 
Gravity thickening is commonly used in mineral processing systems as a low-cost 

method to achieve solid-liquid separation. Every year, the mining industry sees 

the application of large volumes of high molecular weight polymeric flocculants to 

facilitate the dewatering of aqueous particulate slurries. A great deal of research 

therefore goes into developing robust, cheap and easy to dose flocculants that 

work across a wide range of industrial substrates. While the chemistry behind 

different flocculants is the subject of intense research and development - the 

chemical makeup is regarded as intellectual property and often not disclosed.   

This limits the ability to provide quantitative causal links in the relationship 

between flocculant performance and chemistry through study of subtle 

differences in sedimentation and dewaterability.  

Extensive information is available surrounding the relationship between shear 

[200, 245], types and concentration of flocculants [6, 246], and corresponding 

aggregate development [5, 11], but very little quantification of the link between 

aggregate structure and dewatering. Different flocculants will give aggregates of 

different structures due to their conformation and active site distributions. This 

information is critical to the accurate selection of flocculants in gravity thickeners 

(or other dewatering devices such as filters) since aggregate size and settling 

rate are not the only limiting factors to predicting thickener performance – the 

response of aggregates to shear and compression effects are equally significant. 

Dewatering analysis and prediction of industrial processes such as thickening 

requires two fundamental inputs, i.e. the hindered settling behaviour (inversely 

related to suspension permeability) and aggregate suspension compressibility [8, 

173, 247, 248]. These parameters are nonlinear functions of solids 

concentrations and depend on the type of solids, flocculant concentration and 

type, aggregate formation condition and post-formation shear conditions [7, 39]. 

As a consequence of these wide array of variables, it is not a straightforward 
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process to elucidate the relationship between aggregate structure and 

dewaterability.  

Despite the widespread application of thickening in various industries, the design 

and operation of these devices is still largely empirical. The Kynch [187] approach 

or modifications thereof still dominate, in which the flux of solid and liquid 

components are balanced so as to avoid overflow. Unfortunately the usefulness 

of this approach is limited to the prediction of the maximum size, or the minimum 

operation solids flux of a thickener – it does not provide any indication of the 

expected solids concentration and rheology at the underflow of the device [197]. 

Prediction of underflow solids concentration at steady state is usually assumed 

from the rake torque capability and underflow pumps installed and correlations to 

the rheology of the underflow suspension. This relies heavily on the assumption 

that flocculation in the device is such that the rate of water expulsion from the 

solids does not limit the solids concentration achievable. Under these ideal 

conditions, the flocculant dose, bed height and rake torque can be optimised to 

yield a constant solid concentration in the underflow (i.e. the operation is rate not 

compression limited). 

 

In the laboratory, current methods to accurately characterise dewatering 

performance is to mesh two tests: free settling of flocculated material and final 

sediment bed height measurement, along with pressure filtration experiments. In 

addition, rheological characterisation of the settled flocculated material and 

sediment provides flow profiles and yield behaviour for pump sizing and 

underflow transport. These experiments are commonly performed on model 

(bentonite, calcite, kaolinite, etc.) and industrial substrates (iron oxide, nickel 

laterite, haematite, etc.) to provide detailed data on the influence of shear – this 

then allows more predictive modelling of the sedimentation and raking phase of 

thickener operation.  

Unfortunately, industrial practices typically utilise only one of these tests and 

subsequently only provides data for a small range of solids concentrations of 

relevance to dewatering. The role of aggregate structure and strength on 
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dewatering is therefore overlooked and hinders the predictive modelling of 

thickener performance, especially at the lower solids concentrations that gravity 

thickeners typically operate.  

To compound the lack of comprehensive and systematic characterisation 

techniques, anecdotal evidence hints at the settling behaviour of flocculated 

suspensions being dramatically affected in the presence of shear. These 

flocculated aggregates are observed to possess a shear sensitive transition from 

beneficial to detrimental dewatering behaviour dependent on flocculant 

concentration and mode of aggregate formation [39]. The detrimental effects of 

shear, as imparted by rakes or pickets at the conical base of thickeners, are of 

particular interest as it alludes to the concept of a force balance trade-off between 

aggregate densification and break-up. What is needed is a comprehensive suite 

of tests performed on mineral tailings and waste streams to optimise flocculation 

and correctly size pumps, thickeners, and pipelines. Bauxite residue, or ‘red mud’ 

as it is commonly known, is a prime candidate for this application as it has been 

characterised extensively with respect to compressibility, material properties and 

the impact of shear on sedimentation [6, 49, 53].  

 

In this chapter, three different systems are investigated to address different 

knowledge gaps in the mineral processing industry with respect to dewaterability, 

aggregate structure due to flocculation, settling performance, as well as the shear 

and compressive rheology: 

1. Calcite flocculated with AN934SH – an anionic polymer flocculant well 

known in the mineral processing industry – has been characterised 

extensively by different authors [1, 62, 109], but there is a lack of 

information regarding the influence of aggregate breakage, different 

volume fractions as well as syneresis on aggregate densification. A new, 

specially designed couette-sedimentation cell is used to impart controlled 

shear to the flocculated material, and the results compared with the 

standard 4-pronged rake described previously. Results from this portion of 

work will provide information previously missing from findings in literature 
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concerning where in the settling profile shear is most beneficial and most 

effective have promoting aggregate densification. 

2. Calcite flocculated with Rheomax 1050 – a new anionic polymer 

flocculant used on different industrial samples, including clays [249, 250] 

and water treatment sludges [251] – has been shown to give flocculation 

and sedimentation behaviour that imply improved aggregate density; 

relative to many other commonly used flocculants [252]. The aim here is 

to understand if the same performance improvement can be achieved with 

a model calcite suspension and how it compares to AN934SH flocculated 

systems studied previously. Experimental datasets from calcite systems 

flocculated with either Rheomax 1050 or AN934SH will then be analysed 

using the recently developed method by van Deventer et al [10] to extract 

steady-state densification parameters including scaled aggregated 

diameter, Dagg,∞, as well as differences in rheological profiles to provide a 

quantitative method of identifying dewatering improvements. 

3. The rheology of flocculated bauxite residue has been characterised in 

the past [54, 124], however no effort to identify relationships between 

compressive yield stress and vane yield stress. Such a model would go a 

long way towards predicting thickener and pump sizes based on a small 

suite of tests. This work aims to characterise samples of bauxite residue 

from the Worsley Alumina Refinery (operated by BHP Billiton) to develop 

a mathematical model able to predict vane yield stress behaviour of a 

sediment bed at any solids volume fraction, based on known compressive 

yield stress trends. One technique used for bauxite residue storage in 

Australia is ‘dry stacking’, in which the thickened slurry is deposited and 

dried in thin layers to a high density – ultimately making it very stable and 

unlikely to flow in the event of a containment breach [253]. A predictive 

model to determine compressive yield stress from vane yield stress would 

therefore be very useful. In order to provide data across a sufficiently wide 

volume fraction range, and to overcome the torque limitations of traditional 

viscometers, e.g. Haake VT550, vanes with exaggerated dimensions must 

be employed to provide viscosity profiles of suspensions with much lower  
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viscosities, e.g. weakly flocculated systems or process liquors. The use of 

very large vanes builds upon work presented by Kristjansson, M. (2008) 

[20], ensuring torque measurements are always within the usable range of 

the instrument and therefore erroneous data due to scatter is greatly 

reduced. 

 

 

The latter two systems were investigated on site at CSIRO Waterford, Perth using 

a specially constructed Linear Pipe Reactor (LPR) while the former was 

performed in the laboratory at The University of Melbourne. These results will 

enable deeper probing of the mechanisms behind sedimentation and aggregate 

densification and how they can be best exploited in the operation of gravity 

thickeners. 
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6.2 Theory  
To correctly characterise the response of flocculated aggregates to shear, it is 

critical that the shear field experienced by the material is uniform and quantifiable. 

In a non-uniform shear field, the material contained in regions of high shear (such 

as around the pickets of a rake) would exhibit different densification and breakage 

behaviour compared to other regions. The analysis of the controlled shear 

experimental data is based on the theory developed by Usher et al. (2009) [1]; 

the aggregate densification is inferred from the variation in the hindered settling 

function, R(), when the suspension is sheared versus the un-sheared case.  

The compressive yield stress, Py(), and the hindered settling function, R(), of 

an un-sheared particulate system can be determined using the stepped pressure 

filtration procedure presented in Section 4.3. When used in conjunction with 

equilibrium batch settling data, the compressibility and permeability of a sediment 

bed can be determined using the analysis presented in Section 4.3.2. 

 

6.2.1 Analysis of Raked Sedimentation Data 

Raked sedimentation data is analysed using a modified Kynch method, one that 

accounts for aggregate densification through raking. This method, developed by 

van Deventer et al. [10], uses a scaled aggregate diameter, given by: 

 (6.1) 

where dagg is the effective aggregate diameter and dagg,0 is the initial aggregate 

diameter.  

Using this analysis, a final densified aggregate state, Dagg,∞, can be determined 

and a densified gel point g,∞ can be calculated such that: 

 (6.2) 

Dagg 
dagg

dagg,0

g,¥ 
g,0

Dagg,¥( )3
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The rate at which the flocculated aggregate densifies can again be modelled 

using Eq. (6.3). As a starting point, it is assumed that the aggregate densification 

rate parameter, A, is a constant. 

 
 shows each of the different settling zones that occur in batch sedimentation 

under the influence of shear. The four different settling regions can be described 

as: (1) Initial, (2) Fan, (3) Late-fan and (4) Post-fan. 

 

Figure 6-1. Settling regions in a transient batch settling test, including region limits. 

 

The ‘Initial’ zone is at a solids fraction,   = 0. The ‘Fan’ zone is characterised by 

a solids volume fraction ranging from a lower limit, *, up to a fan limit solids 

volume fraction of max. The ‘Late-fan’ region still contains un-networked material, 

with a solids concentration less than the gel point, g. In the ‘Post-fan’ region, a 

networked bed has formed and the solids volume fraction is greater than the gel 

point. 
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The aggregate densification rate parameter, A, is chosen to provide an optimum 

fit to sedimentation data by optimising the fitting error in the ‘Initial’ and ‘Fan’ 

settling regions. The method is predicted to be mathematically valid in these 

regions only, however, observations suggest that data in the ‘Late-fan’ region 

could potentially produce accurate results; this is discussed later. 

 

6.2.2 Investigating the concept of solids concentration 
dependent aggregate densification 

To analyse the sedimentation data extracted from these couette-sedimentation 

experiments, the Kynch method of batch settling [187] was modified to 

incorporate the effects of aggregate densification on settling velocity. 

Initial analysis of sheared batch settling data was described as a first-order linear 

differential equation, whereby the aggregate densification behaviour was 

assumed independent of solids concentration and purely a function of time, as 

shown in Eq. (6.3). 

 (6.3) 

  

This utilises a rate parameter A and the final extent of densification attained, Dagg∞. 

Integration of this equation leads to the constitutive equation: 

¥
- +- ,)1()( agg

At
aggagg DeDtD  (6.4) 

A comparison between the experimental batch settling results and predicted 

batch settling data using this modified densification equation reveals that the 

constitutive equation over-predicts settling velocities at early times, and under-

predicts at longer durations.  

Conclusions by Gladman [197] and Spehar [109] hint at the rate of densification 

also being a function of solids concentration. Solids concentration dependence 

in aggregate densification has the potential to address these analytical 

shortcomings. 

dDagg

dt
 A(Dagg,¥-Dagg )
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One proposed function describing this behaviour is a relationship between the 

rate of densification parameter, A, and the solids volume fraction, .  

 

 

Figure 6-2.  Aggregate densification analysis of sheared batch sedimentation data, showing 
errors associated with using a constant and concentration independent 
aggregate densification rate parameter. Reproduced from van Deventer et al 
(2011) [10]. 

 

The observed increase in aggregate densification rate during the sedimentation 

process can be attributed to the increased number of collisions between 

aggregates as the mineral slurry becomes increasingly concentrated during 

settling. Since aggregate densification is a function of inter-aggregate collision, 

an increase in suspension solids concentration increases the likelihood of 

aggregates meeting and colliding. 

The probability of collision is proportional to the number of aggregates within a 

space in a suspension, which is proportional to the concentration of the solids in 

the suspension. Therefore, we can state that the aggregate densification rate 
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parameter must be proportional to the rate of aggregate collisions per unit volume, 

Jagg. 

 (6.5) 

In order to obtain a collision rate between aggregates, it is possible to rewrite the 

particle collision rate function defined by Gregory (1987) [93] and the 

Smoluchowski expression for orthokinetic collision frequency in terms of 

aggregate and material properties, as: 
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  (6.6) 

where   is the shear rate, dagg,0 is the initial diameter of the aggregates, Dagg is 

the ratio of the current aggregate diameter to the initial diameter, and agg,0 is the 

initial solids concentration within the aggregates. Using the relationship in Eq. 

(6.5), the aggregate densification rate parameter can be expressed as: 

 

23)(  aggDCA   (6.7) 

Where the constants and initial values dagg,0 and agg,0 are absorbed into the fitting 

constant C. 

 

Derivation of this equation was based on experimental data produced in this 

chapter with modelling work presented by van Deventer [254] and is being 

applied to an empirically based functional form for aggregate densification, Eq. 

(6.4). This method forms the preliminary method to analyse densification 

improvements in high concentration systems under shear. 

The raked-batch settling arrangement utilised by Gladman (2006) [197] provides 

well-understood shear regimes and profiles, thanks to extensive computerised 

fluid dynamics (CFD) work [109] and will provide a good starting point upon which 

to investigate this phenomenon further. 

  
  

Aµ Jagg
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6.3 Experimental Materials and Methods 
This section outlines the materials and methods used to carry out the 

characterisation experiments on different flocculated suspensions of calcite, and 

bauxite residue. Details of other techniques for dewaterability characterisation 

such as equilibrium batch setting and pressure filtration to produce curves of Py() 

and R() can be found in Section 4.3, while rheological techniques employed here 

are discussed in Section 4.4. 

 

6.3.1 Calcite flocculated with AN934SH – University of 
Melbourne 

6.3.1.1 Preparation of Calcite Suspensions for Flocculation 

Omyacarb 2 calcium carbonate, or calcite (Omya Australia Pty. Ltd.) was used 

for lab-scale pipe reactor studies. A particle size distribution (Malvern 

Mastersizer) for un-flocculated calcite gave d10, d50 and d90 values of 0.951, 3.24 

and 6.47 m respectively [63]. A particle size distribution (PSD) curve for a 

sample of dispersed (un-flocculated) calcite is shown in Figure 6-4.  

Calcite suspensions were prepared at a solids concentration of 0.03 v/v using 

Melbourne tap water (very low hardness) [11, 245]; mixed at 350 rpm by an 

overhead stirrer 24 hours prior to flocculation. 

6.3.1.2 Flocculation of Calcite Suspensions – Laboratory Pipe Reactor 

The flocculant used in the pipe reactor was a high MW 30% anionic acrylate co-

polymer AN934SH (SNF Australia), prepared according to the method detailed 

in Section 5.3.2 previously.  

Flocculation was achieved continuously in the university lab using in a pipe 

reactor (12.5 mm ID, 7 m length) shown in Figure 6-3; the flocculant flowrate was 

adjusted to give a dosage of 40 g/tonne [255]. The slurry and flocculant pumps 

were turned on in succession and allowed to run to waste for approximately one 
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minute, ensuring equilibrium was attained before the stream was fed to 

measuring cylinders.  

 

 

Figure 6-3. Pipe reactor schematic used in university laboratory to flocculate calcite with 
AN934SH polymer.  

 

Heath et al (2006) [183] have studied aggregation and breakage dynamics for 

calcite flocculation for a variety of shears, dosages, primary particle size and 

solids concentrations – this data has been used to develop a Population Balance 

(PB) model [184] to describe flocculation kinetics. The PB model was used to 

generate a simulated PSD curve for flocs produced in this pipe reactor, shown in 

Figure 6-4. 
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Figure 6-4. Particle size distribution (PSD) of Omyacarb 2 in dispersed form, and when 
flocculated with 40 g/tonne AN934SH (from PB model [184]).  
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6.3.1.3 Shearing of Flocculated Calcite Suspensions 

To simulate quantifiable effects of shearing and breakage, flocculated material 

was agitated at 350 rpm for at least 24 hours using an overhead impeller to break 

up any aggregates into finer particles. Specific volumes of this flocculated-

sheared (FS) material were then introduced into 500 mL measuring cylinders 

before feeding in additional flocculated only (F) material; the settling performance 

was then observed. A particle size distribution curve for samples of flocculated-

sheared (FS) and flocculated (F) calcite is shown in Figure 6-5, confirming that 

the effect of the overhead impeller was successful in destroying the floc structures 

and creating finer particulates. 

 

 

Figure 6-5. Particle size distribution (PSD) of flocculated-sheared (FS) and flocculated (F) 
Omyacarb 2. 
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6.3.1.4 Producing Calcite Suspensions at Higher Solids 

Concentrations,  

Flocculation is commonly performed at low solids concentrations based on 

extensive characterisation experiments to yield uniform polymer coverage and 

efficient fines capture [62, 183, 184]. It is therefore not feasible to flocculate solids 

at higher concentrations in an identical manner to those at low solids 

concentration when attempting to generate a complete concentration spectrum 

to feed into volume fraction dependency studies.  

 

To increase the amount of material available in each raked settling cylinder, larger 

measuring cylinders were employed to perform the initial concentration step – 

represented graphically in Figure 6-6. The step-wise procedure for achieving this 

increased concentration was: 

1. Large measuring cylinders (1-2 L) were filled with flocculated suspension 

until the liquid level very nearly reached the mouth of the cylinder. 

2. The mudline was allowed to fall to the desired height, i.e. ½ of the initial 

height approximately doubles the solids concentration in the bed, while ¼ 

of the initial height yields a concentration in the bed roughly 4 times that 

of the feed. These heights were noted and true values of f were 

determined using Eq. . 

3. The clear liquor above the mudline was removed using a peristaltic pump. 

4. The measuring cylinder was then very gently inverted twice to re-suspend 

the flocculated material. 

5. The contents of these large measuring cylinders were then emptied into 

the desired raking cylinders to undergo the raked-sedimentation 

experiments. 

 

While the inversion and agitation step (point 4 above) prior to pouring into the 

desired raking cylinders will impart some degree of shear, the assumption here 

is that this shear imparted consistently to all the suspensions in the test, i.e. all 

samples are pre-sheared the same way to ensure initial conditions are the same. 
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Figure 6-6. Settling and decanting technique, where  is the volume fraction, and V is the 
volume of settled solids 

 

 

By recording the resulting volume of settled solids after a 24 hour timeframe, it is 

possible to approximate the concentration of the settled suspension, from Eq. 

(4.1), provided the initial volume fraction,   and initial volume, V0 is known. 

0
1


+


n

n
n V

V  (6.8) 

Where n is the number of times the sample has been allowed to settle. 

 

These values can be compared to actual weight loss on drying results (method 

presented in Section 4.2.4) to check for accuracy and correct for any 

experimental error. 
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6.3.2 Calcite flocculated with Rheomax 1050 – CSIRO 
Waterford, Perth 

The two flocculants used in this study are described in Table 6-1. It is known that 

AN934SH (SNF Australia Pty. Ltd.) is an acrylate-acrylamide copolymer, 

however the chemical nature of Rheomax 1050 (BASF GmbH) has not been 

disclosed for commercial reasons, although it is believed to be of a different 

functional chemistry. 

 
Table 6-1. Flocculant properties for both polymers used in this study. 

Flocculant Supplier Charge Charge Density Molecular weight (MW) 

AN934SH SNF Anionic Medium High 

RHEOMAX 1050 BASF Anionic Low-medium* High 

* Exact charge unknown but suspected of being in the low-medium range [249]. 

 

6.3.2.1 Flocculation preparation – Rheomax 1050 

Stock polymer solutions of Rheomax 1050 were prepared on site at a 

concentration of 2 gL-1 by slowly adding flocculant powder to deionised water and 

then stirring the solution overnight with a laboratory overhead impeller stirrer at 

360 rpm to ensure homogeneity.  

Prior to each flocculation run, the stock flocculant was diluted by a factor of 10, 

and agitated with a laboratory overhead impeller stirrer at 180 rpm for 2 hours to 

yield a concentration of 0.2 gL-1. 

6.3.2.2 Flocculation of Calcite Suspensions – Linear Pipe Reactor 
(LPR) 

In this study, continuous mixing of calcite slurry and flocculant occurred within a 

linear pipe reactor (LPR), allowing two or more streams to be pumped 

simultaneously inducing a ‘plug-flow’ type reaction (Figure 6-7). 
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Figure 6-7. Configuration and principle of operation of the linear pipe reactor (LPR). 
Reproduced from Owen et al (2008) [245]. 

 

The LPR provides excellent control of the residence times and shear rates and is 

described in detail by Owen et al. (2008) [245]. However, a scaled down version 

of the LPR consisting of a coiled, stainless steel tube (7.8 mm ID, 6 m length) 

was used for this body of work – flocculation parameters are shown in Table 6-2. 

The size distribution of the particles in the pipe reactor was monitored 

continuously using focused beam reflectance measurement (FBRM) [256], 

ensuring particles and aggregates were homogenously distributed prior to slurry 

testing. 
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Table 6-2. General flocculation parameters of Omyacarb 2 in the linear pipe reactor (LPR). 
Flocculant 2 g/L Rheomax 1050 (or 0.2 wt%) 

Pipe reactor length 6 m 

Pipe ID 7.8 mm 

Slurry flowrate 2.52 L/min (111.2 g/L) 

Diluent flowrate 0.98 L/min 

Flocculant flowrate 70 mL/min (0.02 wt%) 

Total flowrate 3.5 L/min 

Avg. Settling rate 1.93 mm/s 

Flocculant dosage 50 g/tonne 

 

The suspensions were prepared at an initial solids volume fraction, 0, of 

approximately 0.03 v/v, with a solid density of 2700 kg/m3 and flocculated with 

Rheomax 1050 at a dosage of 50 g/tonne. The flocculant flow rate (and 

consequently dosage) was adjusted to best match settling velocities observed in 

the Omyacarb 2-AN934SH system used in the university laboratory.  

 

A summary of material data and flocculation conditions are summarised in Table 

6-3.  

Table 6-3. Summary of material properties and flocculation conditions for calcite. 
 Calcite – Rheomax 1050 Calcite – AN934SH 

Solids density,  (kg/m3) 2700 2700 

Initial solids volume fraction, 0 (v/v) 0.03 0.03 

Operating temperature, T (°C) 25 25 

Flocculant dosage (g/tonne) 50 40 
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6.3.2.3 Raked-sedimentation 

Sheared batch settling tests were performed in a raking rig – consisting of a 

motorised belt-driven array of rakes, where each rake sits in a 500 mL glass 

measuring cylinder, set to rotate at a desired speed. The raking rig used on site 

was marginally different to that described in Section 4.3.4, however, the operation 

principles were identical.  

Each rake was driven by a dedicated electric motor (RW 20-DZM, IKA-WERK 

GmBH), each set to the same rotation speed. The drive shaft was connected to 

the 4-pronged rakes via an adaptor to allow transmission of rotational torque. 

Each rake consists of 4 pickets, 4 mm in diameter and spaced 15 mm apart. Each 

cylinder was then filled with flocculated suspension until the liquid level very 

nearly reached the mouth of the cylinder.  

 

6.3.3 Flocculated Bauxite Residue 

The bauxite residue was flocculated in a pipe reactor at 60°C under conditions 

similar to those used in testing at the refinery; details of which cannot be 

presented here for confidentiality reasons. Sample characterisation included 

pressure filtration and shear rheology using both vane and bob geometries. 

 

6.3.3.1 Material Properties 

The process liquor, concentrated sodium hydroxide in this case, was 

characterised at this temperature to provide representative viscosity and density 

values. These properties were measured using a Cannon-Fenske viscometer to 

extract liquor viscosities, and density bottles to ascertain liquor density. Detailed 

information on the measurement procedure for these properties is presented in 

Section 4.2.2. The liquor was assumed to display Newtonian flow behaviour. 

6.3.3.2 Determination of dissolved solids concentration 

Due to the highly caustic nature of the process liquor, there is a significant 

quantity of dissolved material originating from processing of the bauxite ore. It 
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was therefore important to determine the contribution of these dissolved solids 

on suspension rheology and pressure filtration. The weight loss on drying method 

for a particulate suspension technique was employed and is detailed in Section 

4.2.4. 

6.3.3.3 Flocculation Procedure 

The following section summarises details pertaining to the operation of the pipe 

reactor and flocculation parameters recorded at CSIRO Waterford. Stock red 

mud was provided in drums for testing at a concentration of 160 kg/m3 (specific 

gravity, SG 1.164), and was diluted with process liquor (caustic soda) to give 80 

kg/m3 (SG 1.107) prior to flocculation. 

Flocculated red mud suspensions were prepared using a linear pipe reactor as 

detailed in Table 6-4, and provided at a solids concentration, , of approximately 

0.03 v/v. The particle size distribution (PSD) for the flocculated bauxite residue is 

shown in Figure 6-8. 

 

Table 6-4. Operating parameters for the CSIRO linear pipe reactor. 
Pipe reactor length 8.5 m (equates to a reaction time of 9.5s) 

Pipe ID 7.7 mm 

Slurry flow rate 2.5 L/min 

Slurry flow velocity 0.9 m/s 

Liquor density 1050 kg/m3 

Shear rate in pipe @ 2.5 L min 1279 s-1 

Reynolds number 6909 

Flocculant 0.0075 wt% Alclar 662 

Dry solids density 3624 kg/m3 

Flocculant dosage 35g/tonne based on 100 g/L solids 
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Figure 6-8. Particle size distribution (PSD) of flocculated bauxite residue (courtesy of CSIRO, 
Waterford). 

 

6.3.4 Rheology for Flocculated Particulate Suspensions 

Rheological characterisation methods used in this study include the vane-spindle 

and concentric-cylinder techniques; these procedures have been described 

extensively in literature [21, 78, 124, 147] and in Section 4.3.5. Bob-in-cup 

(narrow gap) shear measurements were not suitable for suspension with 

particulates or aggregates due to the bridging of coarse material between the bob 

and cup [124].  

Instead, bob-in-cup measurements were used for process liquor or suspensions 

with very low solids content. In addition, all rheology measurements were 

conducted in containers that effectively simulated infinite media, i.e. dc/dv > 3.  

Characterisation accuracy and sensitivity over the more diluted range of 

concentrations can be improved through the novel application of larger vanes 

than is traditional. 
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The rheometer used in these tests was the Haake Viscometer (Haake VT550, 

Thermofisher Scientific), in association with different vane/bob geometries 

(shown in Table 6-5) to facilitate the necessary data extraction.  

The shear yield stress and shear stress versus shear rate behaviour of 

flocculated calcite (either with AN934SH or Rheomax 1050) was characterised at 

room temperature, while red mud was characterised at 60°C over a solids 

concentration range of 0.03 <  < 0.50 – corresponding to the washer feed, up to 

a backfill consistency shear yield stress of approximately 250 Pa. These tests 

were aimed at extracting parameters such as yield stress, y, as well as the shear 

stress, , vs. shear rate, , response.  

 

Table 6-5. Sensor (vane or bob) dimensions, constants and torque limits used with the 
Haake VT550. 

Sensor 

Sensor 

ID 

Height,  

hv (m) 

Diameter,  

dv (m) 

Vane/Bob 

Constant, 

A 

(Pa/Nm) 

Aspect 

Ratio 

(hv/dv) 

 

Resolution,  

 (Pa) 

Instrument 

limits  (5-95% 

transducer 

limit)  

min - max (Pa) 

Vane L 1 0.0401 0.0200 33,659 2  0.104 4.10 - 1385 

Vane H 1 0.0500 0.0153 49,464 3.3  0.165 4.94 - 1480 

Vane S 2 0.0500 0.0253 16,983 2  0.057 1.70 – 510.6 

Megavane 3 0.1000 0.0500 2,183 2  0.007 0.218 – 65.5 

Gigavane 4 0.2000 0.1000 273 2  0.001 0.027 – 8.185 

Bob MV2 P 5 0.0600 0.0368 7,835 1.63  0.026 0.783 – 235.0 

 

The use of larger vanes, i.e. Vane 3 and 4, made it possible to measure torque 

values at extremely low solids concentrations, with much improved sensitivity and 

accuracy. Though the method was not specifically validated for such large vanes, 

the general suitability of the vane test has been demonstrated in previous 

publications [20, 139]. 
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It should be noted that while it would be easier to use an air-bearing instrument, 

such as the strain- or stress controlled rheometers used in Chapter 5 to get much 

more accurate rheological data, the Haake VT550 is a simple, easy to use and 

robust viscometer, and is still very common in many mineral processing 

laboratories. It was therefore critical to use viscometers like this in the 

characterisation suite in this chapter to provide comparable data that can also be 

generated on site. 

In performing these tests, a stock suspension of flocculated material obtained 

directly from the pipe reactor was first allowed to settle, the liquor decanted (as 

per method described in Section 6.3.1.4) and then subjected to torque 

measurements. Once gravity settling no longer caused effective separation 

between the liquid and solid phases, centrifugation was employed to increase the 

concentration to an upper limit of approximately 0.50 v/v. Above this 

concentration, vane measurements lost accuracy as the suspension began to 

deform plastically.  

At higher shear rates, the vane induced excessive turbulence, thereby placing an 

upper limit to the measurable torque range of the larger vanes. The delicate 

nature of these aggregates mean they are highly susceptible to shear [39] and 

some degree of irreversible thixotropy was expected. 

 

Shear rheology data for samples above the gel point were fitted using a Herschel-

Bulkley model Eq. (4.19) while samples below the gel point, having no apparent 

yield stress, were fitted using a Power-Law function Eq. (6.10). 

 (6.9) 

 (6.10) 

where () is the shear stress, y() is the shear yield stress,  is the shear rate, 

 is the consistency, and m is the pseudoplastic index of the flocculated 

suspension; the latter two constants are determined experimentally. 

 

 ()   y ()+()  m( )

 () ()  m( )
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6.4 Results and Discussion 

6.4.1 Shear Effects on Sedimentation & Dewatering – Calcite 
flocculated with AN934SH 

6.4.1.1 Influence of shear on aggregate densification – Couette-
Sedimentation Cell 

The rotation rates investigated in this work were 2, 4, 6 and 12 rpm, 

corresponding to an average shear rate, avg, of 0.75, 1.5, 2.25 and 4.5 s-1 

respectively; these were calculated using Eq. (4.19). Tests were left to run for up 

to 24 hours, or until there was no discernible change in final bed height.  

Figure 6-9 and Figure 6-10 show the sedimentation curves for flocculated calcite 

undergoing shear in the couette-sedimentation cell. Sections of the curve 

including the ‘fan’ and ‘fan-limit’ regions have been highlighted for further 

discussion. Table 6-6 summarises the parameters investigated and 

corresponding solids volume fractions in the final bed sediment. 

 

Table 6-6. Results matrix showing effects of shear on a settling flocculated calcite in the 
couette-sedimentation cell. 

Test 

No. 

Rotation 

rate 

RPM 

Average 

shear rate,

avg 

(s-1) 

Initial 

average 

solids 

volume 

fraction, 

0,avg 

(v/v) 

Initial 

suspension 

height, h0 

(m) 

Final 

sediment 

bed height, 

h∞ 

(m) 

Final 

average 

solids 

volume 

fraction, 

∞,avg 

(v/v) 

1.1 2 0.75 0.030 0.269 0.038 0.212 

1.2 4 1.5 0.028 0.271 0.031 0.245 

1.3 6 2.25 0.030 0.265 0.037 0.214 

1.4 12 4.5 0.029 0.253 0.035 0.209 

1.5 0 0 0.028 0.271 0.044 0.172 
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As expected, the settling behaviour of sheared flocculated calcite, at all of the 

rotational rates investigated, demonstrated an improvement over the un-sheared 

(control) scenario. However, when comparing the four rotational rates 

investigated, a marked improvement in final bed height is observed at 4 rpm (

avg = 1.5 s-1). Within the ‘fan’ region of settling however, the application of shear 

appears to have no significant impact on aggregate densification when compared 

to the unsheared control. This observation is unexpected and likely erroneous 

since improvements in settling behaviour have been observed in this region in 

work by Gladman [7]. 

It became clear after further experimentation that the couette-sedimentation cell 

was exhibiting signs of ineffective shear distribution across the annulus. This was 

confirmed using a simple ‘dye-drop’ experiment - a drop of red food dye was 

injected into the fan-region of settling and the dispersal of colour within the 

suspension was monitored. 
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Figure 6-9.  Linear-log (left) and linear-linear (right) normalised sedimentation curves for flocculated calcite (Omyacarb 2 with 40 g/tonne AN934SH, 
0 = 0.03) undergoing different magnitudes of shear (2, 4, 6 and 12 rpm) in the couette-sedimentation cell.  
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Figure 6-10.  Normalised sedimentation curves in the fan region (left) and fan limit region (right) for flocculated calcite (Omyacarb 2 with 40 g/tonne 
AN934SH, 0 = 0.03) under different magnitudes of shear (2, 4, 6 and 12 rpm) in the couette-sedimentation cell.  
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Figure 6-12 shows the time at which the dye was injected (a), the diffusion of the 

pigment into the liquor (b), minimal movement of the dye within the consolidating 

suspension closest (c) and even less movement of the dye at the surface of the 

outer cylinder (d). 

This diminishing shear profile across the gap worsens as the material enters the 

hindered settling/compression zones and the material becomes networked and 

exhibits a yield stress. A corresponding ‘slip’ layer appears to form between the 

rotating inner cylinder and the suspension face closest to the inner cylinder. In 

this scenario, the shear was not propagated to the outer wall of the cylinder. 

To produce a more distributed shear, modifications were proposed to the couette 

design to include two top-mounted vanes to promote recirculation of material 

collecting at the outer wall of the shear cell back toward the rotating inner cylinder 

(Figure 6-11).  

Figure 6-11.  Top-down drawing of the controlled shear batch-settling cylinder, showing 
modification with the inclusion of vanes extending all the way to the base of the 
cylinder. 

 

However, the impact on the shear rates through the addition of the vanes would 

be complex and therefore difficult to calculate across the annulus. As such, use 

of the couette-sedimentation cell ceased until the shear rate could be more 

accurately modelled – the scope of which was outside this thesis.  
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Figure 6-12.  Sequential photos of the couette-sedimentation cell undergoing the ‘dye-drop’ experiment where the distribution of the dye in the hindered 

settling section is clearly inhibited relative to the clear supernatant region. 

(a) (b) 

(c) (d) 
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6.4.1.2 Sedimentation of bi-dispersed suspensions - Effects of 
aggregate breakage 

The quantifiable effects of shear on sedimentation were simulated using the 

methodology as detailed in Section 6.3.1.3 using the raked-sedimentation rig 

(4.3.4) for the systems summarised in Table 6-7. 

Table 6-7. Experimental matrix for aggregate breakage investigation. 

Test No. % flocculated (F) 

[aggregates] 

% flocculated-sheared (FS) 

[eroded fines] 

2.1 100 0 

2.2 98.2 1.8 

2.3 93.4 6.6 

2.4 88.5 21.5 

2.5 64.3 36.7 

2.66 0 100 

 

 

Settling rates for the different concentrations of sheared and un-sheared material 

were combined with pressure filtration data and processed using BSAMS [192, 

198] to produce compressive yield stress, Py(), and hindered settling function, 

R(), curves.  

Figure 6-13 shows the measured gel points of the various mixtures. From this 

figure, the gel point is observed to increase rapidly between the 0 – 6 % FS fines 

content (i.e. proportion of FS or well-sheared material), then gradually increases 

until reaching a final gel point of 0.197 for settling systems of 100% FS fines 

content.  

These gel points can be used in tandem with experimental pressure filtration data 

to provide Py() and R() curves for the different combinations of sheared and 

un-sheared flocculated Omyacarb 2. Validation graphs of t versus V2 results for 

a stepped-pressure Py() and R() test are shown in Appendix 8.6. 
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Figure 6-13. Gel point measurements as a function of fine material (flocculated-sheared) 
added to a flocculated calcite system. 

 

Figure 6-15 shows the Py() and R() curves for the various mixtures, clearly 

demonstrating the added resistance to settling and a reduction in the 

compressive network strength of the sediment bed (at a fixed ) with increasing 

fines concentration; relative to a purely flocculated case (100 % F). The time 

taken to compress a sample with higher proportion of fines (100 % FS) is longer 

than a simple un-sheared case (100 % F) as evident in the t vs V2 curve shown 

in Figure 8-7. This behaviour is in agreement with diminished settling 

performance observed in gravity thickeners where aggregate breakage 

dominates. Conversely, a flocculated mineral system with minimal fines (less 
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breakage effects) will settle quicker (from R() curve) and dewater to produce an 

underflow with higher effective solids concentration (from Py() curve).   

 

 

Figure 6-14. Normalised sedimentation curves for flocculated-sheared (FS) and purely 
flocculated (F) combinations of Omyacarb 2 (Omyacarb 2 with 40 g/tonne 
AN934SH, 0 = 0.03. 
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Figure 6-15.  Compressive yield stress, Py(), and hindered settling function, R(), curves for flocculated-sheared (FS) and purely flocculated (F) 
combinations of Omyacarb 2, with curve fits from B-SAMS analysis to combine filtration data and equilibrium batch settling. 
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Overall, the increase in gel point between unsheared and sheared sedimentation 

data shows no obvious trends that can be attributed to initial volume fractions and 

initial heights of the suspension. There are some instances for which the final 

densified gel points for multiple runs are similar, suggesting that the extent of 

densification may be constant for a given set of tests. There is the possibility, 

however, that inaccuracies in determining the gel point could lead to the 

differences in the final densified value.  

Further work investigating the variation in the final densified gel point for larger 

final bed heights may provide more reproducible results although the data are 

consistent with other work in this area, namely that Dagg,∞ is an insensitive 

parameter to the amount of shear and starting point of the experiment ([109]).  

 

6.4.1.3 The Influence of Suspension Height, h0, on the Rate of 
Aggregate Densification 

The flocculated calcite used in these tests was sheared in the raked-

sedimentation cell at 1.6 rpm, corresponding to an average shear rate, avg of 

0.892 s-1 [109], for a duration of 3 hours. These parameters were based on 

conclusions and recommendations regarding optimum shear regimes from 

previous work [7]. 

A range of initial suspension heights, 16.3 < h0 < 31.6 cm, was investigated and 

the results summarised in Table 6-8, including steady-state densification analysis. 

The difference between the initial gel point, g, and the final densified gel point, 

g,∞, for each test run is shown graphically in Figure 6-17.  
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Table 6-8. Bed height, h, gel point, g, and steady-state aggregate diameter, Dagg,∞, for a 
fixed rake rotation of 1.6 rpm and different initial sediment heights, h0, of 
flocculated calcite (40 g/tonne AN934SH). 

Test 

No. 

Shearing Speed  Bed Height 
Average solids 

volume fraction 
Gel point 

Steady-

state 

scaled 

aggregate 

diameter 

Dagg,∞ 

Rotation 

rate 

RPM 

Average 

shear 

rate, 

avg 

(s-1) 

 

Initial 

h0 

(m) 

Final 

h∞ 

(m) 

Initial 

0,avg 

(v/v) 

Final 

∞,avg 

(v/v) 

Initial 

g 

(v/v) 

Final 

g,∞ 

(v/v) 

6.1 0 0  0.291 0.050 0.030 0.176 0.163 - 0.973 

6.2 1.6 0.892  0.163 0.017 0.030 0.288 0.163 0.244 0.851 

6.3 1.6 0.892  0.213 0.024 0.030 0.266 0.163 0.259 0.834 

6.4 1.6 0.892  0.286 0.034 0.030 0.252 0.163 0.282 0.811 

7.1 0 0  0.320 0.047 0.028 0.193 0.181 - 0.940 

7.2 1.6 0.892  0.173 0.021 0.028 0.225 0.181 0.218 0.884 

7.3 1.6 0.892  0.264 0.032 0.028 0.235 0.181 0.226 0.873 

7.4 1.6 0.892  0.316 0.034 0.028 0.260 0.181 0.252 0.842 

 

The settling results shown in Figure 6-16 allows for a visual comparison of settling 

performance between flocculated suspensions with different initial heights. 

Samples with higher initial heights, h0, therefore have higher solids content (albeit 

at the same solids concentration) to produce larger sediment beds. 
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Figure 6-16. Normalised sedimentation curves for flocculated calcite (Omyacarb 2 with 40 
g/tonne AN934SH, 0 = 0.03, avg of 0.892 s-1 for 3 hours) with different initial 
heights, 16.3 < h0 < 31.6 cm. 

 

As expected, the effect of shear is seen to promote aggregate densification and 

subsequently consolidate the sediment bed to reach a higher final average solids 

concentrations (∞,avg). However, suspensions with higher h0 are observed to 

settle and dewater much quicker (as evident from the steeper settling gradient) 

than systems with lower initial heights. This can be attributed to the influence of 

the rakes on the system, i.e. the increased volume of suspension in the settling 

cylinder increases the amount of material in contact with the rake prongs and 

therefore experiences more shear during its settling.  
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Figure 6-17. Gel point, g, and final densified gel point, g,∞, of each experimental run for 
different initial solids heights, h0 for Omyacarb 2 flocculated with AN934SH (40 
g/tonne, 0 = 0.03). 

 

 

From  Figure 6-18, the compressive network strength of the raked sediment bed 

is observed to decrease, for a fixed value of . Similarly, a reduction in 

permeability is observed in the raked sediment bed, shown by the reduced 

hindered settling function, R(). The curves for raked (sheared) and unraked 

(control) samples are expected to be different, since the application of shear will 

cause the sediment to densify, giving higher final gel points. This behaviour is 

well understood from previous studies [39, 197, 198] but serves to provide the 

reader with a complete picture of the settling, dewatering and consolidation 

performance of the flocculated calcite system under investigation. Furthermore, 

this information will be critical when comparing the Calcite-Rheomax 1050 

system in Section 6.4.2 later.   
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 Figure 6-18.  Compressive yield stress, Py(), and hindered settling function, R(), curve fits from pressure filtration and settling tests on flocculated 
calcite sediments (Omyacarb 2 with 40 g/tonne AN934SH) at 0 = 0.03 under 1.6 rpm of shear in the raked-sedimentation rig. 
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For densification analysis, a value for Dagg,∞  representative of the material is 

required. Therefore, an average is taken from the various initial heights, i.e. 0.849, 

to be used in determining the densification rate parameter. This was calculated 

using Eq. . The mean proportional error, E, is used to determine the suitability of 

the chosen densification rate parameter, A = 0.0046 s-1 (Figure 6-19). 

 

 

Figure 6-19. Mean Proportional Error, E, versus densification rate parameter, A, for Omyacarb 
2 flocculated with AN934SH (40 g/tonne, 0 = 0.03) to a final densification state 
of 0.849. 

 

Figure 6-20 shows a settling prediction using the optimised densification rate 

parameter. Once again for this calculated value of A, the settling behaviour is a 

good fit in the ‘initial’, ‘fan’ and ‘late fan’ regions. The trend in Dagg,∞  shows that 

aggregates densify to produce more compact structures when the initial 

suspension height is higher. This is in agreement with observations in Chapter 6 
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whereby a suspension that is in more contact with the prongs of the rake will 

experience more shear, and therefore dewater more. 

 

Figure 6-20. Fitted height, h, versus time, t, for Omyacarb 2 flocculated with AN934SH (40 
g/tonne, 0 = 0.03) using modified Kynch method for averaged sheared 
sedimentation data for different h0 values. Experimental data shown for Run 7.2. 
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6.4.1.4 Effect of initial solids concentrations, 0 

High-concentration flocculated calcite suspensions, 0.05 < 0 < 0.07, were 

prepared as per the methodology detailed in Section 6.3.1.4 and sheared at 1.6 

rpm. Settling curves for each set, i.e. at 0 = 0.05 and 0.07 are shown in Figure 

6-21. 

The steady-state densification analysis, final gel points, and final heights are 

summarised in Table 6-9. Note that due to the higher concentration of material in 

these settling cylinders, the sediment was left to settle for 48 -72 hours before a 

stable final height was attained. 

 

Table 6-9. Bed height, h, gel point, g, and steady-state aggregate diameter, Dagg,∞, for a 
fixed rake rotation of 1.6 rpm and higher initial solids concentrations,0, of 
flocculated calcite (40 g/tonne AN934SH). 

Run 

Shearing speed 
Bed height 

Solids volume 

fraction 
Gel point 

Steady-state 

scaled 

aggregate 

diameter 

Dagg,∞ 

 

Rotation 

rate 

(rpm) 

Average 

shear 

rate, 

avg 

(s-1) 

Initial 

h0 

(m) 

Final 

h∞ 

(m) 

Initial 

0 

(v/v) 

Final 

ave 

(v/v) 

Initial 

g 

(v/v) 

Final 

g,∞ 

(v/v) 

4.1 0.000 0.0 0.290 0.085 0.072 0.246 0.233 - 0.864 

4.2 1.600 0.892 0.304 0.070 0.068 0.295 0.233 0.286 0.808 

4.3 1.600 0.892 0.287 0.069 0.070 0.291 0.233 0.282 0.812 

4.4 1.600 0.892 0.240 0.063 0.072 0.276 0.233 0.267 0.826 

5.1 0.000 0.0 0.321 0.084 0.056 0.215 0.201 - 0.908 

5.2 1.600 0.892 0.279 0.060 0.049 0.228 0.201 0.217 0.886 

5.3 1.600 0.892 0.271 0.057 0.051 0.242 0.201 0.232 0.866 

5.4 1.600 0.892 0.269 0.059 0.053 0.242 0.201 0.231 0.867 
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Figure 6-21.  Normalised sedimentation curves for thickened flocculated calcite (Omyacarb 2 with 40 g/tonne AN934SH) at 0 = 0.05 (left) and 0= 0.07 
(right) under 1.6 rpm of shear in the raked-sedimentation rig. 
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At higher values of 0, (Figure 6-21) the sediment bed deforms plastically and 

wall effects become more prominent. In these cases, the rake is observed to 

create tracks in the sediment bed, i.e. deep troughs were dug into the sediment 

bed with noticeable stagnation of sediment at the outer walls. As a consequence, 

the bulk of the flocculated sediment in the bed did not appear to experience shear 

imparted by the rake, and worse still is over-shear experienced by the sediment 

in direct vicinity of the rake prongs. The settling data supports this observation, 

where the settling velocity (gradient of h vs. t curve) tapers off significantly once 

a sediment bed is formed due to the lack of further densification or consolidation. 

This less than ideal raking performance is commonly observed in large scale 

thickeners and results in ‘rat-holing’ or short-circuiting in the sediment bed 

causing the underflow stream to have varying solids concentrations. 

 

The difference between the gel point, g, and the final densified gel point, g,∞, for 

calcite suspensions at high initial solids concentrations, 0, are shown in Figure 

6-22. As was done for the different initial height case, to provide a Dagg,∞ 

representative of the material, an average is taken and hence the Dagg,∞ value to 

be used in determining the rate of densification was 0.844 (shown in Figure 6-23). 
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Figure 6-22. Gel point, g, and final densified gel point, g,∞, of each experimental run and test 
at higher initial solids concentrations, 0, for Omyacarb 2 flocculated with 40 
g/tonne AN934SH. 
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Figure 6-23. Mean Proportional Error, E, versus densification rate parameter, A, for Omyacarb 
2 flocculated with AN934SH (40 g/tonne, 0 = 0.05) to a final densification state 
of 0.844. 

 

A typical example is shown in Figure 6-23, whereby the mean proportional error, 

E, is optimised for A = 0.0038 s-1. It can be seen in Figure 6-24 that for this 

calculated value of A, the settling behaviour is a good fit in the ‘initial’, ‘fan’ and 

‘late fan’ regions.  
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Figure 6-24. Sediment height, h, vs. time, t, for Omyacarb 2 flocculated with AN934SH (40 
g/tonne) curve fit using modified Kynch method for averaged sheared 
sedimentation tests at higher 0 values (Dagg,∞ = 0.844, A = 0.0038 s-1). 
Experimental data shown for Run 4.4. 

 

When comparing settling results between 0 = 0.05 and 0 = 0.07, the values of 

Dagg,∞ and g show minimal improvements in dewatering, i.e. reduced 

densification with increasing initial solids fractions, 0. This is to be expected and 

in agreement with previous observations that show poorer transmission of shear 

within the sediment bed. More importantly, it appears that there is no added 

benefit of operating settling processes at increased solids fractions as the 

calculated Dagg,∞ values for 0 = 0.05 are higher than for 0 = 0.07. 
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6.4.1.5 Influence of Shear in Compression on Aggregate Densification 

This body of work aimed to investigate the effects of shear in compression on the 

densification of a sediment bed. It also serves to answer question: 

“At what point in the course of sedimentation are the effects of applied shear most 

beneficial, i.e. during free settling or within the sediment bed, post- free settling?” 

To do this, two concentrated flocculated calcite suspensions (0 = 0.07) were 

loaded into the raked-sedimentation rig, wherein one sample was allowed to 

settle un-raked (control), and the second sample was raked at 1.6 rpm for 3 hours. 

The sediment interfaces were recorded as a function of time and allowed to settle 

for up to 72 - 96 hours, or until no discernible change in sediment bed height was 

recorded. Then, the rakes were turned on in the control cylinder, thereby 

subjecting the settled sediment bed to 1.6 rpm of shear for 3 hours. The final bed 

height was again monitored and recorded for up to 24 hours. 

Figure 6-25 shows that the final bed heights for a sample sheared during free 

settling, versus one sheared in the consolidated, networked bed, are nearly 

identical. These results suggest that enhanced dewatering is achievable as long 

as shear is applied during the sedimentation process - the question of ‘when’ is 

irrelevant.  

From an energy requirement point of view however, it may be beneficial to apply 

shear in the hindered zone so as to minimise energy use, since the highest 

rheology (yield stresses) and rake torques will be in the sediment bed. 

Furthermore, as shown previously in Section 6.4.1.4, raking in the sediment bed 

solely introduces a number of issues such as plastic deformation, poor 

transmission of shear within the bed, stagnation at the wall, etc. 
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Figure 6-25. Normalised sedimentation curves for thickened flocculated calcite (Omyacarb 2 
with 40 g/tonne AN934SH) at 0= 0.07 showing the effects of shear on 
compression in the raked-sedimentation rig. 

 

6.4.1.6 Bed consolidation due to Syneresis 

Syneresis is observed when liquid is squeezed out of interstitial space in a gelled 

or networked particulate suspension. This component of work is aimed at 

isolating and quantifying the effects of syneresis, brought about by shear on bed 

consolidation. This is a distinctly different mechanism to that of aggregate 

densification of polymer-flocculated suspensions where the fractal nature of an 

aggregate is degraded through force.  Therefore, for these syneresis experiments, 

the familiar alumina system (AKP-30 coagulated at its IEP as detailed Section 

5.3.1) was used as the test substrate. Sedimentation curves for one coagulated 

sample under 1.6 rpm of shear, compared to an unraked control sample, are 
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shown in  Figure 6-26 (a). Throughout the 3 hour raking duration, the coagulated 

alumina system shows an increased rate of consolidation (compared to the 

unraked case) followed by a hindered settling region 300 < t < 10,000 s. At this 

time, the rakes are turned off and the sediment bed height is observed to plateau, 

and no further consolidation is observed. The control case eventually 

consolidates to approximately the same sediment bed height as the raked case, 

showing shear effects quickens the rate of settling. 

 

For completeness, the effects of solids volume fraction need to be taken into 

account when attempting to isolate the effects of bed densification under 

compression. Therefore, coagulated alumina suspensions were prepared at an 

initial solids volume fraction, 0 = 0.10 and poured into the raked-sedimentation 

cylinders to different initial heights, 14.5 < h0 < 33.5 cm. The coagulated 

suspensions were then allowed to settle for up to 3 weeks, due to the slow-settling 

nature of coagulated systems. The samples were subsequently sheared at 1.6 

rpm for 3 hours, and then the sediment interface was recorded for as long as 48 

hours – the results are shown in  Figure 6-26 (b). 

Table 6-10 summarises the change in bed heights after shearing. It is clear that 

the coagulated sediment beds consolidate by equal amounts, i.e. approx. 13.2% 

– a different observation than that seen in Table 6-8 and Table 6-9, in which 

values of Dagg,∞ are dependent on duration and effective exposure to shear. The 

consolidation of the weakly coagulated alumina sediment bed under shear hints 

at the rearrangement of the coagulated aggregates to a lower, more stable 

energy state. Shear also increases the rate of consolidation and reduces the 

timescales required to reach a target sediment height. This can be attributed to 

syneresis, or the expulsion of interstitial fluid in the system. 

As noted, syneresis should not be confused for aggregate densification as seen 

in the dewatering of polymer-flocculated suspensions. This occurs when local 

pressure gradients forces water from the fractal aggregates and a subsequent 

decrease in nominal aggregate diameter and the aggregates lose some of their 

fractal character.  
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Table 6-10. Decrease in sediment bed height for coagulated alumina systems (Al2O3 at pH 
9.2,   = 0.10) at 14.5 < h0 < 33.5 cm, sheared at 1.6 rpm (avg = 0.892 s-1) after 
free settling has completed.  

Test 

No. 

Initial 

suspension 

height, h0 

(m) 

Sediment bed 

height prior to 

shearing, hint 

(m) 

Final sediment 

bed height, h∞ 

(m) 

Percentage change in 

final bed height, (hint -

h∞)/hint 

(-) 

 

1 0.335 0.152 0.150 13.20  

2 0.233 0.113 0.112 13.20  

3 0.171 0.068 0.067 13.21  

4 0.145 0.022 0.021 13.19  
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 Figure 6-26.  (a) Sedimentation curves for coagulated alumina at its IEP (AKP-30 at pH 9.2, 0 = 0.03) under 1.6 rpm of shear in the raked- 
 sedimentation rig.  

(b) Sedimentation curves for coagulated alumina at its IEP (AKP-30 at pH 9.2, 0 = 0.10) at different initial heights, 14.5 < h0 < 33.5 
cm, allowed to first settle, then sheared under 1.6 rpm of shear in the raked-sedimentation rig. 

(a) (b) 
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6.4.2 Dewatering and Densification Improvement with Rheomax 
1050 

6.4.2.1 Dewatering and Densification Analysis 

The results of sheared and un-sheared sedimentation experiments on Omyacarb 

2 flocculated with Rheomax 1050 (50 g/tonne, 0 = 0.03) are summarised in Table 

6-11. 

 

Table 6-11. Bed height, h, gel point, g, and steady-state aggregate diameter, Dagg,∞ for a 
fixed rake rotation of 1.6 rpm and fixed initial solids concentration for flocculated 
calcite (50 g/tonne Rheomax 1050, 0 = 0.03). 

Run 

Shearing speed Bed height 
Solids volume 

fraction 
Gel point 

Steady-state 

scaled 

aggregate 

diameter 

Dagg,∞ 

 

Rotation 

rate 

RPM 

Average 

shear 

rate, 

avg 

(s-1) 

Initial 

h0 

(m) 

Final 

h∞ 

(m) 

Initial 

0 

(v/v) 

Final 

ave 

(v/v) 

Initial 

g 

(v/v) 

Final 

g,∞ 

(v/v) 

1.1 0.000 0.0 0.276 0.051 0.029 0.157 0.151 - 1.000 

1.2 1.600 0.892 0.198 0.020 0.029 0.287 0.151 0.281 0.812 

1.3 1.600 0.892 0.283 0.033 0.029 0.249 0.151 0.241 0.855 

2.1 0.000 0.0 0.279 0.049 0.029 0.165 0.151 - 1.000 

2.2 1.600 0.892 0.235 0.028 0.029 0.243 0.151 0.236 0.861 

2.3 1.600 0.892 0.283 0.031 0.029 0.265 0.151 0.257 0.837 

3.1 0.000 0.0 0.214 0.037 0.029 0.168 0.156 - 1.000 

3.2 1.600 0.892 0.169 0.021 0.029 0.233 0.156 0.226 0.837 

3.3 1.600 0.892 0.230 0.034 0.029 0.196 0.156 0.186 0.931 

 

Settling curves for the flocculated calcite suspensions are presented in Figure 

6-27. This data was processed using P527 B-SAMS to generate the 

corresponding Py() and R( ) curve fits in Figure 6-28. Graphs of stable time, t, 
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versus the square of specific filtrate volume, V2, for both compressibility and 

permeability tests are shown in Appendix 8.7. This data shows that the pressure 

filtration data was stable at each set pressure step before jumping to the next 

pressure in series, once a user defined linearity tolerance for dt/dV2 vs time, t. 

 

Figure 6-27. Sedimentation curves for flocculated Omyacarb 2 with Rheomax 1050 (50 
g/tonne, 0= 0.03) with different initial heights, 21.4 < h0 < 27.8 cm. 

 

When comparing the Calcite-Rheomax 1050 system in Figure 6-28 against the 

Calcite-AN934SH system in Figure 6-18, negligible improvements in filtration 

performance are observed.  This suggests that the structure of the flocs produced 

by Rheomax 1050 are very similar to AN934SH, which is expected since both 

polymer flocculants have similar anionic flocculation chemistry.
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Figure 6-28. Compressive yield stress, Py(), and hindered settling function, R(), curves from post-settled Omyacarb 2 flocculated with 50 g/tonne 
Rheomax 1050. 
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The steady-state densification analysis results show that Dagg,∞ ranges from 0.812 

to 0.931 for raked suspensions at various initial heights, starting at 0 =  0.029 

v/v. An average value of Dagg,∞ representative of the material, i.e. 0.862, was used 

in determining the densification rate parameter. 

The difference between the gel point, g, of an un-raked suspension and the 

densified gel point, g,∞, post-shear, is illustrated in Figure 6-29.  

 

Figure 6-29. Gel points, g, for sheared and un-sheared settling tests on Omyacarb 2 
flocculated with 50 g/tonne Rheomax 1050. 

 

The mean proportional error, E, is used to determine the suitability of the chosen 

value of Dagg,∞, calculated using. Figure 6-30 shows the optimum value of A for 

Dagg,∞ = 0.862. 
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Figure 6-30.  Mean Proportional Error, E, versus densification rate parameter, A, for Omyacarb 
2 flocculated with Rheomax 1050 (50 g/tonne, 0 = 0.03) to a final densification 
state of 0.862. 

 

The optimum densification rate parameter corresponding to Dagg,∞ = 0.862, is 

0.0052 s-1. Using this calculated value of A, the predicted settling behaviour from 

the modified Kynch method for sheared sedimentation is shown in Figure 6-31. It 

can be seen that the settling behaviour is a good fit, particularly for the ‘initial’ and 

‘fan’ regions.  

The optimum densification rate parameter values, A, were calculated for all 

settling tests and are summarised in Table 6-12. Unfortunately no clear trends 

can be elucidated from these results, and may be due to the fact that Dagg,∞ is 

insensitive to shear and initial conditions of the test. 
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Figure 6-31. Sediment height, h, vs. time, t, for Omyacarb 2 flocculated with Rheomax 1050 
(50 g/tonne, 0 = 0.03) curve fit using modified Kynch method (Dagg,∞ = 0.862, A 
= 0.0052 s-1) 

 

Table 6-12. Initial gel point, g,0, steady-state scaled aggregate diameter, Dagg,∞, and the 
densification rate parameter, A, for Omyacarb 2 flocculated with Rheomax 1050 
(50 g/tonne, 0 = 0.03). 

Run# 

g,0 

(v/v) 

Dagg,∞ 

(-) 

A 

(s-1) 

1.2 0.151 0.812 0.0033 

1.3 0.151 0.855 0.0048 

2.2 0.151 0.861 0.0051 

2.3 0.151 0.837 0.0041 

3.2 0.156 0.931 0.0050 

3.3 0.156 0.873 0.0058 
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6.4.2.2 Rheological Profiles for Calcite flocculated with Rheomax 1050 
versus AN934SH 

Figure 6-32 shows the experimental vane yield stress, i.e. the maximum stress 

measured at a fixed rotation rate of 0.2 rpm, as a function of solids volume fraction, 

y vs. , for calcite suspensions flocculated with 40 g/tonne AN934SH versus 50 

g/tonne Rheomax 1050. The settled sediment bed with the Rheomax 1050 is 

stronger, since the measured yield stress is consistently higher at each solids 

concentration.  

 

Figure 6-32. Vane yield stress, y(), comparison for an Omyacarb 2 suspension flocculated 
with 40 g/tonne AN934SH versus 50g/tonne Rheomax 1050. 
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Eq. (3.31) was used to estimate yield stress, y,est, as a function of solids fraction, 

which is also shown on Figure 6-32 and indicates good correlation between 

measured and predicted values of vane yield stress.  

Herschel-Bulkley parameters and m were then solved for the different volume 

fractions, and are tabulated in Table 6-13 for both Rheomax 1050 and AN934SH 

flocculated calcite systems. 

 

Table 6-13. Herschel-Bulkley curve fitting parameters, κ and m, for different solids 
concentrations of flocculated calcite (Rheomax 1050 versus AN934SH), 
including experimental, y,exp, and estimated, y,est yield stress values. 

Calcite - Rheomax 1050 

 y,exp y,est () m()  y,exp y,est () m() 

0.028 0.27 0.294 0.150 0.200 0.383 59.12 65.54 6.00 0.500 

0.041 0.32 0.438 0.488 0.200 0.406 110.10 119.8 11.21 0.500 

0.160 1.35 1.772 0.250 0.500 0.413 185.98 195.7 16.00 0.500 

0.237 4.46 4.936 0.970 0.500 0.494 325.5 357.7 40.00 0.500 

 

Calcite – AN934SH 

 y,exp y,est () m()  y,exp y,est () m() 

0.030 0.00 0.053 0.07 0.260 0.201 1.35 1.413 0.15 0.520 

0.100 0.202 0.264 0.300 0.200 0.253 4.38 4.553 0.40 0.520 

0.149 0.365 0.396 0.550 0.200 0.355 13.69 14.652 2.20 0.520 

 

 

Figure 6-33 shows shear rheology of calcite flocculated with Rheomax 1050 

versus AN934SH, over a range of solids concentrations. Overlaid on these 

figures are Herschel-Bulkley curve fits as a function of solids concentration, 

generated using the calculated values for y, and m. 
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From Table 6-13, negligible variation in the values of the pseudoplastic index, m, 

was observed above the gel point, i.e. g > 0.151 for calcite-Rheomax 1050 and 

g > 0.163 for calcite-AN934SH, such that it can be held constant at 0.500 for 

Rheomax and 0.52 for AN934SH. The consistency index  provides an indication 

of the viscosity of the suspension, while a pseudoplastic index, m < 1 means the 

suspension is shear thinning.  

 

While both Rheomax 1050 and AN934SH both produce flocculated suspensions 

with very similar shear-thinning behaviour, Rheomax 1050 shows much higher 

viscosity – visible from the flow curves, and also the value of () being an order 

magnitude higher than AN934SH above the gel point. 
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Figure 6-33. Shear stress as a function of shear rate for Omyacarb 2 flocculated with 50 g/tonne Rheomax 1050 (left) and 40 g/tonne AN934SH (right) 
for different values of solids volume fraction, , fitted to a Herschel-Bulkley model.
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6.4.3 Industrial Case Study: Dewaterability and Rheology of 
Flocculated Bauxite Residue 

6.4.3.1 Dewaterability 

The pressure filtration equipment used in this study has been validated in early 

publications [77, 192, 195]. The batch settling behaviour of flocculated bauxite 

residue is shown in Figure 6-34, used alongside pressure filtration data to 

generate the compressive yield stress, Py(), and hindered settling function, R(), 

curves shown in Figure 6-35. Graphs of stable time, t, versus the square of 

specific filtrate volume, V2, for both compressibility and permeability tests are 

shown in Appendix 8.8.  

 

Figure 6-34. Transient batch settling experimental data and curve fit from B-SAMS analysis 
for flocculated bauxite residue, used in calculating the hindered settling function, 
R().  
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Figure 6-35. Compressive yield stress, Py(), and hindered settling function, R(), curves from post-settled flocculated bauxite residue samples, 
characterised at 60°C.
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As expected, the compressive yield stress, or network strength, of the flocculated 

bauxite residue is observed to increase with increasing solids volume fraction. 

Similarly, the hindered settling function also increases with increasing solids 

volume fraction, demonstrating that the resistance of fluid flow through the 

network structure is escalating. These results were subsequently analysed to 

identify trends and develop a mathematical model to relate vane yield stress, y(), 

values based on Py() behaviour. 

6.4.3.2 Rheological Profiles of Flocculated Bauxite Residue 

Vanes 1-4 were utilised to extract yield stress values for these suspensions at 

different volume fractions. All vane yield stress experiments were conducted at a 

rotation rate of 0.2 rpm - lower rotation rates were not explored due to time 

constraints and the rapid settling nature of the dilute flocculated suspension. 

To accurately measure the yield stress of weakly networked suspensions, e.g. 

suspensions in the vicinity of the gel point, more attention to the detailed 

operation of the rheometer was required. The Haake VT550 is a rate-controlled 

rheometer consisting of a control unit and a motor attached to a torsion head, the 

latter essentially being a spring. The torque range for this device is between 100-

30,000 Nm [228]; a value dictated by the extensional limits of this 

aforementioned spring. For the purposes of this research, a measured torque 

value falling between 5-95% of the torque range of the device is deemed 

acceptable for further analysis. These extensional limits are shown in Table 6-5, 

and explained further in Appendix 8.3. 

A plot of the measured vane yield stress values is shown in Figure 6-36, 

expressed as a percentage of instrument spring extension. These torque ranges 

facilitate the elimination of experimental values that fall outside the valid spring 

extension range. The Megavane allowed for very low yield stress values to be 

detected, and followed the same exponential increase with increasing values of 

. The only exception here is the Gigavane value, which is an outlier in this case 

despite the instrument torque still being within an acceptable range. This is likely 

due to the exaggerated proportions of the Gigavane causing secondary eddies 

and flow irregularities as it rotates at 0.2 rpm.  As such, the yield stress values for 
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dilute samples, i.e.  < 0.162, was found to be negligibly small and therefore 

assumed to be zero; a reasonable assumption given the absence of a networked 

structure and corresponding network strength for suspensions below the gel point.  

Yield stress values estimated from Herschel-Bulkley models are also shown on 

this figure for solids concentrations above the gel point, and shows good 

correlation with the measured vane yield stress values. At the higher values of 

solids concentration, , the sample begins to deform plastically reproducibility 

begins to deteriorate - therefore the final value for yield stress characterisation is 

at  = 0.376. This dataset is sufficient for further use in developing a model to 

relate compressive yield stress, Py(), and shear yield stress, y(), in Section 0. 

 

 

Figure 6-36. Plot of measured vane yield stress values, y,exp, expressed as a percentage of 
the stress limits for each vane, and predicted yield stress, y,est from Herschel-
Bulkley models. 
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Figure 6-37 shows shear rheology, or viscosity profiles, for the more dilute 

concentration ranges ( < 0.143) of flocculated red mud, while Figure 6-38 display 

data at higher solids volume fractions (0.105 <  < 0.376).  

Eq. (3.31) is used to estimate yield stress as a function of solids fraction. 

Herschel-Bulkley parameters  and m were then solved for the different volume 

fractions, and are tabulated in Table 6-14. 

 

 

Figure 6-37. Shear stress as a function of shear rate for flocculated red mud suspensions for 
lower  values, with lines of best fit shown. T = 60 °C.  

 

By comparing the plotted data and curve fits in Figure 6-37 above, the larger 

vanes were capable of accurately detecting much lower shear stresses for more 

dilute suspension concentrations, with greater sensitivity. This is evident from the 

very low shear rate data for process liquor and the  = 0.143 measured using the 



329 

 

Gigavane and Megavane respectively. However, this data was highly susceptible 

to turbulence at around 15 - 20 s-1 and the instrument would reach it torque limits 

very quickly.  As such, use of the larger vanes were restricted to yield stress and 

low rate rotational measurements only. 

 

Figure 6-38. Shear stress as a function of shear rate for flocculated red mud suspensions 
0.105 <  < 0.376, fitted to a Herschel-Bulkley model, T = 60 °C. 

  

Table 6-14. Herschel-Bulkley curve fitting parameters κ and m for different solids 
concentrations of flocculated bauxite residue, including experimental, y,exp, and 
predicted, y,est yield stress values. 

 y,exp y,est () m()  y,exp y,est () m() 

0.105 1.553 1.559 1.000 0.300 0.282 116.8 119.1 2.420 0.350 

0.124 5.230 2.231 3.000 0.200 0.315 18.50 19.92 15.20 0.350 

0.248 42.19 43.52 1.520 0.350 0.376 33.10 26.980 20.10 0.350 

0.259 60.47 65.51 2.100 0.350      
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From Table 6-14 negligible variation in the values of the pseudoplastic index, m, 

was observed above the gel point, g > 0.162, such that it can be held constant 

at 0.350. As discussed previously, the values for () and m() allow for the 

suspension rheology to be further analysed – in this case the flocculated red mud 

sample is highly shear thinning, since m < 1, and the consistency index 

parameters,  increases with solids concentrations indicating an increase in 

sediment viscosity, which is expected. 

It was possible to fit Herschel-Bulkley models to the very low concentration 

suspensions, i.e.  = 0.105 and 0.124, since a yield stress was successfully 

measured using the larger Vane 3, with very values of . At suspension volume 

fractions above the gel point, g > 0.162, the experimental shear stress data lined 

up closely with the Herschel-Bulkley models, with the exception of the upward 

inflections seen in the last few experimental data points. This is likely due to the 

Haake VT550 reaching its upper limits of torque, which reduces the accuracy of 

the measured values as shown in Figure 6-36. Furthermore, the sample highly 

compacted and very dense, making mixing very difficult and vane measurements 

therefore would dig a hole in the sample as it rotates. Repeated tapping of the 

sample container on the bench did not remove sufficient entrained air bubbles 

which lead to greater reproducibility errors at higher solids concentrations.  
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6.4.4 Shear yield stress vs. compressive yield stress 

The functional form used to predict Py() for solids concentrations above the gel 

point, g, up to the close packing solids volume fraction, cp, is shown in Eq. (6.11) 

[40, 192]; 

Py,0 () 
ap(cp -)(b+ -g )

( -g )











-kp

:g    cp

 
(6.11) 

Similarly, the previously measured vane yield stress response, y(), of Calcite-

AN934SH, Calcite-Rheomax 1050, and flocculated bauxite residue were then 

fitted using Eq. (6.12), a functional model of identical form to Eq. (6.11). 

 y,0 () 
a (cp -)(b+ -g )

( -g )











-k

:g   cp

 
(6.12) 

 

Where g is the gel point for each system, and cp is the maximum solids fraction 

for close packing. The values selected for each flocculated suspension 

investigated is tabulated in Table 6-15.  

 

Table 6-15. Function parameters for Equations (6.11) and (6.12). 

 
Calcite-

AN934SH 
Calcite-Rheomax 

1050 
Flocculated bauxite 

residue 

Gel point, g 0.163 0.151 0.162 

Max. solids fraction, 

cp 
0.63 0.63 0.80 

ap 2.95 2.51 1.77 

a 2.15 1.93 1.38 

kp 5.88 5.88 18.18 

k 5.60 5.60 15.12 

 

Note that cp was assigned a value of 0.63 for monodisperse calcite systems, and 

0.80 for the flocculated bauxite residue, which is nominally representative of a 
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poly-disperse system [10, 39]. Similarly, the value of the fitting parameter b was 

maintained at 0.002 for both functional forms, to represent a flocculated mineral 

slurry [1]. This would serve to accurately relate the two equations, based on the 

function parameters a and k tabulated in Table 6-15: 

 

The development of this y-Py model produces relationships between 

compressive yield stress and shear yield stress trends, closely linked via shared 

parameters such as g, b and cp.  The results earlier in this chapter comparing 

the two flocculated calcite systems show that Py() values are very similar but 

y() are moderately higher for the Rheomax 1050 flocculated system. From the 

calculated parameters shown in Table 6-15, the values of k and kp are the same, 

and differences between the two fitted curves lie in the value of a and ap, which 

can be considered a material property as a result of the different flocculants used. 

Note that this relationship was determined without using equilibrium batch settling 

results, i.e. for solids concentration data below the gel point, g, meaning the 

fitting parameters are based entirely on yield stress data.  

The relationship between Py() and y() for the flocculated bauxite residue is 

quite different to the calcite systems, as can be seen from the steeper gradient. 

This steeper fit depends largely on the maximum packing fraction achievable, i.e. 

cp, as this changes the asymptote of the curve at higher solids fractions, in this 

case cp = 0.80. The values of a and ap are of the same order magnitude as the 

values for calcite, but the biggest difference is seen in the values of k and kp 

which is more than 3 times that of the calcite systems. This is due to the measured 

Py() and y() values of flocculated bauxite residue being higher than the calcite 

systems, attributed to a combination of wider particle size distributions (PSD) and 

more complex mineralogy than the model calcite suspensions. 

Furthermore, both fitted curves have the same shape and fits the experimental 

data very closely, meaning the modes of yielding for a sample sheared with a 

vane versus a compressed with a piston face are comparable – the internal 

network fails via similar mechanisms. 
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Figure 6-39. Compressive yield stress, Py(), and shear yield stress, y(), relationships for calcite flocculated with AN934SH (left), Rheomax 1050 
(middle) and a flocculated bauxite residue (right), fitted using Eq. (6.11) and (6.12).
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6.5 Conclusions 

6.5.1 The Effects of Shear on Dewaterability of Calcite 
flocculated with AN934SH 

In this section, a series of experiments were performed to address missing 

information on the effects of shear on the dewaterability of Calcite flocculated with 

AN934SH polymer. Of particular interest was to the influence of solids 

concentrations, sediment height, and to simulate detrimental aggregate breakage 

and understand the effects of fines on thickener performance and dewaterability. 

Work on the small-scale couette-sedimentation cell to accurately quantify shear 

effects on aggregate densification were unsuccessful, due largely to slip effects 

whereby the applied shear is only propagated to the surface of the rotating inner 

cylinder, and virtually no shear is imparted across the annulus. As a result, the 

actual shear experienced by the flocculated suspension could not be quantified. 

The onset of slip in the couette geometry does however further validate the move 

to substitute the traditional cup-and-bob geometry for a vane for the rheology 

experiments as presented earlier in Chapter 5. The effects of slip at the vane 

surface and wall effects at the cup surface dominate when at higher solids 

concentrations, i.e. at the formation of a continuous particulate network – which 

encompass most mineral slurries and thickener sediment systems. 

 

The gel points calculated for the un-sheared (un-raked) settling tests show 

minimal variation between each experiment, which was expected. The 

differences in calculated gel points were therefore attributed to the final settling 

heights as a consequence of shear, manifesting through aggregate densification. 

This effect can be clearly seen in Figure 6-17 with a higher gel point calculated 

from the raked sedimentation data. This trend is supported by the values for all 

the tests presented in this chapter. 

The effect of fines is clearly detrimental to the rate of dewatering, as can be seen 

from the worsening hindered settling function, R(), in Figure 6-15, but the 

increase in gel point is potentially beneficial. It is only through modelling that the 
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true effect can be elucidated, but since the process is permeability-limited, it is 

likely that the overall effect is highly detrimental.  

The effects and influence of shear on aggregate densification were also 

investigated in this chapter. Ultimately, these results suggest that enhanced 

dewatering is achievable as long as shear is applied during the sedimentation 

process - the question of ‘when’ is irrelevant. From an energy requirement point 

of view however, it may be beneficial to apply shear in the hindered zone so as 

to minimise energy use to overcome yield stresses in the sediment bed. It is not 

recommended to apply shear to the sediment bed exclusively as the rakes and 

pickets tend to dig trenches within the sediment causing localised dewatering 

within the immediate area around the pickets, but none extending throughout the 

bulk of the sediment [198]. 

By substituting a polymer flocculated suspension for a coagulated suspension, 

i.e. Al2O3 at its IEP instead of bridging polymer flocculated CaCO3, it was possible 

to isolate effects other than densification on dewatering performance, i.e. 

syneresis and the expulsion of water caused by shear in compression. When 

exposed to a known shear rate, coagulated alumina beds were observed to 

collapse and consolidate by equal amounts, approximately 13% change in bed 

height, as shown in Table 6-10. This was attributed to syneresis as the sediment 

structure rearranges when the raked sediment compresses to reach a lower 

energy state.  

It is important to note that timescales of consolidation are in actual fact critical in 

a permeability-limited system. From this work we can conclude that densification 

processes occur over shearing timescales of approximately 30 minutes, whereas 

the timescales of syneresis are far longer. There is no observable improvement 

in densification with longer shearing durations. The experimental results provided 

in this section will be used to determine an optimised densification and rate 

parameter.  
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6.5.2 Densification Analysis of Flocculated Calcite Systems 

Sheared sedimentation data has been analysed to account for aggregate 

densification for Omyacarb 2 calcite suspensions flocculated with Rheomax 1050 

and AN934SH. This analysis has been used to successfully characterise 

important dewatering characteristics for Rheomax 1050, which has been shown 

to form denser aggregates and possess improved settling performance when 

compared to AN934SH. Simple shear rheology data also supports these 

observations, showing improved aggregate strength and sediment network 

resistance to shear.  

In analysing the densification rate parameter, A, a similar value is obtained for all 

experimental runs. A typical densification rate parameter for flocculated calcite 

aggregates was approximately 0.0052 s-1, and correlates to the fan region. This 

is to be expected, since the fan region will dominate the majority of the settling 

curve in a raked sedimentation test. 

It is interesting to note that the overall optimum rate parameter is not always the 

optimum rate parameter for each settling region. This suggests that the rate 

parameter is not a constant, and in fact changes with concentration. One 

observation that exists for all of the tests conducted is that the optimum rate 

parameter for the initial settling region is near zero. It can be seen that for the 

calculated value of A, that the fit is less accurate in the fan region. This suggests 

that the assumption of a constant densification rate parameter works reasonably 

well but could be improved.  

As pointed out by van Deventer et al. [10], the use of a constant rate of aggregate 

densification means that the predictive settling behaviour does not perfectly 

match the shape of experimental data in the fan region.  This shows that a more 

complex, concentration-dependent rate parameter, may be required to accurately 

predict this region.  

An improved aggregate densification theory may account for a changing rate of 

densification in each of the settling regions and incorporate it into the 

densification model. This may be a simple functional form in A of the 

concentration (as indicated in Section 6.4.1) or something more complex. 
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The densification rate parameters calculated for the different sedimentation 

conditions investigated are summarised in Table 6-16. The data compares the 

densification parameters for the calcite systems flocculated with Rheomax 1050 

and AN934SH. The results suggest that for Rheomax 1050, both the extent and 

rate of aggregate densification is slightly greater than for AN934SH. However, 

there is some scatter in the gel point data, making it difficult to discern any 

significant improvements. However, the trend in densification rate parameter 

looks to be more reproducible. 

 

Table 6-16. Aggregate densification parameters for raking of flocculated Omyacarb 2 
suspensions.  

Flocculant 
R 

(rpm) 

h0 

(m) 

0 

(v/v) 

g,0 

(v/v) 

g,∞ 

(v/v) 
Dagg,∞ 

A 

(s-1) 

Rheomax 1050 1.6 0.198 0.029 0.153 0.237 0.862 0.0052 

AN934SH - High Initial 

Solids Concentrations 
1.6 0.304 0.068 0.22* 0.253 0.844** 0.0038 

AN934SH  - Various 

Initial Heights 
1.6 0.163 0.030 0.172 0.247 0.849 0.0046 

* Higher value due to shear in combining samples to obtain higher solids concentrations. 
** Uses unraked initial gel point. 
 

Though the results are useful, further work into this area could identify the extent 

to which the aggregate densification rate parameter varies with concentration. 

The link between final bed height and gel point (both normal and densified) should 

be investigated to determine if higher final bed heights, from more material, also 

give more reproducible data. 

 

The resistance of a flocculated aggregate to breakage, as a consequence of 

shear, may arise from the internal forces and polymeric branches within the 

aggregate. The combined effect of this increased strength within individual 

aggregates is expected to manifest as an increase in network stability within the 

consolidated sediment bed. 
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A sediment bed of Omyacarb 2 flocculated with Rheomax 1050 appears to 

possess a stronger interparticular network, as inferred from the higher yield stress 

at any given solids fraction – compared to the AN934SH counter case. These 

experimental values of y are essential for fitting a Herschel-Bulkley model to the 

shear stress-shear rate behaviour, shown in Figure 6-33. The plotted data and 

Herschel-Bulkley curve fits show that the Rheomax 1050 sediment bed is less 

susceptible to shear, at any given solids concentration. The data is also 

consistent with the observation that suspensions flocculated with Rheomax 

release water quicker (higher A parameter value) and to much the same extent 

(similar Dagg,∞) as conventional flocculants. The addition of more flocculant, which 

makes a network suspension stronger, generally also increases A but to the 

detriment of Dagg,∞. 
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6.5.3 Relating Shear Rheology to the Dewaterability of 
Flocculated Suspensions 

Flocculated bauxite residue from the Worsley Alumina Refinery, operated by BHP 

Billiton, was characterised to provide material properties, filtration information and 

important rheological data. The rheology tests performed demonstrated the 

suitability of the large vane method for characterising flocculated bauxite residue 

suspensions at low shear rates - critical to modelling raking and shear effects 

typical in thickeners. This data was necessary in providing experimental yield 

stress data for fitting to constitutive equations of y() and relating it to 

compressive yield stress, Py(), trends.   

It was then possible to fit yield stress data from earlier in the chapter from model 

flocculated calcite systems to the same constitutive equation and identify how the 

different fitting parameters, ap, kp, a and k change as a function of material 

properties. These equations, based on constitutive equations well known in the 

development of filtration theory, comprehensively describe the shear rheology of 

these flocculated samples over a wide range of solid concentrations. The vane 

yield stress and compressive yield stress values increased monotonically, 

making it possible to fit the same constitutive equation to both data sets. This also 

means the mode of network failure, when a sample is either compressed or 

sheared with a vane, is identical and increases with increasing solids 

concentrations, . The effects of time/rate for yielding under compressive shear 

versus vane shear, i.e. arising from the rate of the vane turning or the timescale 

for dewatering and steady-state pressure to be attained, appears to have no 

impact on the results as seen in the excellent correlation. The advantage in 

compression measurements however is that the removal of suspending media 

during filtration reduces the chances of network regeneration, although minimal 

elastic recovery can be expected in both measurement modes. 

It is therefore possible to predict the compressive yield stress behaviour, Py(), 

of a flocculated mineral suspension using just vane yield stress measurements, 

y(), which saves time and eliminates the need for filtration systems to generate 

the compressibility data. This is only useful for applications where the hindered 
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settling function, R(), is not necessary such as dry stacking, pumping, or filtration 

operations. 

 

6.6 Future Work 
The dye-drop experiment was useful in observing the discontinuity of shear 

across the annulus of the couette-sedimentation cell. It is proposed that the same 

technique (or a different coloured material, e.g. glitter, coloured sand, etc.) be 

used on the surface of samples undergoing creep and vane yield stress tests, to 

further validate large gap experiments. This could be followed with ultrasonic 

echograph experiments as proposed in Chapter 5 or Particle Image Velocimetry 

(PIV) experiments using light sheets and detection systems. 

It is important to find out if the y-Py constitutive model proposed here fits different 

types of flocculant suspensions, and not just calcite or red mud suspensions. 

Therefore additional work should be carried out to extract existing vane yield 

stress and compressive yield stress data from literature and identify how well one 

yield stress method predicts the other, i.e. vane to predict compressibility, and 

vice versa. By having a larger database of material parameters of a, ap, k and 

kp for a range of flocculated suspensions, better trends can be identified and the 

model could be further refined. 

Results from the ty-Py predictive model as well the hindered settling function, R(), 

could be improved by using more accurate values for maximum packing fraction, 

cp, especially for poly-disperse mineral suspensions, perhaps using the Farr and 

Groot (2009) approximation [257] or the empirical formula presented by Desmond 

and Weeks (2014) [258] linking cp to poly-dispersity and skewness of a PSD. 

This has very strong implications in sludge and biological waste streams with far 

more complicated flocs and aggregate networks, and particle size distributions 

[14]. 

As mentioned earlier, the work in this chapter makes use of simple viscometers, 

i.e. Haake VT550, as opposed to the stress- and strain-controlled rheometers 

used in Chapter 5. As such, there are inherent errors and inaccuracies 
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concerning the rheological results as a consequence of ball bearing friction and 

inertia. However, viscometers remain very popular in most mineral processing 

site laboratories due to their simplicity and low cost - the results presented here 

are therefore realistic and representative of measurements in the field. It would 

be interesting however to combine the rheological measurements and 

compressional dewatering steps onto a single instrument, i.e. using an air bearing 

rheometer to measure yield stress and also apply normal force compression. This 

would eliminate errors surrounding sample loading, torque transducers and 

operator error.
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Chapter 7  
Conclusions 

This thesis presents experimental methods to better characterise intractable 

mineral slurries in order to improve dewatering prediction and performance. 

These systems are classified as particulate fluids and exhibit complex flow 

behaviour in industrial processes, as they are usually comprised of large particle 

size distributions, polymeric chains and fast settling coarse fractions. By 

incorporating dynamic rheological techniques such as Large Amplitude 

Oscillatory Shear (LAOS) measurements using a vane in large cup configuration 

(the combination of which is novel for particulate suspensions) with more 

conventional settling tests and pressure filtration methods, a more complete 

understanding of the dewatering and subsequent processability of these streams 

is achieved.  

 

7.1 Key Findings 
1. Rheology measurements on particulate suspensions are heavily 

influenced by wall effects and gap widths 

Tried and trusted rheological techniques such as parallel plates, cone-and-plate, 

bob-in-cup and vane-in-cup geometries rely on narrow gaps, i.e. 1mm, in order 

to achieve defined shear and strain profiles within the gap. Unfortunately, the 

narrow gap configuration is strictly limited to ‘homogeneous’ systems, i.e. guar 

gums, polymeric or weakly flocculated aggregates, and mono-disperse systems. 

Mineral sludges are rarely homogeneous and therefore present a myriad of 

experimental issues, including particle migration, force chains, particle jamming 

and wall slip. 

The results presented in Chapter 5 shows the creep rheology of aggregated and 

flocculated particulate systems are heavily influenced by annular gap between 

the vane and cup, and has been attributed to a number of issues including particle 
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migration and wall slip effects. A systematic comparison of increasing gap widths, 

expressed as cup-to-vane diameter ratios, dc/dv, showed greater reproducibility 

of creep data and less ‘noise’ for geometry ratios with dc/dv > 3. One possible 

explanation for this is that the flocs and aggregates reach sizes that can bridge 

the measurement gap, causing variability in the strain rates. These findings 

suggest that rheological data for aggregated particulate systems measured in 

cup-to-vane diameter ratios dc/dv < 3 may be suspect and contain artefacts of 

wall contributions, particle migration and force chain jamming. 

The alumina suspension investigated in Chapter 5 are mono-disperse and 

therefore behave in a manner that is well understood from past literature. 

However, flocculated mineral suspensions from thickener operations will have 

wide particle size distributions, coarse fractions and numerous other 

contaminants with more complex chemistry. It is therefore recommended that 

rheology measurement using large gaps with dc/dv > 3 be applied on any 

industrial mineral suspensions, and that a vane be used instead of a couette 

geometry. 

 

2. There is a distinct strain value defining the point at which a 
particulate suspension will transition from a linear viscoelastic 

material to a non-linear viscoelastic material, i.e. c = 0.01 

 

Three different solids concentrations of coagulated alumina and one polymer 

flocculated alumina suspension were characterised in Chapter 5 using a range of 

rheological techniques, including creep, recovery, stress-relaxation, as well as 

SAOS/LAOS measurements. A ‘critical strain’ of c = 0.01 was common for all 

coagulated and polymer flocculated systems investigated and corresponds to the 

minimum separation distance (shear strain) necessary for a particulate network 

to fail and transition from linear to non-linear viscoelastic behaviour. This value 

was found to be independent of solids volume fraction, , and can manifest at a 

range of applied stresses well below the vane yield stress, provided sufficient 
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time is allowed for the deformation to occur. It is believed that this strain value 

arises from the minimum separation distance required to overcome electrostatic 

attraction (for alumina coagulated at its IEP) or to break the continuous network 

at the gel point, g (for flocculated alumina) into smaller flocs or particles.  

Creep and oscillation measurements provided consistent critical strain results, 

while the stress-relaxation and creep-recovery measurements had a larger 

degree of variability between successive measurements. These measurements 

gave critical strain values of order magnitude lower compared to dynamic 

rheology tests, attributed to the poor instrument feedback control for stress-

control or creep measurements. Oscillatory rheology with a vane does not suffer 

the same feedback control issues, as the inertia issues are overcome very early, 

i.e. no ringing effects, in the experiment and the gradual transition of the sample 

from linear to non-linear viscoelastic behaviour can be observed in real-time from 

the output strain/stress waves. 

Further information about the mode of yielding as well as non-linear behaviour 

was analysed using nonlinear measures proposed by Ewoldt et al [152] together 

with Fourier Transformation and with graphical representations of the stress-

strain (or strain-rate) behaviour using Lissajous-Bowditch plots. The analysis 

results from each of the three techniques above were in agreement and again 

pointed to a critical strain of c = 0.01 for the onset of odd-harmonics, non-linear 

behaviour, strain-softening and shear thinning when this critical value is 

surpassed. 

It is recommended that oscillatory measurements (LAOS) with a vane be used 

more prevalently to characterise flocculated mineral suspensions, instead of the 

conventional rotational rheology typically used to develop flow curves. The shear 

rates experienced by the flocculated material under oscillation is much lower, and 

more controlled than rotational shear rates – the latter does not provide any 

information about elasticity within a reasonable timeframe. At long measurement 

durations, flocculated mineral suspensions begin to either dry or settle, causing 

issues with reproducibility.  



345 

 

  

The small critical strain for network failure and consolidation of a flocculated 

suspension means that only a small magnitude of shear is necessary in a 

thickener – information that is valuable when attempting to achieve aggregate 

densification and concentrating thickener underflows with minimal energy input, 

and minimal aggregate breakage.  

 

3. The couette geometry is riddled with slip, and further validates the 
vane in large cup model 

Work on the small-scale couette-sedimentation cell to accurately quantify shear 

effects on aggregate densification were unsuccessful, due largely to slip effects 

whereby the applied shear is only propagated to the surface of the rotating inner 

cylinder, and virtually no shear is imparted across the annulus. As a result, the 

actual shear experienced by the flocculated suspension could not be quantified. 

As such, any experimental data using a couette-type configuration for the 

imparting of shear to flocculated mineral suspensions is expected to be 

erroneous – shear should be applied via pickets, rakes, or vanes.  

The onset of slip in the couette geometry does however further validate the move 

to substitute the traditional cup-and-bob (concentric cylinder) geometry with a 

vane for the rheology experiments as presented in Chapter 5. The effects of slip 

at the vane surface and wall effects at the cup surface dominate at higher solids 

concentrations, i.e. at the formation of a continuous particulate network – which 

encompass most mineral slurries and thickened tailings. 

 

4. Enhanced dewatering is achievable if shear is applied during the 
sedimentation process, and preferably not after 

It is widely accepted that the application of shear to a flocculated suspension 

settling in a thickener improves dewatering through aggregate densification. 

However, information is still missing regarding where in thickeners shear is best 

applied, and what amount of consolidation happens purely from compressional 

shear. The effects and influence of shear on aggregate densification were 
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investigated in Chapter 6. Ultimately, these results suggest that enhanced 

dewatering is achievable as long as shear is applied during the sedimentation 

process - the question of ‘when’ is irrelevant. From an energy requirement point 

of view however, it may be beneficial to apply shear in the hindered zone so as 

to minimise energy use to overcome yield stresses in the sediment bed. 

Furthermore, the application of shear within a sediment bed may actually be more 

detrimental to dewatering, since the sample in immediate contact with the rotating 

pickets experience continuous shear resulting in aggregate breakage and the 

release of more fines into the supernatant. The bulk of the sediment bed 

experiences no shear at all in this situation, since the networked suspension does 

not propagate shear through the sediment, as seen in the couette-Sedimentation 

cell and large-gap rheology. The influence of fines in the sediment bed is seen to 

improve the gel point, g, of the sediment bed which results in an increase in yield 

stress, y. However, the increased fines has a negative effect on the hindered 

settling function, R(), resulting in lower underflow concentrations, longer 

residence times in the thickener, and a more turbid overflow. 

It is important to note that timescales of consolidation are in actual fact critical in 

a permeability-limited system. From this work we can conclude that densification 

processes occur over timescales of approximately 30 minutes, whereas the 

timescales of syneresis are far longer, i.e. order of days. 

 

5. Rheomax 1050 provides better aggregate strength and settling 
performance compared to AN934SH 

Rheomax 1050 is a polymer flocculant known to provide improved settling 

performance with clays [250], but its performance compared to model calcite 

systems is yet unknown. This means it has been used in the field with some 

success, but there is no comparative data to quantify the performance 

improvement. Sheared sedimentation data has been analysed to account for 

aggregate densification for Omyacarb 2 calcite suspensions flocculated with 

Rheomax 1050 versus AN934SH. Rheomax 1050 showed greater yield stress 



347 

 

  

values, believed to arise from stronger sediment networks once the flocculated 

material has settled. This means the suspension is more resistant to shear, and 

suggests that the flocs are denser and less fractal, as seen from the densification 

analysis using the modified Kynch method. This analysis has been used to 

successfully characterise important dewatering characteristics, especially 

associated with aggregate size, for which calcite-Rheomax 1050 flocs are smaller 

compared to calcite-AN934SH. The viscosity profiles for both flocculated systems 

also supports these observations, seen in the higher consistency index values of  

K for Rheomax 1050, compared to AN934SH flocculated suspensions. From 

these findings, Rheomax 1050 would be an ideal substitute for AN934SH in 

applications where enhanced thickening or high rate thickeners are used. 

 

6. Prediction of sediment compressibility is possible from shear 
rheology data 

In Chapter 6, three different flocculated suspensions were investigated with 

respect to rheology and compressional dewatering behaviour. These 

suspensions were Calcite flocculated with AN934SH, Calcite flocculated with 

Rheomax 1050, and flocculated bauxite residue. These results provided the 

required dataset to create a constitutive equation based on the compressive yield 

stress model from Landman and White [173] to relate compressive yield stress, 

Py, to the vane yield stress, y, as a function of solids volume fraction, . 

It was possible to fit the experimental data from rheology and filtration to this 

constitutive equation, with great accuracy. The vane yield stress was found to 

increase in the same manner as the compressive yield stress, allowing the fitting 

parameters of the y-Py model to be optimised and tabulated for the three different 

suspensions.  

It is usually the case that on-site rheology testing can only be performed with 

simple viscometers, i.e. Haake, Brookfield, etc. due to its robustness and general 

prevalence in the industry. By using large vanes with these viscometers, it is 

possible to successfully characterise flocculated bauxite residue suspensions at 
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low shear rates - critical to modelling raking and shear effects. This data was 

necessary in providing experimental data for fitting to constitutive equations of 

y(). From this vane yield stress data, it is now possible to predict the 

compressive yield stress information, necessary for the design of filtration 

systems, pumps, and backfilling operations. 
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Chapter 8  
Appendix 

8.1 Appendix A  
HAAKE Viscotester VT550 Specifications 

 

Table 8-1.  Haake VT550 rheometer specifications [228]. 

Viscosity Range 10 – 200 000 mPa.s  

Shear Rate Range 0.5 – 1870 s-1 

Rotation Rate 0.5 – 800 rpm 

Repeatability ± 1% 

Comparability ± 2% 
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8.2 Appendix B  
Torque increment mapping on the Haake VT550 

With the incorporation of larger sixed vanes, the limitations of the viscometer 

expressed as a sensitivity or resolution, is also a component of particular interest 

in this work. 

Operation of the Haake VT550 is facilitated by software called RheoWin 3 

(Thermo-Fischer Scientific). Analysis of data logged by this program made it 

possible to isolate and identify the minimum increments of torque registered by 

the rheometer as a function of time.  

Figure 8-1 shows an example output graph for a yield stress test using Vane 1 

while measuring a coagulated sample of alumina (IEP, pH 9.2). The yield stress 

test is carried out at = 0.200 min-1 for a duration of 30 seconds, during which 

time the rheometer motor rotates the vane, and the materials’ resistance to flow 

is measured – indicated by the increasing torque values during the initial part of 

the test. The curve then plateaus, during which time the rheometer detects 

miniscule pulses in torque response. This plateau is magnified in Figure 8-2, 

illustrating the minimum torque increments detectable by the Haake VT550 

viscometer. 

This fluctuation in torque likely arises from the feedback control of the drag cup 

motor, where the electrical current is applied to the brushes to move the drag cup 

rotor, at the same time trying to detect the sample resistance under the applied 

movement. The feedback control is trying to maintain the applied rate, while 

avoiding any overshoots during measurement. In the magnified region of the 

plateau, larger amplitudes of torque fluctuations are likely due to the sample 

undergoing yielding and the rearranging of the suspension around the vane. This 

could have been improved with decreasing the sampling rate and allowing the 

software to average more data before plotting a data point, but this would mask 

actual sample behaviour just prior to yielding. 
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Figure 8-1. Example output plot from RheoWin 3 software showing vane yield stress data for 
Vane 10.2 min-1. Alumina coagulated at IEP, pH 9.2 

 

 

Figure 8-2. Magnified torque plateau region highlighted in Figure 8-1. Alumina coagulated at 
IEP, pH 9.2 
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These increments can be better identified from the numerical logging performed 

by the RheoWin software, the output of which is shown in Figure 8-3 below.  

 

 

Figure 8-3. Example output numerical table from RheoWin 3 software showing vane yield 
stress data within the plateau region 

 

By analysing these stepped increments, the minimum torque step for the Haake 

can be inferred. This forms the basis for defining the resolution of the rheometer 

– a value of approximately 3.35 Nm. 
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8.3 Appendix C  
Torque limitations of Haake Viscometer 

The Haake VT550 viscometer is documented to have a torque limit of 100 - 

30,000 Nm (Rheology Solutions, Pty. Ltd). Previous work done by Kristjansson 

[20] looked at comparing the applicability of different vane geometries for 

measuring the suspension yield stresses; the optimum torque was found to be 

3400 Nm, i.e. approximately 11% of the instrument’s previously quoted torque 

limit. This was determined by an error analysis performed using least square 

linear regression on the linear regions of the torque versus stress curves where 

the suspension exhibits yielding. 

For the purposes of this work however, where industrial robustness is overriding, 

a torque value falling between 5 - 95% of the viscometer spring extensional limits 

will be applicable, i.e. approximately 1,500 – 28,400 Nm. 

The previously identified viscometer resolution (Appendix 8.2) was scaled to 

produce stress resolution values for each sensor. Similarly, the viscometer torque 

range was scaled into appropriate upper and lower stress limits applicable to 

vanes and bobs used in this study. These findings, along with vane geometries 

and constants are detailed in Table 6-5.  

 

A plot of measured yield stress values along with the stress limits (shown as error 

bars) as identified in Table 6-5 are shown in Figure 8-4. Also included on this 

figure are vane yield stress values, expressed as a percentage of each sensor’s 

shear stress range. These torque limits facilitate the elimination of experimental 

values which fall outside the applicable sensor ranges. 
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Figure 8-4. Plot of vane yield stress values with error bars indicating stress limits for each 
vane when used with the Haake VT550 viscometer. 
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8.4 Appendix D  
Optimisation of Flocculation Conditions for AKP-30 
and AN934SH 

The alumina suspension (prepared previously in Section 5.3.3) was plunged 

strongly to re-suspend solids and homogenise the sample. A measured volume 

of dilute flocculant was syringed into the cylinder, then plunged 4 times over a 

period of 10 seconds.  

The sediment interface was then monitored and recorded over an identical 5cm 

distance while supernatant clarity was measured using a turbidity meter (HACH® 

2100AN Turbidimeter). To ensure consistency of supernatant quality, turbidity 

measurements were taken at the same point in the cylinder immediately after 

measuring the sediment interface [199]. 

The results of settling time and turbidity measurements are summarised in Table 

8-2, and the data represented graphically in Figure 8-5 and Figure 8-6. 

 

Table 8-2. Flocculation optimisation matrix. 

Cylinder 
ID 

Dosage, D 
(g/T) 

Volume of 
Flocculant, Vfloc (mL) 

Settling 
time, t5cm (s) 

Turbidity 
Measurements, NTU 

(-) 

NTU1 NTU2 

1 37 11.1 61.5 247.2 24735 

2 40 12.0 23.9 84.0 83.7 

3 45 13.5 43.0 112.0 111.4 

4 50 15.0 57.0 133.0 134.0 
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Figure 8-5. Suspension settling velocity as a function of flocculant dosage. AKP-30 
flocculated with AN934SH at 0 = 0.03. 

 

 
Figure 8-6. Suspension turbidity as a function of flocculant dosage. AKP-30 flocculated with 

AN934SH at 0 = 0.03.  
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8.5 Appendix E  
Daily log of flocculation conditions and settling 
parameters at CSIRO Waterford (Perth, Western 
Australia) 

 

Table 8-3. Chronological log of flocculation conditions and settling parameters. 

Date 
Time 

(AM/PM) 

Solids 

(g/L) 

Flocculant 

dosage (g/T) 

Sq. 

mean1 

(m) 

Unweighted 

mean2 

(m) 

Settling 

rate (m/h) 

11/06/2009 AM 101 34.6 188 72 7.2 

11/06/2009 PM 101 34.6 188 72 7.1 

11/06/2009 AM 100 35 159.5 63 5.7 

12/06/2009 PM 100 35 162 65 5.4 

15/06/2009 AM 101 34.6 162 64.6 5.3 

15/06/2009 PM 102 34.3 164 66 5.7 

16/06/2009 AM 104 33.7 179 66 6 

16/06/2009 PM 104 33.7 168 64 5.7 

17/06/2009 AM 103.8 33.7 177 69 6 

17/06/2009 PM 103 34 173 70 5.9 

18/06/2009* AM 100.2 37.7 165 66 5.9 

18/06/2009* PM 100.2 37.7 168 66 5.7 

1 Square weighted mean is a volume-based measurement that emphasises aggregate size. 
2 Unweighted mean is a number based measurement and can give a relative indication of fines 

capture. 

* This run was done at a dosage of 37.7 g/t and a reaction time of 13.97s (12.5 m pipe length) 
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8.6 Appendix F  
Validation of stepped pressure filtration tests on bi-
dispersed suspensions of Omyacarb 2 flocculated 
with AN934SH 

The pressure filtration equipment used in this study has been well established 

and validated in early publications [77, 195]. Similarly, de Kretser et al [192] 

validated the stepped pressure filtration method by analysing the t vs. V2 

behaviour of a filtration cake. 

Figure 8-7 and Figure 8-8 shows the t vs. V2 plots for the compressibility and 

permeability filtration tests respectively, conducted on a completely sheared 

(100% FS) settled sample of Omyacarb 2 flocculated with AN934SH, 0.24. 

 

Figure 8-7. t vs. V2 for the compressibility test on 100% Flocculated-Sheared Omyacarb 2 
flocculated with AN934SH. 
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Figure 8-8. t vs. V2 for the permeability test on 100% Flocculated-Sheared Omyacarb 2 

flocculated with AN934SH. 
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8.7 Appendix G  
Validation of stepped pressure filtration tests on 
Omyacarb 2 flocculated with Rheomax 1050 

 

Stepped pressure compressibility and permeability filtration tests were used to 

determine Py() and R() at high solids volume fractions as shown in Table 8-4. 

  

Table 8-4. Final volume fraction, ∞, compressive yield stress, Py(), and hindered settling 
function, R(), determined using data obtained from stepped pressure filtration 
tests on Omyacarb 2 flocculated with Rheomax 1050 (50 g/tonne, g = 0.14). 

 Py() R() 

(v/v) (kPa) (kg s-1 m-3) 

0.328 5.24 1.13E+11 

0.354 10.9 1.29E+11 

0.382 20.8 1.44E+11 

0.413 41.3 1.58E+11 

0.446 81.3 1.69E+11 

0.477 151 1.78E+11 

0.502 231  

 

Figure 8-11 and Figure 8-12 shows the t vs. V2 plots for the compressibility and 

permeability filtration tests respectively, conducted on a settled sample of 

Omyacarb 2 flocculated with Rheomax 1050, 0.03 
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Figure 8-9. t vs. V2 for the compressibility test on Omyacarb 2 flocculated with Rheomax 
1050. 

 

Figure 8-10. t vs. V2 for the permeability test on Omyacarb 2 flocculated with Rheomax 1050. 
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8.8 Appendix H  
Validation of stepped pressure filtration tests on 
flocculated bauxite residue 

 

Figure 8-11 and Figure 8-12 shows the t vs. V2 plots for the compressibility and 

permeability filtration tests respectively, conducted on a settled sample of 

flocculated red mud, 0.03 

 

 

Figure 8-11. t vs. V2 for the compressibility test on flocculated bauxite residue. 
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Figure 8-12. t vs. V2 for the permeability test on flocculated bauxite residue. 

 

 

 

 

 

 

 


